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a b s t r a c t
Mussel-inspired dopamine (DA) self-polymerization and deposition have exhibited great potential 
in the preparation of nanofiltration (NF) membranes with polydopamine (PDA) as a separation 
layer. It is believed that tris(hydroxymethyl) aminomethane (Tris), a commonly used buffer in DA 
self-polymerization, is involved in the PDA formation as an extra amine source. In this work, to 
clarify the effects of extra amine sources on the performances of PDA NF membranes, three buffers, 
bis(ethylenediamine)copper (II) (CuEn), ethylenediamine (En), and Tris, were used as extra amine 
sources in the preparation of PDA NF membranes, respectively. The permeation and separation 
performances of these membranes were compared in detail. The corresponding mechanisms of 
PDA formation with different extra amine sources were proposed. It was found that in Tris buffer, 
required separation performances can be reached though the accumulation of large PDA aggregates 
which resulted in a thick PDA selective layer (about 195 nm). In contrast, in CuEn buffer, a thinner, 
more uniform, and smoother selective layer was created by the assembly of smaller PDA species. 
Under optimized conditions, the water flux of the PDA NF membranes fabricated with CuEn buffer 
reached 38.4 L m–2 h–1 under 0.4 MPa, which was nearly 2 times as high as those of the membranes 
fabricated with En and Tris buffers. And the rejection to MgCl2 and polyethylene glycol 1000 reached 
84.4% and 95.6%, respectively. In addition, the PDA selective layer showed good structural stability 
in long-term tests. This work brings new insights in the optimization of NF membranes prepared by 
PDA deposition.
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1. Introduction

The demand for highly efficient separation is urgent 
in chemical, energy, and environmental fields [1,2]. 
Membrane science has attracted much attention due to its 
comparative advantages of low cost, energy conservation, 
and environmental protection [3–5]. Nanofiltration (NF) 
membrane processes can effectively achieve molecular 
separation with low energy consumption in wastewater 
treatment, desalination, pharmaceutical and biotechnological 

separation, and the food industry [6–13]. According to the 
separation mechanism of the NF process, the fabrication 
of NF membranes with an asymmetric structure that con-
sists of a thin selective layer and a porous support sub-
strate is consistently recommended [9,14]. There are many 
ways to construct selective layers onto a substrate, such as 
surface grafting, layer-by-layer deposition, and interfacial 
polymerization [15–20]. However, all these methods suffer 
from complicated preparation methods or weak interfacial 
adhesion between the selective layers and substrates. 
Therefore, a simple strategy for the construction of durable 
NF membranes is in great demand.
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In recent years, catechol chemistry, which is inspired by 
the marine mussel adhesive phenomenon, has been exten-
sively studied [21–26]. It was reported that dopamine (DA), a 
typical derivative of catechol, was able to form polydopamine 
(PDA) coatings on various substrates by a complicated oxida-
tion, cross-linking, and self-assembly process under weakly 
alkaline conditions [27]. Because of its universal adhesion 
properties, PDA has been widely used for material surface 
modification in many fields [28]. PDA coatings based on 
mussel-inspired chemistry have been applied to mem-
brane science in our previous works, including to improve 
hydrophilicity [29,30], to impart antifouling and antibacterial 
abilities [31–33], and to achieve further functionalization [34]. 
In addition, NF membranes were obtained by double-cycle 
PDA deposition on a polysulfone flat-sheet ultrafiltration 
membrane [35]. However, the conventional PDA deposition 
method suffers from a tedious preparation process and poor 
NF performances. Some efforts have recently been made 
to fabricate high-performance NF membranes by various 
PDA deposition methods. For example, an NF membrane 
was prepared on a polyethersulfone (PES) substrate via a 
multistep sequential process including the deposition of 
PDA, grafting of poly(ethylene imine) (PEI), and chemical 
cross-linking [16]. Lv et al. reported a strategy for fabricating 
NF membranes via the co-deposition of PDA and PEI fol-
lowed by cross-linking with glutaraldehyde [36]. In addition, 
poly(vinyl alcohol) could be used in the co-deposition 
with PDA to prepare NF membranes [37]. These methods 
provided a selective layer with large pores resulting from 
the relatively large PDA aggregates; these pores, however, 
are not conducive to fine separation. Thus, most deposited 
PDA layers need to be cross-linked to increase the density 
of the structure of the selective layer. However, this process 
makes the separation aperture uncontrollable. Therefore, 
one-step methods for the preparation of controllable PDA NF 
membranes are in priority.

