
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 2

:2
4:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Fabrication of a
aCollege of Geology and Environment, Xi'a

Xi'an 710054, China
bNational Institute of Clean-and-Low-Carbo

can.he.a@chnenergy.com.cn

Cite this: RSC Adv., 2021, 11, 26391

Received 11th May 2021
Accepted 1st July 2021

DOI: 10.1039/d1ra03697a

rsc.li/rsc-advances

© 2021 The Author(s). Published by
hybrid ultrafiltration membrane
based on MoS2 modified with dopamine and
polyethyleneimine
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Yunlong Qi,b Jingyun Chenb and Hui Weib

The hydrophobicity of ultrafiltration membranes is the main cause of membrane fouling and reduced

permeability, so it is necessary to improve the hydrophilicity and anti-fouling performance of

ultrafiltration membrane materials. MoS2 nanoparticles that were modified with polydopamine (PDA) and

polyethyleneimine (PEI), named MoS2-PDA-PEI, were added to fabricate a polyethersulfone ultrafiltration

membrane (PES/MoS2-PDA-PEI) for the first time. The effects of modified MoS2 nanoparticles on

membrane performance were clarified. The results indicated that the permeability, rejection, and anti-

fouling capability of the hybrid PES/MoS2-PDA-PEI membrane have been improved compared with the

pristine PES membrane. When the content of MoS2-PDA-PEI nanoparticles in the membrane is 0.5%, the

pure water flux of the hybrid membrane reaches 364.03 L m�2 h�1, and the rejection rate of bovine

serum albumin (BSA) and humic acid (HA) is 96.5% and 93.2% respectively. The flux recovery rate of HA

reached 97.06%. As expected, the addition of MoS2-PDA-PEI nanoparticles promotes the formation of

the porous structure and improves the hydrophilicity of the membrane, thereby improving its antifouling

performance.
1. Introduction

The water crisis has become a globally challenging issue that
severely threatens human development and will continue to
escalate in the next few centuries.1 Natural organic matter
(NOM) is considered as a complex of organic substances found
in natural surface water sources. NOM is the main source of
organic matter in the water and soil environment. It affects the
color, smell, taste, and other properties of raw water, and is the
precursor of many disinfection by-products. Therefore, the
removal of NOM from natural surface water and wastewater is of
great interest to avoid the production of disinfection by-
products and to provide safe drinking water.2–7 Compared
with traditional water treatment processes, membrane tech-
nology has several advantages: good separation effect, no phase
change, small footprint, low pollution, and easy integration.
Humic acid (HA) and bovine serum albumin (BSA) were used as
the model foulants, representative of DOM (dissolved organic
matter) and protein organic pollutants, which are considered to
be the main substances causing ultraltration membrane
fouling due to their strong adsorption.8,9
n University of Science and Technology,

n Energy, Beijing 102211, China. E-mail:
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As the core of membrane separation technology, membrane
material plays a vital role in its separation performance. Poly-
ethersulfone (PES) has good chemical, mechanical and ther-
modynamic properties, so it is widely used as a membrane
material.

However, the hydrophobicity of PES membranes is the main
reason for membrane fouling and permeability degradation.
Therefore, improving the hydrophilicity of PES membrane
materials is one of the research hotspots of the majority of
scholars.

With the development of nanotechnology, hydrophilic
nanomaterials have been widely introduced into ultraltration
membrane material because of the simple operation and
signicant effects.10–14 The effects of mixing nanoparticles
during the phase invasion process include: (1) the addition of
nanomaterials can greatly accelerate the exchange rate of
solvent and non-solvent in the phase separation process and
form the porous structure; (2) small nano-gaps can be generated
between the inorganic nanomaterials and the organic
membrane matrix, which will also contribute to the formation
of porous structures and enhance the interpenetration of pores;
(3) hydrophilic nanomaterials will spontaneously migrate to the
surface of the membrane and accumulate on it during the
process of phase separation and membrane formation which
improves the hydrophilicity of the membrane.15–18 Accordingly,
the porosity and hydrophilicity of the ultraltration membrane
RSC Adv., 2021, 11, 26391–26402 | 26391
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Fig. 1 The structure of MoS2.
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determine the membrane performance, such as water ux and
antifouling.

In recent years, two-dimensional nanomaterials such as
graphene oxide (GO), transition metal carbon/nitrides (MXene),
Fig. 2 Mechanism of the reaction process between PDA and PEI.

