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a b s t r a c t
Polyamide (PA)/polydopamine (PDA)/poly(vinylidene fluoride) (PVDF) nanocomposite mem-
branes were prepared by the method of dopamine (DA)/polyethyleneimine (PEI) co-deposition 
integrating with interfacial polymerization (IP) with trimesoyl chloride. Fourier transform infrared 
spectrometer, scanning electron microscopy, atomic force microscopy and water contact angle were 
used to characterize the PA/PDA/PVDF nanocomposite membranes. Effects of the co-deposition 
time, the mass ratio of DA to PEI, the molecular weight of PEI and the content of DA + PEI on 
the morphologies and roughness of the membrane surface, the cross-section of the selective layer 
and the performance of the PA/PDA/PVDF nanocomposite membranes were investigated. Results 
showed that the co-deposition time has significant effect on the rejection of PA/PDA/PVDF nano-
composite membranes, the other three factors have few effects on the rejection. All the four fac-
tors have remarkable effects on the permeation of the PA/PDA/PVDF nanocomposite membranes. 
When the rejection of PEG1000 and RB5 was 99%, the permeation of water and reactive black five 
(RB5) dyeing wastewater was 16.67 and 8.2 L m–2 h–1 bar–1, respectively. The water flux and the 
RB5 dyeing wastewater permeation of the PA/PDA/PVDF nanocomposite membranes were 31.14 
and 15.03 L m–2 h–1 bar–1, respectively, when the PEG1000 and RB5 rejections were above 90%. 
Results above showed that the PA/PDA/PVDF nanocomposite membranes developed in this paper 
possess the potential application value in the dyeing wastewater treatment and reclamation

Keywords:  PA/PDA/PVDF; Nanocomposite membranes; Co-deposition integrating with IP; DA/PEI; 
Dyeing reclamation

1. Introduction

Due to the toxicity and difficulty to degrade, the treat-
ment and reclamation of dyeing wastewater have always 
been a concern in the field of wastewater treatment [1,2]. 
The nanofiltration membranes not only can recover dyes 
with high efficiency but also have the merits of energy-cost, 
compact equipment, simple in operation. So the nano-
filtration membranes were used more and more widely 
in the dyeing wastewater treatment.

With the wide application of nanofiltration mem-
branes, developing new kinds of nanofiltration mem-
branes attracted intense attention. Presently, researching 
of the composite nanofiltration membranes was focused 
on developing new kind of nanofiltration membranes.  
The composite nanofiltration membranes were comprised 
of selective layer and base membranes or support layer. 
The selective layer and support layer can be prepared and 
optimized separately, therefore it is easy to tune the struc-
ture and performance of the nanocomposite membranes. 
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The flux, separation efficiency and operation stability of 
the nanocomposite membranes were depended on the 
thickness, the porosity, the physical and chemical property 
of the selective layer namely the roughness of the surface 
and the adhesiveness of the selective layer. Among these 
factors, the adhesiveness of the selective layer is the most 
significant. Once the selective layer gets peeled off from 
the support layer, the separation efficiency of the nano-
composite membranes will decrease dramatically and the 
permeation maybe surge. So how to make the selective 
layer stick on the base membrane surface is one of the most 
important for the nanocomposite membranes preparation.