The reaction conditions influence the formation, 
aggregation, and deposition of PDA, which further affect 
the construction of a selective layer in NF membranes 
[38–40]. It has been reported that PDA aggregates are 
built on a monomer-polymer growth regime rather than a 
polymer-polymer one [41,42]. Small DA oligomer chains 
rapidly aggregate to form distinct entities that gradually 
grow to form larger aggregates. As previously reported, 
the growth of PDA aggregates can be efficiently controlled 
by experimental factors [40]. DA quinone, which governs 
covalent and noncovalent interactions, is the critical con-
trol point in the pathway. Nucleophiles such as amino 
group-containing tris(hydroxymethyl) aminomethane (Tris) 
in the medium could react with DA quinone by a nucleop-
hilic addition reaction. As a buffer that is widely used for 
PDA deposition, Tris not only exerts a buffering effect but 
also is introduced into the PDA assembly process as an extra 
amine source, which affects the aggregation of DA oligomers 
and further affecting the size and shape of the resulting PDA 
aggregates [41]. PDA deposition is greatly influenced by 
extra amine sources [41–43]. However, the effect of buffers as 
extra amine sources on PDA deposition and the fabrication 
of PDA NF membranes have been rarely investigated. In our 
previous work, it was found that ethylenediamine (En), as 
an extra amine source buffer, was possibly involved in the 

assembly of PDA, which changed the pathway of aggregation 
[43]. In addition, bis(ethylenediamine)copper (II) (CuEn), a 
metal complex of En that continuously releases En and Cu2+, 
is also a potential amine source buffer and cross-linker used 
in PDA deposition. In this work, we intend to create PDA 
NF membranes with adjustable and controllable perfor-
mances by the selection of extra amine sources in buffers. The 
effects of amine source (Tris, En, CuEn) on the permeation 
and separation performances of PDA NF membranes were 
investigated in detail. The pore size distribution, surface 
chemistry, and physical morphology of the prepared PDA 
NF membranes were characterized, and the mechanisms of 
PDA formation and deposition with different extra amine 
sources were proposed.

2. Experimental

2.1. Materials and Reagents

PES flat-sheet ultrafiltration (molecular weight cutoff at 
10 kDa) membranes were purchased from Beijing Separation 
Equipment (China). Dopamine hydrochloride and CuEn 
hydroxide solution were purchased from Sigma-Aldrich 
(China) and used as received. Magnesium chloride (MgCl2), 
magnesium sulfate (MgSO4), sodium sulfate (Na2SO4), 
sodium chloride (NaCl), hydrochloric acid (HCl), En, Tris, 
and a series of polyethylene glycols (PEGs, molecular 
weight = 200–2,000 Da) were of analytical grade and obtained 
from the Sinopharm Chemical Reagent Co. (Shanghai, China). 
Vitamin B12 (VB12) was obtained from the Aladdin Industry 
Co. (Shanghai, China). Ultrapure water was produced by a 
Millipore direct-Q system (USA).

