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ABSTRACT

The fractionation of dye and salt effectively is crucial in the nanofiltration of dyeing wastewater.
However, the present commercial nanofiltration membrane often rejected dye and salt simultane-
ously due to the dense selective layer of the membrane. To obtain nanofiltration membranes with
a loose selective layer, B-cyclodextrin (B-CD) was added to the co-deposition of dopamine/polyeth-
yleneimine in the PA/PDA-B-CD/PVDF composite loose nanofiltration membrane by the method
of combination of co-deposition and interfacial polymerization. The effect of B-CD content on the
structure and morphologies of PA/PDA-B-CD/PVDF composite loose nanofiltration membrane was
investigated. The chemical structure, microstructure, surface roughness, and hydrophilicity of the
membrane surface were characterized by an infrared spectrometer (attenuated total reflection-Fou-
rier-transform infrared spectroscopy), scanning electron microscope, atomic force microscope, and
dynamic water contact angle meter. The filtration performance of the PA/PDA-B-CD/PVDF com-
posite loose nanofiltration membrane was tested by filtration experiments. The results showed that
with the increase of B-CD concentration, the hydrophilicity, water flux, and salt permeability of the
selective layer were significantly increased, indicating that B-CD had improved the porosity and
hydrophilicity of the selective layer. When the 3-CD concentration was 2 g/L, the flux of water and
dyeing wastewater was the maximum, but the dye rejection was lower than 90%. The performance

of the composite nanofiltration membrane with the B-CD concentration of 1 g/L was the best.

Keywords: Polyvinylidene fluoride; p-cyclodextrin; Loose nanofiltration membrane; Dyeing

wastewater

1. Introduction

Dye wastewater is not only a large quantity but also
highly toxic and difficult to degrade, which seriously
threatens the environment and human health [1-3]. In
recent years, more and more attention has been paid to the
application of nanofiltration membranes in dye wastewater
treatment. However, the present commercial nanofiltration
membrane intercepts the salt and dye simultaneously in the
dyeing wastewater treatment because of its high density.
The presence of salt in the dyeing wastewater affects the
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reuse of the dye or the subsequent degradation of the dye.
To effectively separate the salt from the dye in the dyeing
wastewater, the researchers prepared loose nanofiltration
membranes by adjusting the selective layer structure of the
composite nanofiltration membrane which makes the salt
permeate while intercepting the dye. Presently, the prepa-
ration of loose nanofiltration membranes reported in the
literature was mainly by adding some nanoparticles or their
modified substances in the co-deposition stage of compos-
ite nanofiltration membranes prepared by the method of
combination of co-deposition and interface polymeriza-
tion to improve the porosity of the selected layer [4]. For
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example, inorganic nanoparticles such as TiO,, SiO,, and
CeO, were added to the co-deposition of dopamine (DA)/
polyethyleneimine (PEI) or other systems of co-deposition
to improve the porosity of the selected layer [5-9], but inor-
ganic nanoparticles have problems of aggregation and poor
compatibility with organic matter. To improve the disper-
sion uniformity of inorganic nanoparticles and the compat-
ibility with organic matter, researchers modified inorganic
nanoparticles [10], for example, modified SiO, by carbox-
ylation [11] and ethanol-modified FeNiO, nanoparticles
[12], carboxylated TiO,/calcium alginate hydrogel [13], etc.
In addition to inorganic nanoparticles and their modified
substances, some organic nanoparticles [14-17], such as
adding UIO-66-NH, active substances [18], carboxymethyl
chitosan-zinc oxide biological nanocomposite materials
to improve the selection layer [19]. Metal-organic skeleton
(MOF) [20,21], HKUST-1 [22], and so on, were added too.
However, there were few studies on the effects of B-cyclo-
dextrin (B-CD) on the porosity of the selective layer till now.

Cyclodextrin is a hollow truncated cone with a molecu-
lar size of about 1-2 nm. The hollow structure of cyclodex-
trin plays a significant role in forming water channels on
the membrane surface [23-25]. Wu et al. [26] added cyclo-
dextrin as an additive to membranes and prepared novel
B-cyclodextrin  (B-CD)/mylar nanofiltration composite
membranes by in situ interface polymerization in the pres-
ence of B-CD using benzoyl chloride (TMC) and triethanol-
amine (TEOA) as raw materials. However, there has been no
report on how to improve the porosity and hydrophilicity
of PA/PDA/PVDF composite nanofiltration membrane by
adding B-CD in the DA/PEI co-deposition stage.