The reported preparation methods of nanocompos-
ite membranes were interfacial polymerization [6,11–
14,16,17], deposition or co-deposition [3–5,7–10,15,18–28] 
and deposition or co-deposition integrating with interfa-
cial polymerization [29–35]. The selective layer prepared 
by interfacial polymerization, usually be polyamide (PA) 
with strong hydrophilicity, would detach easily from the 
support layer, which would affect the separation efficiency 
and stability of the nanocomposite membranes immensely. 
In order to obtain adhering functional selective layer, 
dopamine (DA) was deposited on the support layer. DA, 
a mussel-inspired material, can self-polymerize to form a 
thin, surface-adherent poly(dopamine) (PDA) and cross-
link with other materials containing amido by Michael 
addition or Schiff base reaction under oxidizing conditions 
[5,9,10,18,19–21,24,26–36]. However, the self polymeriza-
tion of DA costed time too long, usually up to 24 h, further-
more, PDA inclined to agglomerating. In order to solve the 
problems above, researchers co-deposited  GuSO4/H2O2 and 
polyethyleneimine (PEI) with DA. GuSO4/H2O2 triggered 
the self polymerization of DA, which made the polymer-
ization time short from 12–24 h to 1 h. On the other hand, 
PEI can not only hinder the agglomeration of PDA but also 
enhance the hydrophilicity of the selective layer. Up to 
now, the base membrane materials, being used to prepare 
the nanocomposite membranes, were mainly poly(ether 
sulfone) (PES) [3,6,7,11,14,17,19,34], polysulfone (PSF) 
[12,13,22,29,33], polyacrylonitrile (PAN) [4,9,15,16,18,30], 
polyvinylidene difluoride (PVDF) [8,10,24–26,28].

Because of its excellent mechanical property, corrosion 
resistance, chemical stability and good membrane forming, 
PVDF membrane attracted great attention in the field of 
nanocomposite membrane development. Sakarkar et al. 
[8] used polyvinyl alcohol (PVA)/nano particle titanium 
dioxide (TiO2) and glutaraldehyde (GA) to prepare PVDF 
nanocomposite membranes by interfacial polymerization. 
The prepared PVDF membranes were tested in the dye-
ing wastewater treatment. Ma et al. [10] prepared PVDF 
nanocomposite membranes using DA and polypyrrole 
(Ppy) by co-deposition method and the dyeing wastewater 
treatment efficiency of the prepared PVDF nanocomposite 
membranes were also tested. In order to separate the mix-
ture of oil and water, Xiang et al. [24] prepared PDA/PVDF 
nanocomposite membranes by co-deposition of DA on the 
surface of PVDF ultra-filtration membranes, Shi et al. [25] 
prepared PDA/TiO2/PVDF nanocomposite membranes by 
co-deposition of DA and TiO2, Zin et al. [26]. Li et al. [35,36] 
proposed the method of inkjet printing of polyphenols 
(catechol (CA) or tannic acid (TA)) and sodium periodate 

(SP) on a polyvinylidene fluoride (PVDF) membrane to 
prepare PVDF nanocomposite membranes. Literatures 
above mentioned stated that PVDF nanocomposite mem-
branes were prepared mainly by interfacial polymeriza-
tion, deposition and co-deposition method. Deposition or 
co-deposition combining with interfacial polymerization to 
prepare PVDF nanocomposite membranes were reported 
very little.

Co-deposition integrating with interfacial polymeriza-
tion can couple the merits of the selective layer prepared 
by interfacial polymerization with that of which prepared 
by co-deposition. Studies regarding the co-deposition inte-
grating with interfacial polymerization to prepare nano-
composite membranes have been reported as follows. 
Song et al. [28] prepared PEI/PDA/PVDF nanocomposite 
membranes by co-deposition of DA and PEI. Ji et al. [31] 
using DA and TMC to prepare PA/PDA/PVDF membranes 
by deposition combining with interfacial polymeriza-
tion for dehydration of isopropanol. Zhu et al. [30]  pre-
pared PA/PDA/PAN nanocomposite membranes by Cu2+/
H2O2 inducing DA and PIP fast co-deposition then inter-
facial polymerization with TMC. Lv et al. [32] prepared 
poly(acrylonitrile-acrylamide-sodium acrylate) hydroly-
zate (HPAN) nanocomposite by co-deposition of DA and 
PIP then interfacial polymerization with GA in order to 
concentrate salt water solution. Li et al. [33] prepared PSF 
nanocomposite membranes by co-deposition of DA and 
PIP first then polymerized interfacially with three differ-
ent kinds of crosslinking agents epichlorohydrin (ECH), 
toluene diisocyanate (TDI) and GA to separate the mix-
ture of salt and water. Li et al. [34] co-deposited DA and 
PIP then polymerized interfacially with TMC to prepare 
PA/PDA/PES nanocomposite membranes. Summarized 
upon the above literatures, the research about co-deposit-
ing DA and PEI then polymerized interfacially with TMC 
to prepare PA/PDA/PVDF has not been reported till now.

