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a b s t r a c t
A novel thin-film nanofiltration (NF) membrane was prepared successfully by interfacial polym-
erization of piperazine and trimesoyl chloride on a porous molybdenum disulfide oxide (O-MoS2) 
modified polysulfone (PSf) substrate with greatly enhanced separation performance. In this work, 
scanning electron microscopy confirmed that the optimized PSf substrate formed elongated finger-like 
pores during the phase inversion process, significantly different from other membranes and key 
to improving the water transport and desalination of the membrane. The effects of different dye 
molecular structures, varieties, and charges, and the feed solution and salt concentrations in the blend 
solution on salt and dye rejection and water flux of NF membranes were explored. Compared with 
the control membrane, the optimized membrane’s rejection performance and water permeability 
were greatly improved when treating simulated dye wastewater. After the introduction of O-MoS2 
(0.06 wt.%), the introduction of O-MoS2 increased the chromotropic acid 2B and Rose Bengal rejec-
tion rates of the membrane compared to the original, from the original of 97.73%, 99.79% to 99.41% 
and 99.99%, respectively, and the water flux enhanced from the beginning of 32.8, 32.0–43.2 and 
43.7 L/m2·h, respectively. Furthermore, in a 120 h simulated dye wastewater treatment stability test, 
the optimized F6 membrane showed stronger flux stability and excellent rejection performance, 
providing its vast potential for application in dye wastewater treatment.

Keywords:  Nanocomposite substrate; Nanofiltration membrane; Molybdenum disulfide oxide 
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1. Introduction

The textile industry is one of the most important eco-
nomic sources for many countries. In China, textile products 
account for 13%~15% of China’s total exports and 5%~6% 
of China’s total gross domestic product, also high-polluting 
sources [1–4]. According to the China Environmental 
Yearbook statistics, the textile industry ranks third in the 
discharge of industrial wastewater in various industries. 
In addition to the colored dye molecules in textile printing 

and dyeing wastewater, many inorganic salts are produced 
by the neutralization reaction and salting-out process 
(salt-induced precipitation) of dye synthesis and concen-
tration. Simultaneously, some slats are used as additives 
to improve absorption during the dyeing process [5]. The 
direct discharge of these organic dyes and salts into the water 
causes serious environmental problems. Therefore, finding 
a suitable treatment method for textile printing and dyeing 
wastewater is very important.
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Traditional wastewater treatment processes, such as 
advanced oxidation, adsorption, and biological methods, 
have disadvantages. For example, the advanced oxidation 
method will cause a large amount of sludge, produce sec-
ondary pollution, and require sophisticated equipment. 
In conventional physical methods, such as adsorption and 
extraction, the regeneration cost of adsorbent and extract-
ant is very high, and it is easy to cause secondary pollution 
to water resources. The main disadvantage of biological 
methods is that external factors such as pH value and dye 
concentration greatly affect microorganisms and are diffi-
cult to control. Hence, membrane technology has emerged 
as a relatively low-cost, environmentally sustainable, and 
energy-efficient pollution control and treatment method 
[6–8]. Membrane technology to treat dye wastewater can 
avoid secondary pollution, has high reliability, and is easy to 
operate, overcoming some of the shortcomings of traditional 
wastewater treatment processes [9,10]. At the same time, 
within the framework of sustainable development, mem-
brane technology can remove pollutants from water and 
recover dye molecules and salts, making textile wastewater 
a potential resource.

Nanofiltration is a very complex process. Current stud-
ies have shown that electrostatic interaction (Donnan Effect) 
and steric hindrance dominate the membrane retention and 
permeation performance in the nanofiltration process [11]. 
The membrane’s pore size and the charge of the contami-
nants (dyes and salts) affect their performance [12]. Since 
the steric hindrance effect dominates the filtration process, 
controlling the membrane’s pore size by adding well-defined 
two-dimensional (2D) nanomaterials to provide additional 
nanochannels is an excellent way to improve membrane 
performance and enhance membrane selectivity [13–17]. 
Experiments have shown that changes in the base film’s 
properties will affect the film’s rejection behavior [18–21]. 
Hence, we considered the incorporation of modified 2D 
nanomaterials into the membrane matrix to modulate the 
membrane properties. In addition, due to the electrostatic 
effect, a surface-charged membrane tends to help nanofil-
tration (NF) membranes to perform better dye/salt separa-
tion and rejection, with better permeation performance and 
contamination resistance, especially for some low molec-
ular weight dyestuff molecules [22]. The membrane sur-
face charge of this base-membrane modified nanofiltration 
membrane is also changed by the modified nanoparticles, 
improving the filtration performance of the membrane [23].