2.2. Fabrication of PDA composite NF membranes

Dopamine hydrochloride (2 mg mL–1) was dissolved in 
solution with different buffers of CuEn (30 mM), En (60 mM), 
and Tris (50 mM), respectively. The pH values of solution 
with CuEn and En were adjusted to 9 using hydrochloric 
acid with a concentration of 1 mol L–1. And the pH value of 
solution with Tris was about 8.5. Typically, PES membranes 
were washed with ultrapure water three times and then 
immersed in the prepared solution shaken in an air oscilla-
tor at 25°C. The resulted PDA NF membranes were denoted 
as PES-CuEn-n, PES-En-n, and PES-Tris-n (where n is the 
immersion time (h)), respectively. Some PDA aggregates 
were also generated in the DA solutions and were collected 
by centrifugation. Afterward, the prepared membranes were 
washed with ultrapure water by vibration to remove the 
unreacted DA and buffer.

2.3. Characterizations of NF membranes and PDA aggregates

The surface chemistry of the PES substrate and the 
PDA NF membranes was tested by X-ray photoelectron 
spectroscopy (XPS; PHI 5000C ESCA system, USA) with 
Mg Kα excitation radiation (hν = 1,253.6 eV). The sur-
face morphologies were observed by field emission scan-
ning electron microscopy (FESEM; Hitachi S-4800, Japan) 
and atomic force microscopy (AFM; SPI3800N, Seiko 
Instrumental, Japan). AFM images were recorded in tapping 
mode with silicone tip cantilevers having a force constant 
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of 40 mN cm–1 and were scanned in a 1 μm × 1 μm area. 
Root-mean-square roughness values (Rq) were calculated 
to express the surface roughness. Dynamic light scattering 
(DLS, Brookhaven, USA) and transmission electron micros-
copy (TEM, JEM1200, Japan) were employed to measure the 
sizes and morphologies of PDA aggregates in solution. After 
a certain reaction time, the pH value of the corresponding 
PDA solution was adjusted to 6 by 1 mol L–1 of HCl to stop 
the reaction, and the solution was diluted 20 times before 
the test. The PDA aggregates were denoted as CuEn-n, En-n, 
and Tris-n, where n is the reaction time (h).

2.4. Separation performance tests and stability evaluation of 
PDA NF membranes

NF performance tests were carried out under 0.4 MPa 
pressure using a dead-end solvent-resistant stirred cell 
(Millipore Co., USA) with an effective area of 15 cm2. The 
pressure in the stirred cell was controlled by the pressure 
regulator, which was connected to the atmosphere cylinder. 
All membranes were pre-pressured at 0.5 MPa with 
ultrapure water as the feed for 0.5 h before tests. The water 
flux (F, L m–2 h–1) was calculated using

F V
A t

=
×

 (1)

where V is the volume of permeate (L) during the operating 
time t (h) and A is the membrane area (m2).

After water permeation measurements, different salts 
(MgCl2, MgSO4, Na2SO4, and NaCl), VB12, and PEG solutions 
were used as the feed solution to evaluate the separation 
performance, whose concentrations were 0.01 mol L–1, 
0.05 g L–1, and 0.3 g L–1, respectively. The salt concentration 
was measured by an electrical conductivity meter (DDS-
11A, Shanghai Leici Instrument, China), VB12 by a UV/vis 
spectrophotometer (UV5500-PC, shanghai Jingke Instrument, 
China), and PEGs by a total organic carbon analyzer 
(Analytik Jena Multi N/C 3000, Jena, Germany). The rejection 
ratio (R, %) of the solute was calculated by
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where Cp and Cf represent the solute concentrations in 
permeate and feed, respectively.

The pore size distribution of the PDA NF membranes 
was calculated by a solute transport method on rejections 
of PEGs with different molecular weights [44,45]. The mean 
effective pore diameter (μp) and the geometric standard 
deviation (σp) can be calculated by curve fitting. The pore 
size distribution can be expressed by the probability density 
function in the following equation:
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where dp is the membrane pore size.