Some researchers have prepared nanofiltration mem-
branes using B-cyclodextrin. Wu et al. [26] prepared nano-
filtration membranes by interfacial polymerization using
TEOA and B-CD as aqueous substances and TMC as oil-
phase substances. The flux of the membrane is 61 (L/m*h)
under the working pressure of 0.6 MPa, and the reten-
tion rate of Na,SO, is 23%. The high working pressure is
not conducive to energy saving. Xue et al. [27] prepared
a high-throughput B-CD/GQDs nanofiltration membrane
by interfacial polymerization using B-cyclodextrin (B-CD)
as water monomer, graphene quantum dots (GQDs) as
an additive and tri formyl chloride (TMC) as the organic
monomer. The preparation method is complicated and the
conditions are harsh, so it is difficult to prepare a nanofil-
tration membrane easily. Glycerol, as a polyhydroxy sub-
stance, is also modified on the surface of the membrane by
glycerol, which has a significant effect on improving the
permeability of the membrane [28] and has reference sig-
nificance for the preparation of nanofiltration membrane
by using B-CD. Wang et al. [29] prepared an antifouling
loose nanofiltration membrane for the effective separa-
tion of dyes and salts by constructing a porous cyclodex-
trin polymer layer on the membrane substrate. Octoclonic
cyclodextrin macromonomer with vertical chain vinyl
can be prepared by the method of controlled free radi-
cal polymerization and esterification, and used for mem-
brane production. On the other hand, thin-film composite
reverse osmosis membrane can be tuned for the desired
performance by surface modification owing to the top
polyamide layer, which can be modified [30-32].

In this paper, the PA/PDA-B-CD/PVDF composite loose
nanofiltration membrane was prepared by the method of
combination of co-deposition and interfacial polymeriza-
tion. B-cyclodextrin (B-CD) was added to the co-deposition of
DA/PEI to improve the porosity of the selective layer of PA/
PDA-B-CD/PVDF composite loose nanofiltration membrane.
The chemical structure, microstructure, surface roughness,
and hydrophilicity of the selected layer were characterized
by infrared spectroscopy attenuated total reflection-Fouri-
er-transform infrared spectroscopy (ATR-FTIR), scanning
electron microscopy (SEM), atomic force microscopy (AFM),
and dynamic water contact angle analyzer. The filtration
performance of PA/PDA-B-CD/PVDF composite loose nano-
filtration membrane was tested by filtration experiment,
and the effect of B-CD content on the structure and perfor-
mance of PA/PDA-B-CD/PVDF composite loose nanofiltra-
tion membrane was discussed. The operation stability of the
membrane in the treatment of simulated Reactive Black 5
(RB5) dyeing wastewater was also discussed.

2. Experimental set-up
2.1. Materials

Polyvinylidene fluoride (PVDF, FR904, Shanghai Organic
Fluorine Material Co., Ltd., Shanghai, China); analytically
pure, Sinopharm Chemical Reagent Co., Ltd., China); benzoyl
chloride (TMC, 98%, Shanghai Maclean Co., Ltd., Shanghai,
China); tris-HCl buffer solution (pH = 8.5, Shanghai Naicheng
Biological Co., Ltd., Shanghai, China); copper sulfate penta-
hydrate (CuSO,5H,0, 99%), hydrogen peroxide (H,0,, 30%),
N,N-dimethylacetamide (DMAc), dopamine hydrochloride
(DA, 98%), polyethyleneimine (PEI, MW1800), polyvinylpyr-
rolidone (PVP K30), polyethylene glycol (PEG, MW800),
Reactive Black 5 (RB5) sodium chloride (NaCl, superior
grade pure) and n-hexane (analytically pure) all come from
the Sinopharm Chemical Reagent Co., Ltd., (China) B-cyclo-
dextrin (B-CD, 98%, Rhawn Reagent).