This study used a laboratory-made molybdenum disul-
fide oxide (O-MoS2) modified base-NF membrane to filter 
simulated dye wastewater. We conducted a preliminary 
study on the application of modified NF membranes in dye 
wastewater. The simulated dye wastewater composition 
examination after filtering showed that the filtration per-
formance of the O-MoS2 modified base-NF membrane was 
superior to the control membrane. More importantly, the 
membrane performance change pattern was investigated by 
changing the composition of the simulated wastewater, and 
the general application range of this modified NF base mem-
brane was also obtained. In addition, the potential applica-
tion of the prepared NF membrane was demonstrated by 
the long-term separation of simulated dye wastewater. The 
membrane was evaluated for its separation efficiency and 

stability against salts and dyes under long-term operating 
conditions. This work showed that nanofiltration mem-
branes prepared by modifying the membranes’ matrix with 
nanomaterials performed better in separating and recover-
ing dye wastewater. The prepared NF membrane with more 
straightforward fabrication procedures and reproducible 
results has more substantial advantages and application 
prospects in dye removal.

2. Experiment

2.1. Materials

The modified membranes prepared in the laboratory 
are named after the concentration of O-MoS2 added to 
the membranes, respectively F0, F3 (0.03 wt.% O-MoS2), 
F6 (0.06 wt.% O-MoS2), F9 (0.09 wt.% O-MoS2) and F12 
(0.12 wt.% O-MoS2). Used to test the separation performance 
of inorganic salts Na2SO4 (99%), NaCl (99.5%), dye Rose 
Bengal (95%), chromotropic acid 2B (97%), lemon yellow 
(>95% high-performance liquid chromatography (HPLC)), 
Jiana Green B (dye content 65%), all purchased from Aladdin 
(Shanghai). The experimental water is self-made in the 
laboratory (deionized water and ultra-pure water).

2.2. Characterization and testing of the NF membranes 
performance

The O-MoS2 nanoparticles were added to the casting 
solution at different proportions. They were uniformly dis-
persed into the membrane matrix for 2 h with ultrasonic 
vibration and 12 h with mechanical stirring. The NF mem-
brane substrate was prepared by dry-wet separation phase 
inversion. Then, on the surface of the base film, a selective 
layer was prepared by interfacial polymerization. An aque-
ous solution of 1.50 wt.% (±)-camphor-10-sulfonic acid 
(99%, Aladdin), 1.50 wt.% triethylamine (99%, Aladdin) 
and 1.60 wt.% piperazine (99%, Aladdin) was selected as 
the water phase and the base film was immersed for 35 s. 
After draining the aqueous solution, the membrane surface 
was allowed to dry again. Next, an n-hexane solution con-
taining 0.35 wt.%/v% of 1,3,5-benzenetricarbonyl trichlo-
ride (98%, Aladdin) was selected as the oil phase, followed 
by immersing in the membrane for 20 s. The oil phase solu-
tion was drained from the surface of the membrane, and 
the membrane was dried in an oven at 60°C for 2 min to 
obtain the NF membrane required for the experiment.

The slices were extracted with liquid nitrogen before 
sample preparation, and gold was sprayed with Hitachi 
E-1010 gold sprayer before the test (Hitachi, Japan). Scanning 
electron microscopy (SEM, S3400N, Hitachi, Japan) and 
transmission electron microscopy (TEM, H-7650, Hitachi, 
Japan) were used to examine the basic morphological fea-
tures of NF membranes. The membrane matrix was also 
tested for hydrophilicity and presented in the form of water 
contact angle (OCA15EC, DataPhysics, Germany) by drop-
ping 2 μL deionized water onto the membrane surface. Test 
the ionic conductivity of the solution to be determined using 
a conductivity meter (DDS-307A, Shanghai Lei Magnetic 
Instrument Factory, China). Simultaneous determination 
of the dye influent and effluent concentration was tested 
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with an ultraviolet-visible analyzer (UV-1800, Shimadzu 
Corporation, Japan).

2.3. Membrane application test

To explore the application ability of the laboratory-made 
membrane in the treatment of dye wastewater, a variety 
of simulation tests were carried out on it.