In this paper, in order to develop new nanocomposite 
membranes that can be applied in the dyeing wastewater 
treatment, PA/PDA/PVDF nanocomposite membranes were 
prepared by co-depositing DA and PEI on the surface of 
PVDF ultra-filtration membrane integrating with polymer-
ized interfacially with TMC. Furthermore, PA/PDA/PVDF 
nanocomposite membranes were characterized by Fourier 
transform infrared spectrometer (FTIR), atomic force micros-
copy (AFM), scanning electron microscopy and water contact 
angle testing. The influence of co-depositing time, the ratio 
of DA to PEI, the PEI molecular and the content of DA and 
PEI were investigated at the same time. Finally, the perfor-
mance and the operating stability in the simulated reactive 
black five (RB5) wastewater treatment of the prepared PA/
PDA/PVDF nanocomposite membranes were discussed.

2. Materials and methods

2.1. Materials

PVDF (F904) were purchased from Shanghai organic 
Fluorine Materials Co., Ltd. N,N-Dimethylacetamide 
(DMAc, AR), copper sulfate pentahydrate (CuSO4·5H2O, 
99%), hydrogen peroxide (H2O2, 30%), n-hexane (AR), dopa-
mine hydrochloride, polyethyleneimine (PEI; 600; 800; 1,800; 
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1,000), polyvinyl pyrrolidone (PVP K30) polyethyleneglycol 
(PEG1000) all were purchased from Sinopharm Chemical 
Reagent Co., Ltd. Trimesoyl chloride (TMC, 98%) was 
obtained from Shanghai TITAN Technology Co., Ltd. Tris-
HCl buffer solution (pH = 8.5) was obtained from Shenggong 
Bioengineering Co., Ltd.

2.2. Fabrication of PA/PDA/PVDF nanocomposite membranes

2.2.1. Preparation of base membranes (PVDF ultra-filtration 
membranes)

PVDF ultrafiltration membranes were prepared by the 
method of non-solvent induced phase separation (NIPs). 
Briefly, the casting solution of the PVDF powder (18 wt.%) 
and PVP (4 wt.%) was prepared using DMAc as solvent, 
and kept under constant mechanical stirring at certain 
temperature till a homogeneous solution is obtained, then 
made to stand for deaerating. After completing the deaer-
ation, the homogeneous solution was casted on a glass 
plate, and then, the cast film along with the glass plate was 
gently immersed in the distilled water till the as-prepared 
PVDF membranes peel off the glass plate. The fabricated 
membrane was completely washed with distilled water in 
order to remove the remaining solvent and stored prop-
erly in distilled water containing 0.1% formalin solution to 
avoid microbial growth.

2.2.2. Preparation of base membranes (PVDF 
ultra-filtration membranes)

Fig. 1 presents the fabrication process of PA/PDA/PVDF 
nanocomposite membranes.

The self-made PVDF membranes were rinsed by deion-
ized (DI) water for 24 h and then used as support for the 
nanocomposite membranes. Dopamine hydrochloride was 
dissolved in tris-HCl buffer solution (10 mL, pH = 8.5) con-
taining GuSO4·5H2O (0.024 g), then dropped in H2O2 (30%, 
40 μL), finally mixed with PEI water solution (10 mL). 
The circular pieces of PVDF membranes with diameter 
of 8 cm were fixed in a glassware and prewetted by eth-
anol for 30 min, and then the PVDF membranes were 
immersed in the fresh prepared dopamine/PEI solution 
and shaken at 25°C for certain time. The as-prepared mem-
branes (PDA/PEI-modified membranes) were washed by 
DI water for several times and dried at room temperature. 