In this study, the long-term stability of the membrane was 
evaluated by a laboratory-scale cross-flow filtration appara-
tus at a constant flow rate of 0.5 L min–1 for 72 h. In the test, 
0.01 mol L–1 MgCl2 aqueous solution was used as feed solu-
tion at room temperature, and the transmembrane pressure 
was 0.4 MPa. The water flux and rejection of membranes 
were accordingly recorded every 4 h. All reported results 
were repeated at least three times.

3. Results and discussion

3.1. Membrane performances

The effects of PDA deposition time with three amine 
source buffers (CuEn, En, and Tris) on the performances 
of PDA NF membranes were investigated. When different 
amines are used, the PDA selective layers may show different 
electric charges, which will affect the salt rejections of NF 
membranes [46]. Therefore, we used a neutral molecule 
(VB12) as the solute of feed solution to characterize the sep-
aration performances of the PDA selective layers. As shown 
in Figs. 1(a)–(c), the water flux and rejection of the PDA NF 
membranes exhibit almost the same trends even though the 
extra amine sources are different. With increasing deposition 
time, the thickness of the PDA selective layer increases and 
the flux decreases. It is well known that a longer deposition 
time means more complete deposition. With PDA deposition, 
the defects in the selective layer are reduced by the accumu-
lation of PDA aggregates, causing the rejection to increase 
first and then remain at a stable level. In particular, the PDA 
in the CuEn buffer can quickly be deposited on the PES sub-
strates to achieve the optimal separation performance at 3 h 
(Fig. 1(a)). In contrast, it takes 4 and 8 h for those membranes 
prepared in En and Tris buffers to achieve optimal separation 
performance, respectively (Figs. 1(b) and (c)). In this study, 
representative PDA NF membranes, PES-CuEn-3, PES-En-4, 
and PES-Tris-8, were used to study the PDA selective layers 
fabricated in three different extra amine source buffers. In 
particular, the water flux of PES-CuEn-3 is approximately 
two times as high as those of PES-En-4 and PES-Tris-8, 
whereas all membranes have similar VB12 rejection values 
(Fig. 1(d)). Obviously, PDA can quickly form a selective layer 
on the PES substrate in CuEn buffer and achieve excellent 
permeability.

Additionally, the salt rejection performances of the PDA 
NF membranes were investigated. To study the influence 
of different extra amine sources on the electric charges of 
the PDA NF membranes, rejection tests with different salts 
at a concentration of 0.01 mol L–1 were carried out (Fig. 2). 
Based on the Donnan effect and salt rejection performances, 
the degree of positive charge of the NF membranes follows 
the order PES-CuEn-3 > PES-En-4 > PES-Tris-8, which may 
be attributable to the positively charged amino groups of En 
and the neutrally charged hydroxyl groups of Tris [46]. In 
summary, PES-CuEn-3 and PES-En-4 were positively charged 
membranes, while PES-Tris-8 tended to be electrically 
neutral.

In previous reports, PDA-based coatings, including those 
co-deposition ones, as the selective layers of NF membranes 
have been studied in detail. Typically, the performance of NF 
membrane prepared by PDA deposition in different systems 
are compared in Table 1. It can be seen that our membranes 
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possess relatively high permeability and rejection for divalent 
cation and low molecular weight cutoff.

3.2. Pore size distribution and stability of the NF membranes

Solute transport with PEG rejection tests was used 
to evaluate the pore size distribution of the studied 

membranes. As depicted in Fig. 3(a), the three membranes 
show similar PEG rejection performance, with PES-CuEn-3 
exhibiting a molecular weight cutoff of approximately 
770 Da. The pore structure parameters of the studied mem-
branes were calculated from the transport data with PEG sol-
utes, as shown in Table 2. On the basis of the average pore 
size (μp) and geometric standard deviation (σp), the pore size 
distribution is shown in Fig. 3(b). This figure shows that the 
three kinds of PDA NF membranes have similar pore size 
distributions, which indicates that the pores in the PDA 
selective layer used for rejection are hardly affected by the 
involvement of extra amine sources.