A cup-type NF test system was used, and the membrane 
was preloaded at 0.5 MPa for 0.5 h, and then the pure water 
flux Jw of the membrane was measured at 0.4 MPa. The 
pure water flux is calculated according to Eq. (1):

J V
Atw =  (1)

where Jw is the pure water flux of the membrane, L/m2·h; V is 
the product water volume, L; A is the effective membrane 
area, m2; t is the filtration time, h.

The rejection rate of the membrane is calculated accord-
ing to Eq. (2):

R
C
C
p

f

= −








 ×1 100%  (2)

where R is the solute rejection rate, %; Cp is the product 
water concentration, g/L; Cf is the influent water concentra-
tion, g/L.

3. Results and discussion

3.1. Properties of the modified of the experimental self-made 
NF membrane

Membrane materials dominate the membrane separa-
tion properties. The performance of the membrane material 
determines the separation selectivity, water permeability, 
pollution resistance, acid and alkali resistance, and oxi-
dation resistance of the membrane in the separation pro-
cess [24]. To meet dye wastewater treatment requirements, 

improve the efficiency of the NF process, enhance the NF 
membrane water permeability, selectivity, and durabil-
ity, and simultaneously reduce water flux loss, we added 
O-MoS2, a 2D nanomaterial, to the NF membrane support 
layer. Then the polyamide (PA) layer of interface polymer-
ization was loaded on the support layer. On the one hand, 
we expected the electronegativity of O-MoS2 can make an 
make the NF film surface electronegative [25], strengthening 
the electrostatic repulsion during interception, and improv-
ing the membrane’s interception performance. In addition, 
the O-MoS2 water affinity can improve the hydrophilicity of 
membrane substrates and affect the phase inversion process 
of the NF membrane support layer, while further influencing 
the interfacial polymerization of the produced membrane 
selective layer [26]. Furthermore, the lamellar structure of 
2D nanomaterials can increase the water channels addition-
ally for membrane substrate, which can also increase the 
water flux of the membrane [27].

As shown in the TEM images (Fig. S1), the PA layer 
firmly loaded on the F0 and F6 membranes improved NF 
membrane selectivity effectively. Moreover, the O-MoS2 
nanoparticles are embedded in the modified membrane 
substrate. Compared with the control membrane F0, the 2D 
nanoparticles that changed the physico-chemical properties 
of the substrate are the key to the membrane’s performance 
improvement [28]. The cross-sectional SEM images of the 
NF membrane are shown in Fig. 2a1–a5. When the O-MoS2 
content in the membrane reaches 0.06 wt.%, the struc-
ture and morphology of the composite membrane change 
greatly. The 2D nanomaterials greatly impact the phase 
inversion process. Compared with the control membrane F0, 
the F6 membrane formed elongated finger-like pores during 
the phase inversion process of dry and wet separation. The 
slender finger-like holes improve water conservancy when 
water passes through the membrane, which is more con-
ducive to water transportation and salt rejection [18]. The 
initial formation of the wide asymmetrical holes made the 
tunnel even more tortuous [29]. As the highly hydrophilic 
O-MoS2 content increases, the cast film solution becomes 
more hydrophilic and the increase of the cast film solution 
viscosity (Table S1) leads to the secondary phase transforma-
tion of the membrane. The slender finger-like pores shrunk, 
and became thicker and shorter, forming the undesired 
membrane pore structure that will reduce the water flux of 
the membrane, while the increase in membrane pore size 
will also hinder salt retention. Fig. 2b1–b5 show the SEM 
images of the NF membrane surfaces. Under the same mag-
nification, clear visible bubble-like protrusions, typical mor-
phology of interfacial polymerization, are visible [30,31]. 
Compared with the control film F0 of Fig. 2b1, take the 
best-performing membrane F6 of Fig. 2b3 as an example, the 
F6 membrane surface with more small bubble-like bumps 
looked rougher than F0. The increase in roughness may also 
cause an increase in membrane water flux [32]. This is due 
to increased hydrophilicity of the substrate membrane and 
more complete interfacial polymerization reaction on the 
membrane surface. This is also evidenced by the atomic 
force microscopy (AFM) surface roughness tests (Fig. S2 and 
Table S2) performed on the surface of the NF membrane.