26392 | RSC Adv., 2021, 11, 26391–26402
graphitic carbonitrides (represented by g-C3N4) and transition
metal suldes (represented by molybdenum disulde), which
has unique atomic-level thickness and micron-level lateral
dimensions, the unique properties of its internal pores and
nano-scale interlayer channels create good conditions for the
construction of high-performance separation membranes.
However, the expansion of GO in aqueous solution will cause
irreversible degradation of the membrane, which greatly limits
its screening performance.15,16 MXene is easily degraded in
aqueous solutions, mild oxidants, and higher temperatures, it
will lead the lamellar structure to disintegration and limiting its
application in water treatment.17,18 The g-C3N4 with the inter-
layer spacing 0.32 nm is not conducive to the rapid penetration
of the membrane, resulting in very low membrane perme-
ability.19 Transitionmetal suldes, represented by molybdenum
disulde (MoS2) nanosheets, have great application potential in
the eld of membrane separation due to their advantages of
high stiffness, fewer defects, and low hydraulic resistance.20,21
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the casting solution

Membrane PES PEG2000 DMAc MoS2 MoS2-PDA MoS2-PDA-PEI

M0 18% 5% 77% — — —
M1 18% 5% 76.5% 0.5% — —
M2 18% 5% 76.5% — 0.5% —
M3 18% 5% 76.7% — — 0.3%
M4 18% 5% 76.5% — — 0.5%
M5 18% 5% 76.2% — — 0.8%
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Molybdenum disulde (MoS2) has a hexagonal layered
structure that is composed of vertically stacked single layers, as
shown in Fig. 1. There are strong covalent Mo–S bonds in the
monolayers and weak van der Waals forces between each
adjacent monolayer with a 0.62 nm interlayer distance.22,23 The
MoS2 monolayer is a sandwich structure composed of one Mo
atomic layer and two S atomic layers. OneMo atom is connected
to six S atoms, and S atoms are separated by Mo atoms on two
hexagonal planes. So, there is a good balance of van der Waals
attraction and hydration repulsion between adjacent MoS2
nanosheets, which canmaintain the zero expansion of the MoS2
lm in water.24–27

In addition, due to the absence of functional groups, MoS2
nanosheets can construct relatively smooth and rigid interlayer
nano channels, reduce frictional resistance with water mole-
cules, and increase the water permeability.28 At the same time,
MoS2 nanosheets have no conjugated structure, which can
avoid the common fouling and organic pollution problems
caused by the interaction of cation–p and p–p. Alam et al.29

used a quartz crystal microbalance to compare the anti-
pollution ability of MoS2 and GO two-dimensional nanosheets
against humic acid and found that MoS2 has better anti-
pollution ability than GO. Alam et al.30 coat the PES surfaces
with GO, rGO, and MoS2 to enhance the ltration and anti-
fouling performance in a facile vacuum ltration method, they
found that the 2D materials were tested, MoS2-laminated PES
membranes demonstrated superior antifouling performance
while still maintaining high water permeability.

However, the agglomeration of nanoparticles has always
been one of the problems in the membrane preparation
process, this study envisages coating the molybdenum disulde
nanoparticles with high molecular weight polymers to improve
their dispersibility, and to gain the hybrid membrane with
evenly dispersed and stable performance.

In the natural biological world, mussels can easily attach to
the surface of any substance because their mucus can form
a strong interaction force with other substances' surface in
seawater. Mussel adhesion protein is the main component of its
mucus.31,32 The mussel protein has a high proportion of lysine
and 1-3,4 phenylalanine (L-DOPA). They contain a large amount
of free amino groups and catechol groups that contribute to the
strong adhesion.33–36 As a derivative of L-DOPA, dopamine has
been proven to be a bio-inspired surface coating material with
strong adhesion properties so that it can bond with various
nanomaterials and form a shell structure. In particular, the
surface of PDA shell can be further modied to improve the
stability and functionality of the material.37