2.2. Equipment

MSC cup type ultrafilter (300 mL, Mosu Scientific
Equipment Co., Ltd.); Conductivity meter (DS-11A, Shanghai
Laiqgi Instrument Co., Ltd., China); field-emission scanning
electron microscope (S-4800, Carl Zeiss, Germany); atomic
force microscopy (Agilent-S5500, Agilent Technologies);
UV-visible spectrophotometer (UV-7504PC, Shimadzu
Company, Japan); Fourier-transform infrared spectrome-
ter (NEXUS-670, BURKE, Germany); contact angle meter
(SL200KS, KINO Industry Co., Ltd.).

2.3. Fabrication of composite NF membranes

Preparation of substrate membranes: PVDF (18%wt),
PVP K30(4%wt), and DMAc (78%wt) were placed in a
250 mL conical flask, stirred in the water bath at 90°C till
a transparent PVDF casting solution was obtained, then
defoamed. The defoamed casting solution was slowly
poured onto a dry clean glass plate and scraped into a film
of about 0.2 mm thickness using a glass rod. The nascent
film was immediately put into a water bath at 35°C for phase
separation. After the film is completely cured and formed
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into a membrane, take it out and immerse in deionized
water for more than 24 h to remove the solvent [33].

Fabrication of PVDF loose nanofiltration membranes:
(1) preparation of co-deposition system. DA (2 g/L) was dis-
solved in tris buffer solution (pH = 8.5, 10 mL), firstly. Then
CuS0O,5H,0 (0.024 g) and H,O, (40 uL), PEI aqueous solution
(10 mL, 2 g/L) and B-cyclodextrin (B-CD) (0, 0.5, 1, 1.5, and
2 g/L) were added successively and being stirred to obtain
a transparent solution. (2) Co-deposition process: the sub-
strate membrane was fixed on the bottom of the container
only the upside can contact the co-deposition system. After
being deposited for 60 min, the membrane was taken out,
rinsed with deionized water several times, and dried at 35°C
in a constant temperature oven [34]. (3) Interfacial polymer-
ization process: The deposited membrane was fixed on the
bottom of the container after being dried, the deposited sur-
face was upside, then 0.2%wt. TMC n-hexane solution was
poured onto the deposited surface to cross-link for 5 min,
then, the solution on the membrane surface was poured
out. After that, the membrane was rinsed with an appro-
priate amount of n-hexane to remove the unreacted TMC.
then was kept in the constant temperature oven for 5 min
at 50°C. Finally, the membrane was washed with deionized
water and immersed in deionized water to be used.

2.4. Characterization of membrane
2.4.1. Chemical structure

The surface chemical structure of the nanofiltration
membrane was analyzed by ATR-FTIR. The infrared spec-
trogram obtained from material analysis reflects the types
of functional groups contained in the material, and the
structure of the compound can be determined by analyz-
ing the characteristic spectrum and fingerprint region. The
infrared spectra of DA, PEI, $-CD, and PVDF were mea-
sured by the potassium bromide tablet method. Firstly,
the potassium bromide dried in the oven was ground into
powder in the mortar, and then the samples to be tested
were added to fully ground, and the samples were pressed
to be used for the measurement of the infrared spectrum.
The chemical structure of PA/PDA-B-CD/PVDF composite
loose nanofiltration membrane selective layer was qualita-
tively analyzed by the ATR method. The prepared samples
were cut into square samples and measured by Fourier-
transform infrared spectrometer.

2.4.2. Microstructure surface roughness of the PA/
PDA-B-CD/PVDF loose nanofiltration membrane

The PA/PDA-B-CD/PVDEF loose nanofiltration mem-
brane was cut into a 2 cm x 2 cm square. And The micro-
structure of the surface and cross-section of PA/PDA-B-CD/
PVDF loose nanofiltration membrane was observed by a
field emission scanning electron microscope (S-4800). The
surface roughness of the PA/PDA-B-CD/PVDF loose nano-
filtration membrane was characterized by atomic force
microscopy (Agilent-s5500).