To determine the effect of nanoparticles on the sur-
face properties of the membrane substrate, the hydrophilic 
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Fig. 1. China’s wastewater emissions by industry.
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Fig. 2. SEM images of the cross-sectional (a1–a5) and surface (b1–b5) morphologies of the NF membranes (F0, F3, F6, F9 and F12).
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properties of the substrate surface were tested for water 
contact angle. The experimental results are shown in 
Table 1. Incorporating hydrophilic O-MoS2 greatly improved 
the hydrophilicity of the substrate film surface, and the 
hydrophilicity increased with nanoparticle content.

The separation and permeation performances of mem-
branes are essential for evaluating membranes. Fig. 3 shows 
the water flux test (a) and the salt rejection test (b) result 
represented by Na2SO4. Adding an appropriate amount of 
O-MoS2 effectively increased the water flux of the membrane 
from 36.8 L/m2·h at F0 to 64.8 L/m2·h at F6, and the mem-
brane water flux increased by about 76%. This was mainly 
because the added O-MoS2 improved the hydrophilicity of 
the modified membrane to a certain extent and increased 
the roughness of the membrane surface. At the same time, 
O-MoS2 provided extra water channels in the membrane 
matrix [33]. Also, phase inversion was affected due to the 
viscosity and hydrophilicity changes in the casting solution. 
Long and straight membrane pores were formed through-
out the membrane, shortening the transport time of water 
molecules in the irregular spongy pores and reducing the 
resistance of water molecule transfer. The large cavity of 
the membrane substrate layer and the long and straight 
pore structure reduced the resistance when water molecules 
passed through the membrane, speeding up the transmis-
sion rate of water molecules, and increasing the membrane’s 
permeability [34]. In addition, due to the hydrophilicity 
increase of the membrane matrix, the cross-linking degree of 
the selective PA layer on the NF membrane surface was also 
increased. The defect-free selective layer has better hydro-
philicity; the water molecules pass through the membrane 

more easily [26]. When the content of the 2D materials con-
tinued to increase, the flux would decrease compared with 
F6. This can be explained by the substrate membrane being 
more hydrophilic, resulting in a denser and thicker PA layer 
on the membrane surface, making it more difficult for water 
molecules to pass through the membrane [26,35,36]. In addi-
tion, O-MoS2 agglomerated with the O-MoS2 content increase 
in the membrane support layer, affecting the NF membrane 
performance and reducing the additional water channel sup-
ply. Therefore, the membrane water flux was reduced [37].

In Fig. 3b, the salt rejection of the O-MoS2-modified 
membrane was significantly improved. For the 1 g/L 
sodium sulfate solution, the rejection capacity of F6 and F9 
reached 96.6% and 96.0%, was much higher than the 87.4% 
in F0. Three representative membranes, F0, F6, and F12, 
were selected for the membrane molecular weight cut-off 
(MWCO) test to better determine the reasons for the perfor-
mance change. The specific test method is described in the 
Supporting Information. The obtained results are shown in 
Table 2. Concomitant with the membrane pore size change 
observed in the cross-sectional SEM images, the addition 
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Fig. 3. Membrane basic performance test (a) pure water flux and (b) Na2SO4 rejection and water flux.

Table 1
Membrane substrate water contact angle

F0 F3 F6 F9 F12

73.7 67.3 62.1 56.0 51.4

Table 2
NF membrane MWCO

Membrane no. MWCO (Da)

F0 1,260
F6 937
F12 1,401
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of O-MoS2 affected the membrane substrate, the larger the 
pore size of the membrane matrix, the more likely interfa-
cial polymerization would occur in the membrane pores. 
The PA selective layer on the NF membrane surface is more 
discontinuous and defective, resulting in poorer rejection 
performance [38,39]. Affected by the rejection mechanism of 
NF membrane–steric hindrance effect, the membrane with 
a smaller pore size for the same salt ion will show better 
salt rejection capacity [40,41].