As shown in Fig. 2, during the process of modifying MoS2
with PDA, the catechol and amine functional groups of dopa-
mine will self-polymerize in the tris-buffer solution (PH¼ 8.5) to
form a PDA lm on the surface of MoS2. During the process of
oxidation and cyclization, dopamine generates 5,6-dihydrox-
yindole that is covalently attached via aryl–aryl linkages to form
a continuous polymer layer.38–40 In addition, the catechol func-
tional group in PDA can react with the amine and amino group
of PEI viaMichael addition and Schiff base reaction under weak
alkaline conditions to form a highly stable cross-linked layer.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Based on the high surface rigidity of MoS2 and its hydrophilic
cross-linked layer, MoS2 that is modied by dopamine and PEI
can be added into the membrane to improve its anti-pollution
performance and stability in an aqueous environment.41–45

In this study, a new type of crosslinking MoS2 nanoparticles,
namedMoS2-PDA-PEI, was prepared, and used as a nanoller to
fabricate the hybrid ultraltration membranes in a blending
method. MoS2-PDA-PEI is prepared by introducing hydrophilic
PEI during the self-polymerization of dopamine for co-
deposition. PEI can increase the specic surface area of the
MoS2 coating and improve its effectiveness in the polymer
matrix. This modication enhances the hydrophilicity of the
membrane and improves its anti-fouling performance.

2. Materials and methods
2.1 Materials

Polyethersulfone (PES) E6020P was provided by BASF and dried in
an oven at 70 �C for 24 hours before use. N,N-Dimethylacetamide
(DMAc) was purchased from Aladdin. MoS2 nanoparticles were
purchased from Hunan Huajing Powder Materials Co., Ltd.
Dopamine hydrochloride, polyethyleneimine (PEI, Mw ¼ 10 000),
polyethylene glycol (PEG, Mw ¼ 2000) and tris(hydroxymethyl)
aminomethane (Tris) were obtained from Macklin.

2.2 Synthesis of MoS2-PDA and MoS2-PDA-PEI

To prepare the MoS2-PDA, 1 g MoS2 nanoparticles were
distributed into the Tris–HCl buffer solution (pH¼ 8.5) rstly to
form a uniform dispersion by sonication. 2 g dopamine
hydrochloride was added to the dispersion, and the reaction
was conducted at 25 �C for 24 hours. The product, MoS2-PDA,
was collected by centrifugation at 120 rpm min�1. Subse-
quently, the precipitate was washed by water and ethanol.
Finally, the product was fully dried in an oven at 40 �C for 24
hours. Coating PDA and PEI on MoS2 was conducted by similar
steps except that 0.8 g dopamine hydrochloride and 1.2 g PEI
were added simultaneously in the second step.

2.3 Preparation of the hybrid membrane

The membranes were prepared via the non-solvent induced
phase separation method. First, the MoS2 nanomaterials were
distributed uniformly in DMAc by sonication. PES and PEG-
2000 were added to the above dispersion and magnetically
stirred at 70 �C for 6 h. Aer standing for 12 h, the casting
solution was spread evenly on a clean glass plate using a scraper
RSC Adv., 2021, 11, 26391–26402 | 26393
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with 200 mm gap. The glass plate with the casted membrane was
immersed in deionized water at 27 �C for 24 hours to remove
residual pore-forming agent and solvent. The composition of
the casting solution was shown in Table 1.
2.4 Analytical method

Fourier transform infrared spectrophotometer (FTIR, Nicolet
Impact 410) was used in the scope of 400–4000 cm�1 to analyze
the chemical functional groups of nanoparticles. X-ray photo-
electron spectroscopy (XPS analysis) was conducted on an ESCA-
LAB 250 spectrometer. Thermogravimetric analysis (TGA) was
conducted with a Perkin Elmer Pyris 1 analyzer at 800 �C under air
atmosphere. The morphology of the molybdenum disulde
(MoS2) nanoparticles and the hybrid membranes were charac-
terized by the Transmission electronmicroscope (TEM, JEM-1400,
JEOL). The surface roughness of the membrane was measured by
the atomic force microscope (AFM, Bruker Dimension ICON). The
hydrophilicity of the membrane was evaluated by a water contact
angle device (Drop Shape Analysis System DSA-30).
2.5 The evaluation methods of membrane performance

2.5.1 Porosity, water uptake and pore size of the
membrane. The water uptake (4) and porosity (3) of the
membrane are estimated by the gravimetric method. Weigh
Fig. 3 The TEM image of the MoS2, MoS2-PDA and MoS2-PDA-PEI.

Fig. 4 (a) The Infrared spectra (b) TGA curves of the modified MoS2.