2.4.3. Surface hydrophilicity

The hydrophilicity of the selective layer of the com-
posite nanofiltration membrane was characterized by the

water contact angle on the surface of the selective layer. If
the water contact angle was less than 90°, the membrane
surface was hydrophilic, and the smaller the contact angle,
the better the hydrophilicity. If the contact angle is greater
than 90°, the membrane surface is hydrophobic. The water
contact angles of the PA/PDA-B-CD/PVDEF composite loose
nanofiltration membrane selective layer supplemented with
B-cyclodextrin were measured by a full-automatic contact
angle analyzer (Kino SL200KS). The results were fitted
by Young-Laplace.

2.5. Characterization of filtration performance
2.5.1. Pure water flux test

Cut the membrane into a suitable circular shape and fix
it in the ultrafiltration cup. The pure water flux of the com-
posite nanofiltration membrane was measured at 0.1 MPa
after being preloaded for 30 min at 0.15 MPa, the filtrate
volume was recorded every 10 min within 1 h. The pure
water flux was calculated by Eq. (1) as follows:

Vv
A-t-p

Jo @

where | is pure water flux, L/m*h-bar; V is filtrate volume,
L; A is the effective area of the membrane, 36.6 x 10 m?; t
is the time required to obtain V volume filtrate, i; p is the
operating pressure, 1 bar.

2.5.2. Molecular weight cut-off (MWCO) of the PVDF loose
nanofiltration membranes

The MWCO was characterized by PEG solution (1 g/L).
The PEG rejection was calculated by Eq. (2) as follows:
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where R, is PEG800 rejection, %; Cp and C, were the PEG
solution concentration before and after ﬁfltrating, mg/L,
respectively, which were characterized by the total organic

carbon (TOC) of the PEG solution.

2.6. Application in the treatment of simulating RB5 dyeing
wastewater and the investigation of operational stability

2.6.1. Simulating RB5 dyeing wastewater flux and the dye
rejection

The concentration of RB5 and NaCl was 0.1 and 0.5 g/L,
respectively in the simulating dyeing wastewater. The fil-
tration process was the same as that of pure water. The
dyeing wastewater flux was calculated by Eq. (1), too.
The RB5 rejection was calculated by Eq. (3) as follows:

R:C

2
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C

0

where R, is dye rejection, %; C; and C were the RB5 con-
centration before and after filtration, respectively, which
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were characterized by UV-7504PC UV-visible spectropho-
tometer at 593 nm wavelength.

The salt rejection was calculated by Eq. (3), too. However,
the salt concentration in the simulated dyeing waste-
water was characterized by the electrical conductivity meter.

2.6.2. Investigation of operational stability

The operational stability of PA/PDA-B-CD/PVDF loose
nanofiltration membrane in the treatment of simulating
RB5 dyeing wastewater was investigated within the time
of 6 h. The filtrate volume was recorded every 0.5 h.

3. Results and discussion

3.1. Surface chemical structure of composite nanofiltration
membrane

The chemical structure of the PA/PDA-3-CD/PVDF loose
nanofiltration membrane was qualitatively analyzed by
ATR-FTIR. The results are shown in Fig. 1.

From Fig. 1 it can be found that the characteristic peaks
of DA and PEI appear between 3,200 and 3,500 cm™, which
belong to amino peaks. The characteristic peak of PVDF is
located at 1,000-1,400 cm™, which belongs to the absorption
vibration of the C-F bond. In the PA/PDA-3-CD/PVDF com-
posite loose nanofiltration membrane without B-cyclodex-
trin, the characteristic peak of DA appeared at 3,395 cm™.
In the spectrogram of PA/PDA-B-CD/PVDF composite loose
nanofiltration membrane, the characteristic peak of -cyclo-
dextrin appeared at 3,347 and 1,042 cm™. However, the spec-
tra of PA/PDA/PVDF composite nanofiltration membrane
without B-cyclodextrin did not show these two peaks, indi-
cating that B-cyclodextrin has been fixed on the surface
of the composite nanofiltration membrane by co-depo-
sition of DA. The characteristic peak of C=O appears in
1,690-1,740 cm™; The characteristic peak of C=C resonance
vibration in the aromatic ring appears at 1,540-1,695 cm™.
The characteristic peak of C=N tensile vibration appears