3.2. Membrane separation performance and application

3.2.1. Single dye and salt rejection performance test

Since the introduction of O-MoS2 greatly impacted the 
structure and morphology of the composite membrane 
and effectively improved its properties, we further stud-
ied separation performance and rejection behavior of the 
composite membrane modified with different amounts 
of O-MoS2. Two dyes with large molecular weight differ-
ences, Rose Bengal (RB) and chromotropic acid 2B (CB), 
were selected; the specific information of the two dyes is 
shown in Table 3. A 30 mg/L pure dye aqueous solution was 
used for testing, and the flux and rejection performance 
results of single dye solutions are shown in Fig. 4a and b. 
The rejection and flux of the polysulfone (PSf) membrane 
without O-MoS2 (F0) were relatively small. Rejection of 
CB and RB of F0 was 97.73% and 99.79%, respectively, and 
the flux was 32.8 and 32.0 L/m2·h. After the introduction of 
O-MoS2, the rejection of dyes by the composite membrane 
was significantly improved. Among them, the F6 membrane 
had the best performance, with a rejection rate of 99.41% 

and 100% for the two dyes (CB and RB). The flux has also 
reached to 43.2 L/m2·h of CB and 43.7 L/m2·h of RB, respec-
tively. The rejection rate and water flux were higher than 
those of membrane F0. Since the separation mechanism 
of NF membranes was mostly due to steric hindrance and 
sieving effect, the membrane F6 with a smaller pore size 
had a more significant repelling effect on the model pol-
lutant, improving the rejection [42]. Meanwhile, because 
the layered structure of the hydrophilic O-MoS2 provided 
additional water channels, the flux of the composite mem-
brane was also larger than the control membrane F0. 
The O-MoS2 modified base-NF membrane overcame the 
trade-off effect of NF membranes to a certain extent, and 
simultaneously improved the rejection performance and  
water flux.

To further explore the application of the composite 
membrane in the rejection of dyes, the rejection perfor-
mance and water flux of the two model pollutants at dif-
ferent concentrations were tested, as shown in Fig. 4c–f. 
Fig. 4c and d, show the rejection rates of different CB and 
RB concentrations. The results showed that the higher the 
dye solution concentration, the lower the rejection rate of 
the membrane, which is in line with the general law of NF 
membranes [8]. Fig. 4c shows that the different amounts 
of nanomaterials affect the membrane’s rejection perfor-
mance. Membrane F6 and F9 exhibit better rejection effects 
when the solution concentration is lower; the rejection rates 
reached 99.41% and 99.27%, respectively, when the dye 
concentration is 30 mg/L. CB has a smaller molecular size 
than RB, and the significant change in the rejection perfor-
mance can be attributed to the significant reduction in the 
size of the basement membrane pores. This further indicates 

Table 3
Characteristics of the small molecule dyes used in the experiment

Dye name Molecular structure Relative molecular 
mass

Charge Ultraviolet absorption 
peak wavelength (nm)

Rose Bengal (RB)

 

1017.64 Negative 550

Chromotropic acid 2B (CB)

 
513.37 Negative 515

Lemon yellow (LY)

 
534.36 Neutral 426

Jiana Green B (JGB)

 

511.06 Positive 615
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that O-MoS2 in the membrane’s support layer improves the 
pore morphology and performance of the membrane to a 
greater extent during the phase inversion process. The RB 
rejection rate change shown in Fig. 4d demonstrated the 
effect of dye concentration changes on the rejection rate. 
When the dye concentration increases, the rejection rate 
of the PSf membrane decreases from 99.79% at 30 mg/L to 
98.36% at 100 mg/L. Due to the larger molecular size of RB, 
the change in rejection rate may be more dependent on the 
increased electrostatic effect. Since the negatively charged 
O-MoS2 was added to the membrane matrix in an appro-
priate amount (0.06 wt.%), the electrical properties of the 
membrane surface were effectively improved, the elec-
trostatic effect during membrane rejection was enhanced, 
and the rejection effect of the membrane was improved 
[43]. The decay of the better performing membrane F6 is 
smaller, from 100% at 30 mg/L to 99.72% at 100 mg/L.

Fig. 4e and f show the water flux changes of CB and RB 
under different concentrations, respectively. When the dye 
concentration increased, the water flux of each membrane 
decreased. This is because as the dye concentration increases, 
the tendency of membrane fouling and the viscosity of the 
dye solution increase. At the same time, due to the larger 
molecular weight of RB, it was easier to form a thicker “fil-
ter cake” on the surface of the membrane, preventing water 
molecules from passing through the membrane to a certain 
extent [44]. Therefore, compared with the smaller molec-
ular weight of CB, the water flux during filtration will also 
become smaller. Besides, with increased dye solution, the 
flux attenuation of the composite membrane F6 was relatively 
smaller than in the F0 membrane. This is mainly because the 
added O-MoS2 increases hydrophilicity and negative charges 
to the composite membrane. Under stronger hydrophilic-
ity and electrostatic repulsion, the adsorption capacity of 
the composite membrane surface to pollutants weakened, 
reducing the membrane flux decay rate after the solution 
concentration increased [45].