26394 | RSC Adv., 2021, 11, 26391–26402
a dry membrane and soak it in deionized water for 24 hours and
weigh it again immediately. In order to measure the total
porosity (3) of the membrane, the wet membrane was dried in
an oven at 40 �C for 24 hours and weighed again. The water
absorption is calculated by the eqn (1).

4% ¼ W1 �W2

W2

(1)

where W1 refers to the weight (g) of wet membrane, and W2

refers to the weight (g) of dry membrane.
The porosity (3) is calculated by the eqn (2):

3% ¼ W1 �W2

A� l � r
� 100% (2)

where A is the effective area of the membrane (cm2), l denotes
the membrane thickness (cm), and r refers to the water density
(g cm�3).

The average pore radius (rm, nm) of the membrane was
determined via Guerout–Elford–Ferry eqn (3):

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:73Þ � 8hlQ

3� A� DP

r
(3)

where 3 refers to the porosity of the membrane (%), h is the
water viscosity at 25 �C (8.99 � 10�4 Pa s), Q denotes the ratio of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the amount of permeated water to the permeation time (cm3

s�1), and DP represents the operating pressure (1.0 � 105 Pa).
2.5.2 The evaluation of ltration performance. The

performance of the ultraltration membrane was evaluated via
a cross-ow ltration device with a ltration area of 28.18 cm2.
First, the membrane was preload for 20 minutes under
0.15 MPa. Subsequently, the pure water ux (J, L m�2 h�1) was
calculated at 0.1 MPa by the eqn (4):
Fig. 5 (a) XPS scan spectra (b–g) Peak fitting of C 1s, S 2p and O 1s of M

© 2021 The Author(s). Published by the Royal Society of Chemistry
J ¼ V

A� t
(4)

where V refers to the ltration volume (L), A refers to the
effective membrane area (m2), and t presents the ltration time
(h).

HA and BSA (500 mg L�1) were used to measure the rejection
rate (R) of the membrane. The rejection rate (R) was calculated
by eqn (5):
oS2-PDA and MoS2-PDA-PEI.

RSC Adv., 2021, 11, 26391–26402 | 26395
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Rð%Þ ¼
�
1� Cp

Cf

�
� 100% (5)

where Cp and Cf refer to the concentration (mg mL�1) of
permeate and feed solution respectively. It should be noted that
the concentration of the BSA in solution was measured at
280 nm and the concentration of HA in the solution was
measured at 254 nm with an ultraviolet-visible
spectrophotometer.

2.5.3 The evaluation of anti-fouling performance. Filtrate
the polluted liquid HA (500 mg L�1) in a cross-ow lter for 60
minutes, calculated the ux (Jp) according to formula (4) and
pure water ux JW2

aer cleaning the membrane. The anti-
fouling parameter FRR (%), total pollution resistance Rt,
reversible pollution resistance Rr, and irreversible pollution
resistance Rir were calculated by eqn (6)–(9).

FRRð%Þ ¼ Jw2

Jw1

� 100% (6)

Rr ¼ JW2
� JP

Jw1

� 100% (7)

Rir ¼ Jw1
� Jw2

Jw1

� 100% (8)

Rt ¼ Rr þ Rir ¼ Jw1
� Jp

Jw1

� 100% (9)

where Jw2
and Jw1

are the pure water ux of the cleaned
membrane and pristine membrane, respectively, Jp is the ux of
HA solution aer 60 min.
3. Results and discussion
3.1 Characterization of the MoS2, MoS2-PDA and MoS2-PDA-
PEI

The TEM images of MoS2, MoS2-PDA, and MoS2-PDA-PEI are
shown in Fig. 3. Compared with MoS2, the surface of MoS2-PDA
and MoS2-PDA-PEI are covered by polymer. The surface coating
of MoS2-PDA-PEI is thinner than that of MoS2-PDA, indicating
a large amount of amino functional groups destroy the non-
public valence interaction during the self-polymerization of
dopamine due to the addition of PEI, which reducing the size of
PDA aggregates and resulting in a thinner coating.46–48

The IR spectra of the MoS2, MoS2-PDA, and MoS2-PDA-PEI
are shown in Fig. 4(a). The absorption peak at 476 cm�1 is the
Fig. 6 The EDS of the prepared membrane (a) M0 (b) M1 (c) M5.