PA/B-CD/PDA/PVDF
NF membrane
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Fig. 1. Infrared spectra of B-cyclodextrin, dopamine, polyeth-
yleneimine, polyvinylidene fluoride and composite nanofiltra-
tion membranes (ATR-FTIR).

in 1,650-1,680 cm™. At the same time, the C=O carbonyl
absorption peak appears at 1,724 cm™. Compared with PA/
PDA-B-CD/PVDF composite loose nanofiltration membrane
without B-cyclodextrin, the absorption peak of the car-
bonyl group in the loose polyester network formed by the
crosslinking of B-cyclodextrin and TMC was increased. The
occurrence of this peak is consistent with the study of Xue
et al. [35]. The absorption peaks due to C=C resonance vibra-
tion and C=N tensile vibration in the aromatic ring appear
at 1,651 cm™, and the characteristic peak of PEI at 2,929 cm™
disappears in the composite nanofiltration membrane,
indicating that polyamide (PA) is generated on the surface
of PA/PDA-B-CD/PVDF composite loose nanofiltration
membrane.

3.2. Effect of B-CD concentration on the microstructure of the
selective layer

The microstructure and surface roughness of PA/PDA-
B-CD/PVDF composite loose nanofiltration membrane
was characterized by SEM and AFM images which are dis-
played in Fig. 2. It can be seen from Fig. 2a—c that when the
content of B-CD was 0 g/L, the surface of PA/PDA-B-CD/
PVDEF composite loose nanofiltration membrane selection
layer is relatively flat, and there are fewer nodules and
holes on the selection layer. With the content of B-CD up
to 1 g/L, relatively dense nodules appeared on the surface
of the membrane. The reason is that p-cyclodextrin cross-
linked with TMC based on the PA selection layer to form a
loose polyester cross-linking network, which is helpful to
increase the effective surface area of the film, thus increas-
ing the flux of the film. This phenomenon is more signifi-
cant when the content of B-CD increased to 2 g/L, the size of
nodules increased further, and the roughness of the mem-
brane significantly improved too. The cross-section electron
microscopy showed that the thickness of the selective layer
of the composite nanofiltration membrane increased with
the increase of the content of B-CD, but the inner layer of
the selective layer became more loose, leading to the increase
in the flux.

3.3. Surface hydrophilicity of the loose nanofiltration membrane

The hydrophilicity of PA/PDA-B-CD/PVDF compos-
ite loose nanofiltration membrane with B-cyclodextrin
was characterized by the water contact angle on the mem-
brane surface. The variation of surface water contact angle
of the PA/PDA-B-CD/PVDF loose nanofiltration mem-
brane with B-CD concentration is shown in Fig. 3.

It can be seen from Fig. 3 that the water contact angle
gradually decreased with the increase of B-CD concentra-
tion. The water contact angle decreased from 52.98° to 32.88°
with the B-CD concentration increased from 0 to 2 g/L,
which means that the hydrophilicity of the PVDF loose
nanofiltration membranes was enhanced highly with the
increase of the B-CD concentration. The reason is that $-CD
is an external hydrophilic and inner cavity hydrophobic sub-
stance with a large amount of hydrophilic hydroxy groups
which leads to the increase of the surface hydrophilicity of
the PVDF loose nanofiltration membranes. So, the surface
water contact angle decreased with the increase of f-CD.
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Fig. 2. (a—c) Effect of B-cyclodextrin concentration on the microstructure of selective layer of PA/PDA-B-CD/PVDF composite
loose nanofiltration membrane.
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3.4. Effect of B-CD concentration on the pure water flux and
PEGS800 rejection

Fig. 4a and b show the effect of B-CD on pure water
flux and PEG800 rejection of PA/PDA-B-CD/PVDEF loose
nanofiltration membrane.