Three representative membranes, F0, F6, and F12, were 
selected for the interception flux test of different salt concen-
trations. Fig. 4g and h show the salt rejection rate and water 
flux for 1, 2, 3, 4, and 5 g/L Na2SO4 solutions as a representa-
tive pollutant. In conclusion, the rejection rate of membranes 
at different concentrations was roughly F6 > F0 > F12. In 

other words, when a specific amount of nanomaterials were 
added to the substrate matrix, the membrane performance 
would usher in an inflection point. However, it would dete-
riorate with the increase of nanomaterials. Besides, accord-
ing to the Donnan balance, the ion concentration increase 
in the feed solution and weakens the Donnan repulsion 
between the fixed groups on the membrane surface and the 
ions of the same charge [46]. Therefore, the rejection per-
formance of the membrane will decrease with the increase 
in salt concentration [47]. On the other hand, the increase 
in salt concentration had a greater impact on the rejection 
performance of F0 and F12, and the attenuation of rejection 
capacity was much greater than F6. This may be because the 
membrane pore morphology and size distribution of mem-
brane F6 are superior to those of the other two membranes; 
it has better resistance to changes in feed and liquid con-
ditions and better rejection performance [48]. On the other 
hand, with the concentration polarization effect, the water 
flux will also decrease with the increase of the feed liquid 
concentration. In the F6 and F12 membranes, with the bet-
ter pore structure, the hydrophilicity of 2D nanoparticles 
and additional water channels provided by O-MoS2 pro-
vided much greater water flux than the control membrane 
F0. However, in contrast, the water flux of membrane F6 
is larger. Considering the changes in salt rejection perfor-
mance, when the solution concentration reached 3 g/L, the 
salt rejection performance of the membrane appeared to 
decay significantly, However, the salt rejection rate grad-
ually stabilized with further increased liquid feed concen-
tration. In contrast, the membrane’s water flux change did 
not change significantly with increasing feed concentra-
tion. Therefore, in combination with the change of water 
flux, a pressure of 4 bar and a salt concentration in a solu-
tion of 2 or 1 g/L, should be a more economical operating 
condition to maintain membrane performance.

To explore the impact of the chargeability of pollutant 
molecules on the membrane performance, three dye mole-
cules with similar molecular weights but different charges, 
Jiana Green B (JGB), lemon yellow (LY), and CB (Table 3), 
were selected for interception and flux testing. The results 
are shown in Fig. 5a and b. The order of the rejection capacity 
(R) of dye molecules is R(JGB) > R(LY) > R(CB). The order of 
water flux (Jw) follows the trend of Jw(CB) > Jw(LY) > Jw(JGB), 
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opposite of the rejection performance. This is because the 
pollutant molecules have different charges in the solution 
after hydrolysis. With the incorporation of nanoparticles and 
the negative charge of the NF membrane PA layer, the posi-
tively charged pollutant molecules in the water are adsorbed 
to the membrane surface due to electrostatic action. Then 
the membrane pores are blocked, rapidly forming a pos-
itively charged filter cake layer on the composite mem-
brane’s surface. Therefore, it is difficult for the remaining 
JGB molecules in the feed liquid to reach the surface of the 
composite membrane. This enhanced the rejection capacity 
of the membrane and greatly reduced the water flux of the 
membrane [44]. This is the trade-off effect of the membrane 
[49]. Among the membranes in the experiment, the mod-
ified membrane F6 stood out with a better decolorization 
rate, higher water flux, and less impact from changes in dye 
properties. In general, the charge changes of the pollutants 
had less effect on the modified membrane F6, mainly due 
to the smaller MWCO of the F6 membrane; therefore, the 
influence of the steric hindrance effect was greater when 
the dye molecules were retained.