The stability and durability of PES-CuEn-3 were exam-
ined by long-term NF tests for 72 h (Fig. 3(c)). The flux and 
rejection show little variation during long-term continuous 
testing. The PES-CuEn-3 membrane exhibits stable and excel-
lent separation performance even after a long service time. 
This behavior makes the practical application of the PDA NF 
membranes possible.

3.3. Membrane surface chemistry and morphological 
characteristics

To confirm that PDA was deposited on the PES substrate 
and that extra amine sources were introduced into PDA, 
XPS was used to analyze the chemical composition of 
typical membrane surfaces. For the PDA NF membranes, the 
peaks of S 2p3 and S 2s disappear because of the coverage 

Fig. 1. Water flux and VB12 rejection of the PDA NF membranes fabricated in (a) CuEn, (b) En, (c) Tris buffers with different deposition 
times, and (d) Comparison of representative membranes.

Fig. 2. Salt rejection performances of the PDA NF membranes. 
All salt solution concentrations are 0.01 mol L–1.
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with PDA layers (Fig. 4). This result indicates that the PDA 
was deposited onto the surface of the PES substrate. The 
appearance of an N 1s peak in the PES membrane may be 
due to the addition of a pore-forming agent in the fabrica-
tion process (Fig. 4). Compared with the original PES sub-
strate, the PDA NF membrane shows an obvious increase in 
the N content, which is attributed to the N in PDA and the 
extra amine sources (Fig. 4 and Table 3). The N/C and N/O 
ratios of PES-En-4 and PES-CuEn-3 are significantly higher 
than those of PES-Tris-8, which is due to the involvement of 

numerous En molecules in the assembly of PDA (Table 3). 
High-resolution XPS spectra show that C is mainly in the 
form of C–O/C–N, C–C/C=C, and a small part of C=O (<2%) 
was derived from quinone species (Fig. 5). The C–O/C–N 
ratio of PES-CuEn-3 (47.9%) is higher than that of PES-En-4 
(32.8%). This result may be because there are more C–N 
bonds in PES-CuEn-3. The C–O/C–N value of PES-Tris-8 is 
39.5%, which is due to the larger number of C–O groups in 
the Tris molecules involved in the assembly of PDA. In gen-
eral, the extra amine sources were indeed introduced into the 

Table 1
Nanofiltration performance of different composite membranes with PDA-based selective layers

NF membranes prepared by PDA deposition Permeability 
(L m–2 h–1 bar–1)

rejection 
salts

Rejection 
(%)

Molecular weight 
cutoff (Da)

Reference

PDA deposition followed by PEI grafting 7.2 MgCl2 73.7 / 36
co-deposition of PDA and PEI followed by 

cross-linking
1.7 MgCl2 92 / 37

co-deposition of PDA and poly (vinyl alcohol) 13.6 Na2SO4 94.2 / 38
PDA deposition triggered by CuSO4/H2O2 10.1 Na2SO4 90 ~1,000 40
PDA deposition in CuEn 9.6 MgCl2 84.4 ~770 This work

/ represents no data in the reference.

Fig. 3. (a) PEG rejection as a function of molecular weight for representative PDA NF membranes, (b) pore size distribution curves, 
and (c) effect of long-term NF tests on the water flux and MgCl2 rejection of PES-CuEn-3. The concentration of PEGs of different 
molecular weights is 0.3 g L–1. The MgCl2 concentration is 0.01 mol L–1.
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assembly of PDA, which is consistent with the salt rejection 
results of the studied membranes. The possible chemical 
mechanisms of three extra amine sources involved in the for-
mation of PDA by Michael addition reaction or Schiff base 
reaction are shown in Fig. 6 [41,43].