As shown in Fig. 4, with the concentration of B-CD
increasing from 0 to 2 g/L, the pure water flux increased
from 7.0 to 15.2 L/(m?*h) gradually. This is because f-CD not
only enhanced the hydrophilicity greatly of the PA/PDA-
B-CD/PVDF composite loose nanofiltration membrane but
also made the selective layer loose which was due to the
large amount of molecular of B-CD. In addition, the sur-
face of PA/PDA-B-CD/PVDF composite loose nanofiltra-
tion membrane became rougher with the increase of -CD
which resulted in the effective filtration area of the mem-
brane increase. However, the PEG800 rejection decreased
from 99.9% to 58.2% with the increase of B-CD from 0 to
2 g/L. The PEG800 rejection decreased to below 90% when
the content of B-CD was 1.5 and 2.0 g/L, respectively. The
reason was that the selective layer became too loose which
led to the PEG800 rejection decrease with the content of
B-CD increasing to above 1.5 g/L. This means that when
the content of B-CD was greater than 1.5 g/L, the MWCT of
PA/PDA-B-CD/PVDEF composite loose nanofiltration mem-
brane was greater than PEG800. Namely, the PA/PDA-B-CD/
PVDF composite loose nanofiltration membrane maybe
not reject the dye with the molecular was about 800 Da or
less than 800 Da effectively when the content of B-CD was
greater than 1.5 g/L.

3.5. Application in the treatment of simulated dyeing wastewater
and the operational stability

3.5.1. Effect of B-cyclodextrin content on the dyeing
wastewater flux and RB5 rejection

Fig. 5 shows the variation of dyeing wastewater flux,
dye, and salt rejection of PA/PDA-B-CD/PVDF composite

17

loose nanofiltration membrane with the change of B-CD
content in the treatment of simulating RB5 dyeing waste-
water.

As shown in Fig. 5, the simulated dyeing wastewater
flux increased from 6.56 to 14.75 L/(m?*h) with the increase
of B-CD from 0 to 2 g/L. The variation tendency was similar
to that of pure water flux. The RB5 rejection and salt rejec-
tion both tended to decline with the increase of B-CD. The
above variations were due to the structure of the selective
layer becoming looser with the increase of f-CD. The RB5
rejection was below 90% when the content of B-CD was up
to 1.5 g/L. So, the optimal content of B-CD is 1 g/L if the
RB5 rejection must be greater than 90%. And the simulating
RB5 dyeing wastewater flux was much better when the con-
tent of B-CD was 1 g/L.
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Fig. 5. Effects of B-cyclodextrin addition on the flux of simu-
lated dye wastewater and the rejection of dye and salt by PA/
PDA-B-CD/PVDF composite loose nanofiltration membrane.
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Fig. 6. Results of the operational stability of the PA/PDA-B-CD/PVDF loose nanofiltration membrane in the simulating RB5 dye-
ing wastewater treatment: (a) the variation of the simulating RB5 dyeing wastewater flux with time and B-cyclodextrin and

(b) the change of RB5 rejection with time and B-cyclodextrin.

3.5.2. Operational stability of the PA/PDA-B-CD/PVDF loose
nanofiltration membrane

Fig. 6a and b show the operational stability of the PA/
PDA-B-CD/PVDF loose nanofiltration membrane in the
treatment of the simulating RB5 dyeing wastewater.

It can be seen from Fig. 6 that with the content of B-CD
in the range of 0 to 1.0 g/L, the PA/PDA-B-CD/PVDF loose
nanofiltration membrane could keep significant operational
stability, and the RB5 rejection had remained above 95%.
However, when the content of B-CD was 1.5 and 2 g/L, the
RB5 rejection decreased to 83.4% and 65.5%, respectively.
This is because the integrity of the selective layer was
destroyed due to the selective layer becoming too loose with
the content of B-CD increasing to 1.5 g/L.

4. Conclusion

The above results stated that with the increase of B-CD
content, a loose polyester layer appears in the selective layer
on the surface of the composite nanofiltration membrane.
The roughness and porosity of the membrane surface are
increased, the hydrophilicity was enhanced, and the flux
of pure water and dye wastewater gradually increased.
The optimal B-D content is 1 g/L, which made the PA/PDA-
B-CD/PVDF loose nanofiltration membrane obtain better
flux, RB5 rejection, and operational stability in the simu-
lating RB5 wastewater treatment. Under the optimum con-
ditions, the RB5 rejection and the salt rejection were 99.7%
and 2.9%, which realized the better separation of dye/salt.
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