3.2.2. Binary rejection performance test of dye and 
salt mixture

Since the actual dye wastewater is always a mixture of 
salt and dye, to explore the modified membrane’s perfor-
mance and treatment effect under actual conditions, 2 g/L 
sodium chloride and sodium sulfate were used as model 

pollutants. Two different molecular weight dyes, RB and 
CB, were mixed at a concentration of 50 mg/L to simulate 
actual dye wastewater. The salt/dye rejection properties of 
the best-performing membrane F6 and the control mem-
brane F0 were tested, and the results are shown in Fig. 6a 
and b. In general, the salt and dye blending will reduce the 
rejection of the membrane, especially salt rejection. The sur-
face of the membrane adsorbs part of the hydrolyzed dye 
molecules through the charge effect, the electrostatic effect 
during the interception is weakened, and a part of the salt 
ions permeate the membrane [8]. Compared with the rejec-
tion results of a single salt solution, the rejection capacity 
of the actual wastewater was worse. Based on the same 
principle, the rejection of dye molecules by the membrane 
was also reduced. However, because the molecular size of 
the dye molecules used is larger than the pore size of the 
membrane and the salt ions; therefore, the interception 
mechanism of the two dyes was mainly a sieving effect; the 
electrostatic effect had only a minor contribution to it [50]. 
Meanwhile, the rejection performance of membrane F6 is 
much better for the two different membranes than that of 
the control membrane F0. Due to the pore structure optimi-
zation, under the influence of the mixed solution, the change 
of the salt and dye rejection performance of the hybrid 
membrane was smaller than the membrane F0. Especially 
in the rejection of dye, there was almost no change.

Fig. 6c and d show the membrane’s rejection perfor-
mance for salts and dyes in mixed solutions under differ-
ent salt concentration conditions. For both membranes F0 
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and F6, salt concentration had little effect on dye rejection. 
Therefore, we choose to change the salt concentration to 
examine the dye/salt filtration performance of the NF mem-
brane. In general, the higher the salt concentration in the 
liquid to be treated, the lower the salt removal efficiency 
of the membrane. This is the general retention law of NF 
membranes. At salt concentrations of 1–5 g/L, the filtration 
performance of the modified membrane F6 was better than 
the control membrane F0, and the attenuation rate of the 
membrane F6 (from 96.73% to 75.49%) was much lower than 
the F0 (from 89.92% to 55.99%). In addition to the electro-
static effect leading to saturation of the film surface charge, 
the addition of O-MoS2 brings stronger stability to the modi-
fied substrate, enhances the mechanical strength of the film, 
and makes the film pores less susceptible to deformation 
and salt formation of the solution. When the wastewater’s 
composition changes, the modified film’s performance is 
more stable [51]; therefore, this base layer-modified com-
posite NF membrane can be better applied to separation and 
filtration under complex conditions. Moreover, the rejec-
tion of control membrane F0 decayed faster with increas-
ing salt concentration than membrane F6. In the modified 
membrane F6 the rejection changed significantly when the 
salt concentration reached 4 g/L due to the stronger electro-
negativity on the surface. In the range of 1–4 g/L Na2SO4, 
the modified membrane F6 maintained better performance 
and had a wider range of use conditions than the F0, but 
the F0 membrane showed a huge attenuation of rejection at 
3 g/L [25]. Under this condition, there is little change in the 
performance of this guaranteed film (F6).

3.3. Flux stability test of the membrane

To investigate the dye desalination performance and flux 
change of the membrane, this experiment was equipped with 
30 mg/L of RB and 2 g/L of Na2SO4 mixed aqueous solution 
for a 120 h stability test. The water flux and rejection of the 
two membranes F0 and F6 during the operation period are 
shown in Fig. 7. Fig. 7a individually shows the water flux of 
the two membranes as a function of time. The membrane flux 

slowly decreased during the filtration process, mainly due to 
the concentration polarization phenomenon and membrane 
surface pollution. Dye molecules and salt ions blocked the 
membrane pores, resulting in a decrease in water flux, and 
the adsorption on the membrane surface tends to balance 
[52]. In the same operation period, the water flux attenuation 
of the modified composite membrane F6 was significantly 
lower than the membrane F0. This means that the water flux 
of membrane F6 is relatively more stable, mainly because 
the membrane pores of the modified composite membrane 
are smaller, and the clogging degree of the membrane pores 
by dye molecules and salt ions will also be smaller. Explain 
from another angle, the 2D nanoparticles lightly improved 
the hydrophilicity and electronegativity of the NF mem-
brane surface, enhanced the repulsion of the membrane to 
charged particles, and reduced the membrane water flux 
decay. On the other hand, the added 2D nanoparticles in the 
membrane substrate enhanced the composite membrane’s 
mechanical strength, so the membrane maintained more 
stable physical properties under pressure. The strength and 
properties of the membrane pores also made the membrane 
water flux attenuation smaller [53].