The cross-linker, TMC (1 g), was dissolved in n-hexane 
(1 L). Afterwards, the PDA/PEI-modified membranes 
were immersed into it for 5 min at room temperature then 
the as-prepared PA/PDA/PVDF nanocomposite mem-
branes were dried in the atmosphere. Finally, the obtained 
NFMs were rinsed several times and stored in DI water 
for further characterization and evaluation. The influ-
ence of co- depositing time, the ratio of DA to PEI, the PEI 
molecular and the content of DA and PEI was investigated

2.3. PA/PDA/PVDF nanocomposite membrane characterization

The chemical structures of DA, PEI, PVDF and PA/PDA/
PVDF nanocomposite membrane surfaces were investi-
gated by FTIR (FTS-6000), respectively. Operational details 
of some characterization items can refer to the literatures 
[38–42]. The spectra were collected from 400 to 4,000 cm−1 
by cumulating 32 scans at a resolution of 4 cm–1. The sur-
face and cross sectional morphologies of the membrane 
selective layer was observed and investigated by the field 
emission scanning electron microscopy (FESEM, Hitachi, 
S4800, Japan). The membranes were dried and fractured in 
liquid nitrogen to prepare sectional samples. AFM (Agilent 
5500) was used to analyze the surface roughness of the 
membrane. Small squares (approximately 1 cm2) of the 
membrane samples were glued on a metal substrate. The 
membrane surfaces were examined in tapping mode and 
in a scan size of 20 μm × 20 μm. The surface roughness of 
the membrane was measured in terms of the mean rough-
ness (Ra). Hydrophilicity of the membrane surface was 
measured by water contact angle measured by a DropMeter 
A-200 contact angle system (MAIST Vision Inspection & 
Measurement Co., Ltd., China). A drop of water (5 μL) was 
placed onto the sample surface and the digital image of the 
droplet was immediately recorded. Static contact angles 
were determined from these images. Contact angle reported 
in this study represents the mean value of more than 10 mea-
surements at different points for each membrane sample.

2.4. PA/PDA/PVDF nanocomposite membrane performance

PA/PDA/PVDF nanocomposite membrane performance 
in terms of permeation flux and rejection of PEG1000 
were investigated using an ultra-filtration cup (MSC300) 
with stirring to simulate cross-flow. The resulting mem-
brane with an effective area of 37.625 cm2 was subjected to 

Fig. 1. Schematic diagram of the preparation process of PA/PDA/PVDF nanocomposite membranes.
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pressurization with DI water at 0.15 Mpa for 0.5 h prior 
to filtration experiments at room temperature (20°C). 
The concentration of the solution was measured by total 
organic analyzer (TOC 5000A), respectively. Permeation 
flux, J, and rejection, R, were calculated according to 
Eqs. (1) and (2), respectively:

J V
AtW = ( )  (1)

R
C
C
p

f

= −1  (2)

where V is the total volume of permeate during the operat-
ing time, t; A represents the membrane area, and Cp and Cf 
are the concentrations of the permeate and feed PEG1000 
solution, respectively.

2.5. PA/PDA/PVDF nanocomposite membrane performance 
in the simulating RB5 dyeing wastewater treatment

The testing method and equipment of the PA/PDA/
PVDF nanocomposite membrane performance in the sim-
ulating RB5 dyeing wastewater treatment, in terms of the 
simulating RB5 dyeing wastewater permeation, the RB5 
rejection and the flux stability, were the same as that of the 
water flux and PEG1000 rejection. The time of the flux sta-
bility testing was 6 h. The concentration of the feed RB5 
dyeing solution was 0.1 g/L. The concentrations of the feed 
and permeate of the RB5 dyeing solution were measured 
by UV-visible spectrophotometer (UV-7504PC). The RB5 
rejection could be calculated by Eq. (2).