In this study, FESEM was used to characterize the surface 
and cross-sectional morphologies of representative mem-
branes (Fig. 7). As shown in the surface FESEM images of 
the membranes, the pristine PES membrane has a smooth 
surface, whereas the PDA NF membrane surfaces are com-
paratively rougher. The accumulation of PDA aggregates 
on the PES substrate is responsible for the rougher surface. 
The PES membrane surface is completely covered by a selec-
tive layer of accumulated PDA aggregates, as shown in the 
cross-sectional image. The PES-CuEn-3 membrane shows 
the thinnest selective layer (95 nm), while the thickness of 
the selective layers of PES-En-4 and PES-Tris-8 is 150 and 
195 nm, respectively. Generally, the permeability is affected 
by the thickness of the selective layer. The thinner selective 
layer of PES-CuEn-3 is more conducive to higher flux. This 
explains why PES-CuEn-3 exhibits the best permeability. 
AFM analysis was also used to investigate the morphology 
of the membrane surfaces at nanoscale. The AFM images, 
along with the root-mean-square roughness (Rq) data, are 
shown in Fig. 7. The roughness of the PDA NF membrane 
surfaces follows the order PES-Tris-8 (9.89 nm) > PES-En-4 
(8.34 nm) > PES-CuEn-3 (6.14 nm). Because the selective layer 
is fabricated by the accumulation of PDA aggregates, we 
speculate that roughness is related to the PDA nanoparticle 
size. A smooth selective layer may be provided by small 
PDA aggregates.

3.4. Analysis of PDA deposition process with different extra 
amine source buffers

To further study the reasons why the selective layer of 
PES-CuEn-3 was the thinnest among the membranes with 
similar pore size distributions, PDA aggregates were synthe-
sized under the corresponding buffer conditions. DLS and 
TEM were used to evaluate the PDA aggregates. Figs. 8(a)–(c) 
show the mean size of three types of PDA aggregates at dif-
ferent reaction times. The mean size of PDA aggregates in 
CuEn buffer remains unchanged (~22 nm) even when the 
deposition time increases to 4 h (Fig. 8(a)). In contrast, the 
PDA aggregates in En or Tris buffer are larger after 2 h of 
reaction and grow with increasing reaction time (Figs. 8(b) 

Table 2
Parameters for membranes analyzed for PEG rejection

Membrane μp (nm) σp (nm) Pore size cutoff (nm)

PES-CuEn-3 0.44 2.43 1.46
PES-En-4 0.51 2.26 1.83
PES-Tris-8 0.54 2.21 1.83

Fig. 4. Typical XPS wide scans for the investigated membranes.

Table 3
Surface chemical composition from XPS analysis of PES, PES-
CuEn-3, PES-En-4, and PES-Tris-8

Sample Atomic percentage 
(%, mole concentration)

N/C N/O

C O N S Cu

PES 72.9 20.2 3.9 3.0 / / /
PES-CuEn-3 69.3 20.7 9.5 / 0.6 0.14 0.46
PES-En-4 72.7 16.2 11.1 / / 0.15 0.69
PES-Tris-8 72.8 20.1 7.0 / / 0.10 0.35

Fig. 5. High-resolution C 1s XPS spectra of different PDA NF membranes: (a) PES-CuEn-3, (b) PES-En-4, and (c) PES-Tris-8.
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and (c)). Due to the involvement of many hydroxyl groups, 
the PDA aggregates exhibit stronger hydration in Tris 
buffer than in the other buffers, which allows them to form 
larger scale aggregates in water (Fig. 8(c)). Compared with 
those prepared in Tris buffer, PDA aggregates prepared in 
En buffer grow slower (Fig. 8(b)). In CuEn buffer, the En 
released slowly from CuEn can react with DA quinone by 
Michael addition or Schiff base reaction [43], and complex-
ation between Cu2+ and the catechol groups occurs. For PDA 
oligomers, there may be a competitive relationship between 
aggregation and complexation. Therefore, the complexation 
of Cu2+ in CuEn buffer allows PDA aggregates to maintain 
a smaller size and hard to grow. This is a crucial factor in 
the formation of small and uniform PDA aggregates. The 
TEM images also indicate that the sizes of PDA aggregates 
in various buffers are different, which coincides well with 
the DLS results (Figs. 8(d)–(f)). Typically, CuEn-3 and En-4 
are irregularly shaped, while Tris-8 is spherical. The spheri-
cal structure of Tris-8 is closely linked with strong hydration. 