Fig. 7b shows the changes in the salt and dye rejection 
rate for the two membranes during the 120 h operation. 
The Na2SO4 rejection by the two membranes was above 
95%, and the dye rejection was also above 99%. Overall, 
the salt and dye rejection of the modified composite mem-
brane maintained a satisfactory result. As the running time 
increases, the rejection of salt and dye by the two membranes 
increases, opposite to the water flux change. This also can 
be explained by the phenomenon of concentration polariza-
tion and the contamination of the membrane by dye mole-
cules, which weaken the water flux of the membrane while 
increasing its rejection performance when the pollutants 
block the membrane pores. During the long-term operation, 
the salt and dye rejection rates of the control membrane F0 
showed pronounced changes, but the rejection performance 
was not stable [54]. This can be mainly attributed to the 
compaction effect of the membrane. Nevertheless, the mod-
ified membrane F6 effectively enhanced the membrane’s 
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mechanical properties due to the addition of 2D nanopar-
ticles in the membrane matrix, making the rejection perfor-
mance of the membrane more stable. During the operation, 
the membrane F6 showed overall better performance.

The F6 membrane dye/salt separation performance 
was compared with the performance of other membranes 
reported in recent years. Table 4 presents specific informa-
tion on various membranes’ dye/salt separation. Among the 
membranes, our membrane had the highest water flux and 
showed superior performance in NaCl salt retention. Some 
membranes performed better for dye removal, but their 
water flux was much lower than the O-MoS2-based modi-
fied membrane used here. Therefore, our membranes have 
better overall performance.

4. Conclusion

This work reports the results of using the O-MoS2-based 
membrane-modified NF membranes prepared in previous 
work to treat a variety of simulated wastewaters. The base 
membrane-modified NF membrane effectively improved 
the membrane’s filtration performance. When treating 
dye-containing wastewater (CB and RB) for the best perform-
ing composite membrane F6, the water flux reached 43.73 and 
43.24 L/m2·h, respectively. Compared to control membrane, 
the membrane F6 also exhibited excellent dye/salt selectivity. 
In contrast, the change in salt and dye rejection of the mod-
ified membrane was significantly smaller than the control 
membrane in the salt content range of 1–5 g/L. This indi-
cates that this base-membrane modified NF membrane had 
a wider range of applications and a better ability to maintain 
performance against complex and variable wastewater con-
ditions. Meanwhile, in the long-term stability test, the effect 
of compaction on membrane performance was reduced when 
the base-membrane modified nanofiltration membrane was 
operated under pressure during nanofiltration due to the 
improved mechanical properties of the membrane substrate. 
This base-membrane modified NF membrane has strong 
filtration performance and stability, has a broader range 
of use, and has little impact on membrane performance 
under changing and complex conditions. This reproduc-
ible and easy-to-fabricate NF membrane provides a broader 
prospect for practical wastewater treatment in the future.
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Supporting information

In order to test the pore size and pore size distribution 
of the membrane, the pore size and pore size distribution of 
the membrane were obtained by calculating the rejection rate 
of polyethylene glycol (PEG) molecules with different molec-
ular weights at 1,000 ppm concentration at 25°C and corre-
sponding pressure conditions. The 90% rejection corresponds 
to the molecular weight cut-off of the membrane and the 50% 
rejection corresponds to the mean effective membrane pore 
size (μP). Membrane pore size and pore size distribution 
were calculated using Eq. (S1)–(S3), as previously reported.
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where a (cm) and ds (nm) are the Stokes radius and diam-
eter of PEG, respectively. In general, when PEG rejection 
reaches 50%, the resulting ds value (μS) is approximately 
expressed as the average effective pore size (μP) of the  
membrane.

Table S1
Casting fluid viscosity data (mPa·s)

Rotating speed (r/min) F0 F3 F6 F9 F12

700 258 265 276 278 287
900 256.7 258.9 265.8 274.2 285.8

Table S2
Surface roughness parameters of the modified membranes 
with different loading content of O-MoS2

Membrane no. Ra (nm) Rq (nm) Rz (nm)

F0 15.7 21.3 44.8
F3 18.2 26.3 61.4
F6 18.4 23.4 24.8
F9 18.8 24.1 65.2
F12 19.4 24.9 49.4
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