26396 | RSC Adv., 2021, 11, 26391–26402
stretching vibration of the Mo–S bond. The new peaks at
931 cm�1 and 1305 cm�1 represent the stretching vibrations of
C–N and C–O in dopamine molecules that coated on MoS2.49

The new peak appeared at 1697 cm�1 is due to the stretching
vibration of C]O. Combined with the Fig. 3, it is conrmed that
partial PDA was oxidized and successfully coated on MoS2
nanoparticles.50 New peaks of C]O and –NH2 appeared at
1543 cm�1 and 1666 cm�1 due to the interaction between the
catechol group of PDA and amine group of PEI, respectively. It is
also conrmed that PEI and PDA were successfully cross-linked
on MoS2, and Michael addition reaction and Schiff base reac-
tion occurred.

The TGA curves of MoS2, MoS2-PDA, and MoS2-PDA-PEI are
shown in Fig. 4(b). Compared with MoS2, about 64.96% excess
weight loss can be observed in MoS2-PDA due to the decom-
position of PDA. However, when PEI was added to proceed the
co-deposition reaction, the weight loss of MoS2-PDA-PEI was
only 42.42% more than that of MoS2. It is conrmed that the
addition of PEI can reduce the size of PDA aggregates and result
in a thinner coating, which is consistent with the conclusion of
the TEM images.

The XPS scan spectra of MoS2, MoS2-PDA, andMoS2-PDA-PEI
are shown in Fig. 5. Compared with MoS2, the spectrum of
MoS2-PDA shows a new N 1s energy peak at 400.15 eV which
comes from PDA that coating on MoS2 surface. Compared with
MoS2-PDA, the S signal and Mo signal of MoS2-PDA-PEI are
relatively stronger because the coating of MoS2-PDA-PEI nano-
particles is thinner than that of MoS2-PDA. The C 1s peak tting
of MoS2-PDA shows that there are C–C (284 eV), C–O (285.92 eV),
C–N (287.29 eV), C]O (288.54 eV) peaks respectively, and p–p

satellite peak (290.54 eV) appears because the benzene ring has
a strong conjugate bond. The peak tting of S 2p show that
there are peaks at 161.51 eV and 162.67 eV which correspond to
the S 2p3/2 and S 2p1/2 respectively, reecting the spin splitting
of the p orbital. Among them, the ratio of S2+/SO4

2� is 0.9/0.7, it
shows that part of the MoS2 nanoparticles is oxidized during the
modication process of PDA. C]O (531.16 eV) and C–O (532.81
eV) appeared aer performing peak tting on O 1s. They belong
to the characteristic group of dopamine and prove the success
of dopamine modication. At the same time, the ratio of C]O/
C–O is 6.37/15.62, combined with Fig. 2, it is proved that a small
part of PDA is oxidized, and a large part is not oxidized during
the self-polymerization process.

For MoS2-PDA-PEI, perform peak tting for S, it can be seen
that the ratio of S2+/SO4

2+ is 11.24/2.48, which also shows that
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The SEM and AFM images of the membrane.
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the MoS2 nanoparticles are oxidized while being modied by
PDA-PEI. Comparing the C peak, it can be seen that the p–p

satellite peak is not detected in the MoS2-PDA-PEI, indicating
© 2021 The Author(s). Published by the Royal Society of Chemistry
that no benzene ring is detected. This indicates that the Michael
addition reaction occurred during the modication by PDA-PEI.
Perform peak tting on O, it can be seen that the ratio of C]O/
RSC Adv., 2021, 11, 26391–26402 | 26397
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Table 2 Some structure parameter values of all the prepared membranes

Membrane
Water uptake
(4)

Porosity
(3)

Average pore
size (nm)

Contact angle
(q)

Ra
(nm)

Rmax

(nm)
Tensile strength
(Mpa)

M0 73.68 52.37 3.3 82.49 6.58 76.9 1.48
M1 74.19 59.27 6.7 80.24 20.8 280 2.11
M2 76.31 63.59 6.17 66.85 6.80 86.3 2.27
M3 75.53 62.34 5.9 63.83 6.99 84.1 2.35
M4 76.47 73.56 5.68 62.87 7.42 75.1 2.89
M5 77.38 72.31 5.13 56.85 8.77 84.1 3.57
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C–O is 13.97/2.88, C]O is the characteristic group of Schiff base
reaction, C–O is the characteristic group of Michael addition
reaction. Therefore, it proves that two reactions occurred in the
modication process, and the Schiff base reaction occurred
more than the Michael addition reaction.
Fig. 8 Flux-time curves with HA as model contaminants of all the
membranes.
3.2 Characterization of the membrane

3.2.1 The elements analysis of the membrane. As shown in
Fig. 6, the elements in the membrane M0/M1/M5 were analyzed
by EDS. The elements Mo in Fig. 6(b) proves that the nano-
particles were successfully doped into the membrane. The
elements N in Fig. 6(c) proves that the hydrophilic functional
amino group has been successfully introduced into the
membrane with the nanoparticles via cross-linking of PDA and
PEI.