3. Results and discussions

3.1. Chemical structures of PA/PDA/PVDF 
nanocomposite surface

FTIR/ATR was used to analyze the chemical structures 
of the membrane surfaces and the results are exhibited in 
Fig. 2. Spectrum of the PVDF membrane shows that the 

C-F stretching vibration peaks at 1,400 cm–1. After PDA/
PEI co-deposition and interfacial polymerization, new 
peaks arise around 3,400 cm–1 owing to the O–H stretching 
vibration, new peak at 1,724 cm–1, which is ascribed to the 
C=O stretching vibration, new peak at 1,651 cm–1, which is 
owing to the overlapping of the C=C vibration in the aro-
matic and the C–N stretching vibration in the PA, which 
is the product of the interfacial polymerization between 
PDA and TMC and PEI and TMC.

3.2. Effects of DA/PEI co-deposition time on the morphologies and 
performance of the PA/PDA/PVDF nanocomposite membranes

Fig. 3 displays the effects of DA/PEI co-deposition 
time on the morphologies of the surface and cross-section 
and the roughness of the surface of the PA/PDA/PVDF 
nanocomposite membranes at the condition of PEI800, 
the ratio of DA to PEI 1:1, the content of DA + PEI 2 g L–1.  
Fig. 3 shows that with the increase of co-deposition time, the 
agglomeration of PDA decreased (Fig. 3a), the thickness of 
the selective layer n increased (Fig. 3b) and the roughness 
of the surface decreased (Fig. 3c). These changes ascribed to 
PEI hinder the agglomerating of the PDA more completely 
and more DA/PEI co-deposit on the surface of the PVDF 
membrane with the increase of the co-deposition time. The 
effects of DA/PEI co-deposition time on the performance of 
PA/PDA/PVDF nanocomposite membranes are displayed 
in Fig. 4. From Fig. 4a it can be found that the water flux 
decreased dramatically from 70.7 to 16.7 L m–2 h–1 bar–1 while 
the rejection of PEG1000 increased from 80% to 99% with 
the co-deposition time increased from 20 to 60 min, this was 
because the thickness of the deposition layer increased with 
the deposition, after interfacial polymerization with TMC 
then a dense selective layer was obtained, which resulted 
in the increase of the membrane filtration resistance signifi-
cantly. However with the deposition time extended from 
60 to 100 min, the water flux increased fastly from 16.7 to 
83.3 L m–2 h–1 bar–1 but the PEG1000 rejection decreased from 
99% to 52% drastically. It was maybe because of the occur-
rence of the agglomeration of PDA with the deposition from 
60 min then on made the interfacial polymerization with 
TMC unevenly, which resulted in the porous and hydro-
philic selective layer. So the water flux increased quickly and 
the PEG1000 rejection decreased substantially. Considering 
both of the water flux and the PEG1000 rejection perfor-
mance for the PA/PDA/PVDF nanocomposite membranes, 
40 min is chosen as the optimum deposition time.

3.3. Effects of mass ratio of DA to PEI on the morphologies and 
performance of the PA/PDA/PVDF nanocomposite membranes

Fig. 5 displays the effects of the mass ratio of DA to 
PEI on the morphologies of the surface and the cross-sec-
tion and the roughness of the surface of the PA/PDA/PVDF 
nanocomposite membranes at the condition of PEGI800, the 
co-deposition time 40 min, the content of DA + PEI 2 g L–1. 
Fig. 5 shows that with the decrease of the mass ratio of DA 
to PEI, the agglomeration of PDA (Fig. 5a), the thickness of 
the selective layer (Fig. 5b) and the roughness of the sur-
face (Fig. 5c) all decreased with the mass ratio of DA to PEI 
decreased from 1:1 to 1:3. This phenomenon was due to 

Fig. 2. Fourier transform infrared spectra of DA, PEI, PVDF and 
PA/PDA/PVDF.
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(a)

  
(b)

20min
60min

      

(c)

Ra=33.8
Rq=44.0

Ra=45.3
Rq=59.620min 60min

Fig. 3. Effects of co-deposition time on the morphologies of (a) the surface and (b) the cross-section and (c) the surface roughness of 
PA/PDA/PVDF nanocomposite membranes (SEM, AFM).