Obviously, because of the involvement of the buffer solute, 
the chemical structures of the PDA aggregates and the PDA 
assembly change, leading to PDA aggregating into different 
shapes.

Additionally, the order of membrane roughness is the 
same as the order of the size of PDA aggregates fabricated 
under corresponding conditions (Figs. 7 and 8(a)–(c)). This 
result also indicates that the accumulation of PDA on the 
substrate is closely related to the PDA nanoparticle size. In 
various PDA deposition systems for NF membrane prepara-
tion, it is a crucial issue that some big PDA aggregates are 
often generated and adhere to membrane surface, which may 
lead to membrane fouling. The use of CuEn as an extra amine 
source can suppress the aggregation of PDA oligomers, and 
thus, smoother PDA layer is formed on the substrate. This 
has the advantage of reducing membrane fouling.

Based on the performance of membranes and the various 
characterization results described above, we propose a 
mechanism for the deposition of PDA with different buffers 

Fig. 6. Possible chemical mechanisms of PDA formation in (a) CuEn, (b) En, and (c) Tris buffer [41,43].

Fig. 7. Surface FESEM, cross-section FESEM, and AFM images of PES substrate and the PDA NF membranes fabricated with 
different buffers.
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on PES substrates (Fig. 9). In Tris buffer, the accumulation 
of large aggregates is not conducive to the construction of a 
compact selective layer, which means that it takes a longer 
time (8 h) to form a thicker layer (195 nm) to achieve optimal 
selective performance. In contrast, in CuEn buffer, small 
and uniform PDA aggregates were obtained and assemble 
into a thin, uniform, and smooth layer. This explains why 
PES-CuEn-3 can be rapidly deposited and exhibit better 
permeation performance than the other membranes. In 
summary, the formation, aggregation, and growth of PDA 
can be affected by extra amino sources, and PDA deposition 
can be controlled by the addition of different extra amine 

sources. Undoubtedly, CuEn is an excellent buffer system for 
the construction of high-performance NF membranes.

4. Conclusions

The composite NF membranes with PDA as selective 
layers were successfully fabricated by the PDA deposition 
in three different buffers. Thin and compact PDA selective 
layers were rapidly constructed by small and uniform PDA 
aggregates in CuEn buffer, which is due to the fact that 
PDA aggregates can remain at a size of about 22 nm in CuEn 
buffer and no longer grow. In contrast, the accumulation of 

Fig. 8. DLS results of PDA aggregates fabricated with (a) CuEn, (b) En, and (c) Tris buffer with time and TEM images of (d) CuEn-3, 
(e) En-4, and (f) Tris-8.

Fig. 9. Schematic diagram of PDA deposition on the substrate surface in three different extra amine source buffers.



J. Li et al. / Desalination and Water Treatment 147 (2019) 10–1918

large PDA aggregates is not conducive to the construction 
of a compact selective layer in Tris buffer, which means that 
it takes a longer time (8 h) to form a thicker layer (195 nm) 
to achieve optimal selective performance. Under optimized 
conditions, PES-CuEn-3 shows high rejection of PEG1000 
and MgCl2 (95.6% and 84.4%, respectively) and an excellent 
permeation flux of 38.4 L m–2 h–1, which is double that of the 
PDA NF membranes prepared with Tris or En buffer. The 
PES-CuEn-3 membrane shows a 770 Da molecular weight 
cutoff. The stability test demonstrates that PES-CuEn-3 is sta-
ble after 72 h of operation. The CuEn buffer system exhibits 
efficient potential for the construction of thin and uniform 
NF selective layers.
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