3.2.2 The morphology of the membrane. In the phase
separation process, nano-llers have a great inuence on the
membrane morphology. In order to study the inuence of nano-
llers on the membrane structure, the morphologies of the
membrane surface and cross-section were characterized by
TEM, and the results are shown in Fig. 7. In general, the
membrane has an asymmetric structure, which is composed of
a surface layer and a porous supporting layer.

The surface layer has a decisive effect on the removal rate of
the membrane, and the porous supporting layer acts as
a mechanical support.51 The structure of PDA-PEI is mainly
formed due to the high mutual diffusivity of water and DMAc.
When the casting solution is immersed into the water, the PES
chain will immediately solidify and the skin layer will be
formed. The DMAc in the membrane will continuously diffuse
to form irregular micropores.52,53

The surface of M0–M5 can be observed in Fig. 7. There are no
obvious defects on the membrane surface, indicating the
integrity of the membranes. Agglomerated MoS2 nanoparticles
were found on the surface of M1, which is due to the poor
dispersion of unmodied MoS2 nanoparticles. It can be seen
that the nanomaterials in M3–M5 are well dispersed.

The SEM images of the membrane cross-section are shown
as Fig. 7, compared with M0, the irregular micropores in M1–
M5 are much wider. This indicates that during the phase
inversion process, the MoS2 nanoparticles increase the mass
transfer rate between the solvent and the non-solvent to form
larger pores. The nger-like micropores of M1–M5 are elon-
gated, and the pores are wider and open, which is benecial to
26398 | RSC Adv., 2021, 11, 26391–26402
increase the ux. In addition, it can be seen that there are large
cavities in the cross-sectional structure of the M4–M6. This is
the result of the addition of super-hydrophilic nanoparticles
MoS2-PDA-PEI which can accelerate the phase transition mass
transfer rate of the process.54,55

The roughness of the membrane surface was analyzed with
AFM. It can be seen from the Table 2, with the addition of MoS2
nanoparticles into themembranematrix, the roughness ofM1 is
increased compared to other membrane. The average rough-
ness Ra reaches 20.8 nm, and Rmax reaches 280 nm. Increased
roughness of the membrane is caused by the poor dispersion
performance of unmodied MoS2 nanoparticles and a large
amount of MoS2 agglomerates during the phase inversion
process. It can also be seen from that a large number of nano-
particles agglomerated on the surface. On the contrary, the
modied nanoparticles have enhanced compatibility with the
membrane matrix due to their hydrophilicity and dispersibility.
In the phase inversion process, modication improves the
affinity with the PES molecular chain, so the roughness is
reduced and the anti-pollution performance is improved.
Compared M2 with M4, the Ra of M4 is slightly higher than that
of M2. This is because the MoS2-PDA nanoparticles added inM2
are slightly less hydrophilic than MoS2-PDA-PEI added in M4.
During the phase inversion process, the hydrophilic nano-
particles have a relatively higher open porosity at the same
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The fluxes and (b) rejection rates of all the prepared membranes.
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content. Therefore, the Ra of M4 is slightly higher than that of
M2, but the of M4 is much lower than that of M2, indicating M4
has lower roughness and stronger anti-pollution ability than
M2.

3.2.3 Water uptake and porosity of the hybrid membrane.
The water uptake (4), porosity (3), and contact angle (q) of the
membrane are listed in Table 2. The results in Table 2 show that
the water uptake of all membranes increased compared with
M0. The reasons are: (1) water molecules are small enough to
easily pass through MoS2 nano-channels in the membrane; (2)
the modied MoS2 nanoparticles contain a large number of
hydrophilic groups (–OH, NH2

�) which can increase the water
adhesion ability of the membrane; (3) the polarity of DMAc
interacts with the hydrophilic of the modied MoS2 nano-
particles during the phase inversion process, thereby increasing
the dispersibility and hydrophilicity of the modied MoS2.