Fig. 4. Effects of co-deposition time on the performance of PA/PDA/PVDF nanocomposite membranes: (a) the water flux and 
PEG1000 rejection and (b) the variety of the water flux with time.
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(a)

    
(b)

DA:PEI=1:1 DA:PEI=1:3

DA:PEI=1:1 DA:PEI=1:3

      

(c)

Ra=20.9
Rq=27.4

Ra=33.8
Rq=44.0DA:PEI=1:1 DA:PEI=1:3

Fig. 5. Effects of the mass ratio of DA to PEI on the morphologies of (a) the surface and (b) the cross-section and (c) the surface 
roughness of PA/PDA/PVDF nanocomposite membranes.

the PEI content increase with the mass ratio of DA to PEI 
decreased, which made the PEI hinder the PDA agglomer-
ating more effectively, at the same time, made the interfa-
cial polymerization of TMC with PEI more completely, so 
the more PA was obtained leading to the surface be more 
smooth and hydrophilic and the selective layer be more 
thin. This result was coincident with that of reference [33].

The surface water contact angle and the performance 
of the PA/PDA/PVDF nanocomposite membranes are dis-
played in Figs. 6 and 7, respectively. From Fig. 6 it can be 
found that with the decrease of mass ratio of DA to PEI 
from 2:1 to 1:3, the water contact angle decreased from 
62°C to 50°C, which means the hydrophilicity of the surface 
increased substantially. This was because with the decrease 

of mass ratio of DA to PEI, the PEI content increased, 
which means the more hydrophilic PA would be obtained 
leading to the enhancement of the surface hydrophilicity 
after the interfacial polymerization with TMC. The results 
of Fig. 7 show that the water flux increased significantly 
and the PEG1000 rejection changed little with the decrease 
of mass ratio of DA to PEI. The increase of the flux was 
due to the thickness of the selective layer became thinner 
and the hydrophilicity of the surface enhanced, which 
resulted the filtration resistance decreased significantly. 
While the PEG1000 rejection has little change stated that 
the PEG1000 rejection had no relationship with the mass 
ratio of DA to PEI but had intimate relationship with the 
co-deposition time as discussed above.
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3.4. Effects of the molecular PEI on the morphologies and 
performance of the PA/PDA/PVDF nanocomposite membranes

The effects of the molecular PEI on the morphologies 
and performance on the PA/PDA/PVDF nanocomposite 
membranes at the condition of co-deposition time of 40 min, 
the mass ratio of DA to PEI 1:1 and the content of DA + PEI 
2 g L–1 are displayed in Figs. 8 and 9, respectively. From 
Fig. 8 it can be found that particles decreased and the sur-
face became smooth (Fig. 8a), both the thickness of the selec-
tive layer (Fig. 8b) and the roughness of the surface (Fig. 8c) 
decreased. This phenomenon was ascribed to the molecular 
chains of the PEI increase with the PEI molecular, which lead 
to the cross-linking degree between PEI and DA, PEI and 
TMC increasing, therefore resulted in the more smooth sur-
face and the thinner selective layer. Fig. 9 shows that the flux 
decreased from 21.04 to 8.74 L m–2 h–1 bar–1 and the PEG1000 
rejection varied a little when the PEI molecular weight 

increased from 800 to 10,000. It was because that the longer 
the molecular chain the higher the cross-linking degree of 
PEI with TMC and DA, which resulted the selective layer 
became thinner but denser, therefore leading to the decrease 
of the flux but little changes of the PEG1000 rejection.

3.5. Effects of the content DA + PEI on the morphologies and 
performance of the PA/PDA/PVDF nanocomposite membranes

Figs. 10 and 11 show the effects of the content DA + PEI 
on the morphologies and performance on the PA/PDA/PVDF 
nanocomposite membranes at the condition of co-depo-
sition time 40 min, the mass ratio of DA to PEI 1:1 and the 
molecular weight PEI 800, respectively.

Fig. 10 shows that the surface tended to be more smooth 
and less particles (Fig. 10a), the selective layer became thicker 
and more porous (Fig. 10b) and the roughness of the surface 
decreased with the content of DA + PEI changing from 2 
to 4 g L–1. These phenomenons were coincident with those 
of reference [32]. This was because that more DA and PEI 
deposited on the surface of PVDF membrane at the same 
scope of time with the increase of the content of DA + PEI, 
which made the selective layer more thick and more porous. 
From Fig. 11 it can be found that the water flux decreased 
from 38.5 to 13.4 L m–2 h–1 bar–1, while the PEG1000 rejection 
increased from 87.5% to 99.2% when the content of DA + PEI 
increased from 2 to 4 g L–1 (Fig. 11a). The reasons were that 
both the filtration resistance and the rejection capability 
increased with the increase of the selective thickness.

3.6. Performance and stability of PA/PDA/PVDF nanocomposite 
membranes in the simulating RB5 dyeing wastewater treatment

3.6.1. Performance of PA/PDA/PVDF nanocomposite 
membranes in the simulating RB5 dyeing wastewater 
treatment

Effects of the co-deposition time, mass ratio of DA 
to PEI, the molecular weight of PEI and the content of 
DA + PEI on the performance of PA/PDA/PVDF nano-
composite membranes in the simulating RB5 dyeing 

Fig. 6. Effects of the mass ratio of DA to PEI on the water 
contact angle of the PA/PDA/PVDF nanocomposite membranes.

Fig. 7. Effects of the mass ratio of DA to PEI on the performance of PA/PDA/PVDF nanocomposite membranes: (a) the water flux 
and PEG1000 rejection and (b) the variety of the water flux with time.
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(a)

 
(b)

   

(c)

Ra=33.8
Rq=44.0 Ra=21.0

Rq=27.1

PEI 800

PEI 800

PEI 10000

PEI 800 PEI 10000

PEI 10000

Fig. 8. Effects of the molecular weight of PEI on the morphologies of (a) the surface and (b) the cross-section and (c) the surface 
roughness of PA/PDA/PVDF nanocomposite membranes.

Fig. 9. Effects of the molecular weight of PEI on the performance of PA/PDA/PVDF nanocomposite membranes: 
(a) the water flux and PEG1000 rejection and (b) the variety of the water flux with time.
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Fig. 11. Effects of the content of DA + PEI on the performance of PA/PDA/PVDF nanocomposite membranes: (a) the water flux 
and PEG1000 rejection and (b) the variety of the water flux with time.

 

(a)

 
(b)

DA+PEI 2g/L DA+PEI 4g/L

DA+PEI=2g/L DA+PEI=4g/L

  

(c)

Ra=24.3.
Rq=31.3

DA+PEI 2g/L

Ra=18.4
Rq=24.2

DA+PEI 4g/L

Ra=24.3.
Rq=31.3

DA+PEI 2g/L

Ra=24.3.
Rq=31.3
Ra=24.3.
Rq=31.3

DA+PEI 2g/L

Ra=24.3.
Rq=31.3

Fig. 10. Effects of the content of DA + PEI on the morphologies of (a) the surface and (b) the cross-section and (c) the surface roughness 
of PA/PDA/PVDF nanocomposite membranes.
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wastewater treatment are displayed in Figs. 12-15, respec-
tively. Figs. 12–15 show that the tendency of the simu-
lating RB5 dyeing wastewater permeation and the RB5 
rejection of PA/PDA/PVDF nanocomposite membranes 
were close to those of the pure water permeation and the 
PEG1000 rejection. From Fig. 14a it was found that the 
simulating RB5 dyeing wastewater permeation can be up 
to 15.03 L m–2 h–1 bar–1 when the RB5 rejection was above 
93% at the condition of the co-deposition time 40 min, the 
mass ratio of DA to PEI 1:1, the molecular weight of PEI 
600 and the content of DA + PEI 2 g L–1. On the other 
hand, when the simulating RB5 dyeing wastewater perme-
ation was 8.2 L m–2 h–1 bar–1, the RB5 rejection can be up 
to 99% at the condition of the co-deposition time 40 min, 
the mass ratio of DA to PEI 1:1, the molecular weight of 
PEI 1800 and the content of DA + PEI 2 g L–1, which can 

be found in Fig. 13a. The results above stated that the PA/
PDA/PVDF nanocomposite membranes developed in this 
work can reclaim the RB5 from the simulating RB5 dyeing  
wastewater effectively.