Water uptake and porosity of the membrane play a decisive
role in the transport mechanism and stability. In principle,
a high water uptake may cause the decreasing of membrane
durability.56 Therefore, maintaining proper water uptake and
swelling levels can ensure membrane efficiency.

With the addition of hydrophilic MoS2 nanoparticles, the
porosity of the membrane is also improved since the hydro-
philic effect of the modied nanoparticles increases the
exchange rate of solvent and non-solvent during the phase
inversion process.

It can be seen from Table 2 that the contact angle of the
membrane becomes smaller due to the addition of modied
MoS2 nanoparticles. This is because the hydrophilic functional
groups of the nanoparticles have a strong attraction to water
molecules and form a hydration shell on the membrane.57–59

Themechanical strength of the membrane can be seen from the
Table 2, the mechanical strength of the MoS2-PDA-PEI/PES is
more stable than the PES. The mechanical strength of the MoS2-
PDA-PEI/PES increases with the content of MoS2-PDA-PEI
increasing. This is mainly because the MoS2-PDA-PEI
© 2021 The Author(s). Published by the Royal Society of Chemistry
improves the affinity with the PES molecular chain, thereby
enhancing the mechanical strength of the membrane.
3.3 The performance of the membrane

3.3.1 Flux and rejection rate. In order to ensure the effi-
ciency and quality of water treatment, ultraltration
membranes are required to have both high ux and rejection
rate. It can be seen from the Fig. 8 that when pure water was
replaced by the HA solution, the ux of the prepared membrane
sharply dropped. This is mainly because larger HA molecules
adsorbed to the membrane surface and blocked the membrane
pores. Over time, more and more HA will accumulate on the
membrane surface and form a cake layer, resulting from the
decrease of HA solution ux.

It can be seen from Fig. 9(a) that with both pure water and
HA solution, the uxes of M1–M5 were improved compared
with the ux of M0 because hydrophilic nanoparticles changed
Fig. 10 The fluxes-time of M0 and M4 in three cycles of UF experi-
ment (I, III, V, VII: Pure water stage; II, IV, VI: scaling stage).

RSC Adv., 2021, 11, 26391–26402 | 26399
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Fig. 11 The FRR of all the prepared membranes in the first cycle.

Fig. 12 The Rt of all the prepared membranes in the first cycle.
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the membrane structure. The ux of M1 is higher than that of
M0 since MoS2 nanoparticles signicantly increase the porosity
and the ux of the membrane. The ux of M4 is signicantly
higher than that of other membranes due to the combined
effect of good hydrophilicity and higher open porosity. For M5,
its water ux is slightly lower than that of M4. The possible
reason for the slightly low water ux is the increasing concen-
tration of the nanoparticles produces a high viscosity of the
Table 3 Comparison of HA/BSA removal cited in the literature with the

Membrane Foulant composition Conditions

PSF/Fe3O4-GO 20 ppm HA Dead end, 1 b
PES/GO 50 ppm HA Dead end, 1 b
PVDF/PFSA-g-GO 500 ppm HA Dead end, 1 b
PSF/GFG 200 ppm BSA Cross-ow, 1 b
PVDF/TiO2-GO 1000 ppm BSA Cross-ow, 1 b
PSF/isocyanate-GO 1000 ppm BSA Cross-ow, 1 b
PES/MoS2-PDA-PEI 500 ppm HA Cross-ow, 1 b

500 ppm BSA

26400 | RSC Adv., 2021, 11, 26391–26402
casting solution. During the phase separation process, the
diffusion rates of the solvent (DMAc) and non-solvent (H2O) are
reduced, resulting in a dense structure and a relatively lower
ux. The formation of a thick skin layer reduces its ux, but its
ux is still twice that of M0.

The Fig. 9(b) shows the rejection of the membrane to the
pollutant solution. The rejection rate is mostly determined by
the surface pore size. The low rejection rate of M1 is due to the
poor compatibility between MoS2 and the membrane matrix,
resulting in the formation of non-selective pores and defects.
This phenomenon can also be seen from the SEM image and the
AFM image.