3.6.2. Operating stability of the PA/PDA/PVDF 
nanocomposite membranes in the simulating 
RB5 dyeing wastewater treatment

The varieties of the nanocomposite membranes per-
meation with time were used to tell whether the selective 
layer sticks on the base membranes firmly. If the perme-
ation increases deeply, then the selective layer may detatch 
from the base membranes. Fig. 16 displays the variet-
ies of the permeation of PA/PDA/PVDF nanocomposite 
membranes, prepared at four different conditions, with 

Fig. 12. Effects of the co-deposition time on the performance of the PA/PDA/PVDF nanocomposite membranes in the simu-
lating RB5 dyeing wastewater treatment: (a) the permeation of the simulating RB5 dyeing wastewater and the RB5 rejection and 
(b) photos of feed solution and permeate solution.

Fig. 13. Effects of the mass ratio of DA to PEI on the performance of the PA/PDA/PVDF nanocomposite membranes in the simu-
lating RB5 dyeing wastewater treatment: (a) the permeation of the simulating RB5 dyeing wastewater and the RB5 rejection and 
(b) photos of feed solution and permeate solution.
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time in the simulating RB5 dyeing wastewater treatment 
within 6 h. From Fig. 16 it can be found that neither of 
the perpeation of the membranes at four different condi-
tions increased drastically. On the contrary, the perpeat-
ion of the membranes at the condition of the mass ratio 
of DA to PEI 2:1 and the content of DA + PEI 4 g L–1 were 
steady with time, and the permeation at the condition of 
co- deposition time 60 min and the molecular weight of PEI 
10000 decreased vertically at 4 and 5 h, respectively, then 
kept stable. The results of Fig. 16 mean that the selective 
layer of the four PA/PDA/PVDF nanocomposite mem-
branes all sticked with the base membranes firmly, the 
decrease of permeation were due to the filtration resistance 

resulted by the membrane fouling in the operation but 
not the detatchment of the selective layer.

4. Conclusion

According to the above results and discussions, the fol-
lowing conclusions can be drawn: The permeation increases 
with the decrease of the mass ratio of DA to PEI, the molec-
ular weight of PEI and the content of DA + PEI, while, the 
permeation decreases first, then increases with co-depo-
sition time, the rejection is just opposite of that tendency. 
Considering the permeation and the rejection, the optimum 
co-deposition time is chosen as 40 min. Within the scope of 

Fig. 14. Effects of the molecular weight of PEI on the performance of the PA/PDA/PVDF nanocomposite membranes in the sim-
ulating RB5 dyeing wastewater treatment: (a) the permeation of the simulating RB5 dyeing wastewater and the RB5 rejection 
and (b) photos of feed solution and permeate solution.

Fig. 15. Effects of the molecular weight of PEI on the performance of the PA/PDA/PVDF nanocomposite membranes in the simu-
lating RB5 dyeing wastewater treatment: (a) the permeation of the simulating RB5 dyeing wastewater and the RB5 rejection and 
(b) photos of feed solution and permeate solution.
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investigation, the water flux and the RB5 dyeing wastewa-
ter permeation were 31.14 and 15.03 L m–2 h–1 bar–1, respec-
tively, when the PEG1000 and RB5 rejection were above 90%. 
When the rejection of PEG1000 and RB5 were 99%, the per-
meation of water and RB5 dyeing wastewater were 16.67 and  
8.2 L m–2 h–1 bar–1, respectively.
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