3.3.2 Anti-fouling performance of the hybrid membrane.
In this study, theM4 was selected to compare withM0 and study
their long-term performances. As shown in Fig. 10, three cyclic
experiments were conducted with HA as a model pollutant on
M0 and M4. Rt, Rr, Rir and FRR were obtained according to the
formula (6)–(9). For M4, the ux recovery rate of the HA reached
88.24% aer three cycles. For M0, the ux recovery rate of the
HA solution was 42.22% aer three cycles which is relatively
low. The ux of M4 to HA reached 182.8 L m�2 h�1 aer three
cycles, which was nearly four times the ux of M0, 46.04 L m�2

h�1, proving the ux stability of M4. Fig. 11 shows the ux
recovery rate of the membrane aer ltering 500 mg L�1 HA
solution for one hour. It can be seen that the FRR of M0 is the
smallest among all membranes. This is due to the hydropho-
bicity of PES, which leads to the membrane fouling and affects
its ux recovery rate. When MoS2 nanoparticles were added to
M1, the average pore diameter is slightly larger than that of M0
(Table 2). With the larger pore diameter, pollutants cannot
easily block membrane pores, so the ux recovery rate is slightly
higher than that of M0. When MoS2-PDA nanoparticles were
added into M2, due to the hydrophilic functional groups on the
membrane, its ux recovery rate increases. When M3, M4, and
M5 are mixed with different contents of MoS2-PDA-PEI, the ux
recovery rates are higher than that of M0, M1, M2. The addition
of MoS2-PDA-PEI nanoparticles increases the hydrophilic
functional groups on the membrane and reduces the pollution
particles adhesion, which enhancing anti-fouling ability and
ux recovery rate.

The summary fouling rate (Rt), reversible fouling rate (Rr),
and irreversible fouling rate (Rir) of the membrane are shown in
Fig. 12. It can be seen from Fig. 12 that M4 has a lower summary
fouling rate (Rt) and irreversible fouling rate (Rir). This can be
fabricated membrane in this work

PWP (LMH/bar) Rejection (%) Reference

ar 156.99 84 60
ar 340 94.5 61
ar 587.4 79.6 62
ar 217 95.2 63
ar 199.97 91.38 64
ar 135 95 65
ar 364 RHA ¼ 93.2 This work

RBSA ¼ 96.55

© 2021 The Author(s). Published by the Royal Society of Chemistry
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attributed to higher hydrophilicity and smoothness of M4,
whichmakes it easy to form a hydration shell on themembrane.
The presence of the hydration shell will inhibit the adhesion
and deposition of pollutants and help to clean the pollutants. At
the same time, the irreversible fouling rate (Rir) of M1 is even
higher than that of M0, this can be attributed to a higher
roughness of its surface which causes “valley clogging”.

Compared with some previously reported hybrid UF
membranes, the water permeability, rejection (HA) is given in
Table 3.

4. Conclusion

In this study, MoS2 nanoparticles were modied by PDA-PEI
and the modied nanoparticles were added into PES to fabri-
cate a new type of hybrid ultraltration membrane. We can
draw the following conclusions:

(1) DA and PEI can be co-crosslinked on MoS2 nanoparticles
through Schiff base reaction and Michael addition reaction,
which increases the hydrophilicity of MoS2 nanoparticles.

(2) The addition of modied MoS2 can improves the hydro-
philicity and roughness of the membrane, and increased the
separation performance and anti-pollution performance of the
membrane.

(3) The consistent ultraltration performance of the M4
proves the excellent long-term usability of MoS2-PDA-PEI
nanoparticles, and that it can be used for future water
treatment.

Author contributions

Xin Wen: conceptualization, validation, formal analysis, inves-
tigation, data curation, writing – original dra, writing-review &
editing, visualization. Can He: validation, writing-review &
editing, formal analysis. Yuyan Hai: methodology, funding
acquisition, writing-review & editing. Xiaofan Liu: soware,
validation, writing-review & editing Rui Ma: conceptualization,
methodology. Jianyu Sun: project administration, visualization,
Xue Yang: conceptualization, methodology, Yunlong Qi: vali-
dation, resources, Jingyun Chen: visualization, data curation,
Hui Wei: visualization, data curation.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are really grateful for the nancial support from the China
Energy Foundation (GJNY-21-76), China Energy Foundation
(GJNY-21-90).

References

1 M. Catley-Carlson, Nature, 2019, 565, 426–427.
2 H. R. Mian, G. Hu, K. Hewage, M. J. Rodriguez and R. Sadiq,
Water Research, 2018, 147(15), 112–131.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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