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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• VA/ε-pl composite network is con
structed to design tight ultrafiltration 
(TUF) membranes.

• TUF membrane with 3450 Da MWCO 
yields 98.50 % dye rejection and 3.56 % 
NaCl rejection.

• TUF membrane demonstrates a 
competitive long-term stability.

• VA/ε-pl composite coating guarantees 
excellent antimicrobial properties.
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A B S T R A C T

Membranes used for the treatment of highly saline textile wastewater generally suffer from low dye/salt selec
tivity and biofouling issues. Herein, the facile assembly of vanillic acid/ε-polylysine-based aminoquinone net
works (AQN) on a porous PES substrate is proposed for the construction of a dual-functional tight ultrafiltration 
membrane with high dye/salt separation efficacy and superior antimicrobial functionality. By regulating the 
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Dye/salt fractionation
Antimicrobial properties

assembly duration, the surface structure and properties (i.e., thickness, roughness, hydrophilicity and pore size) 
of the composite AQN coating can be precisely tailored. Specifically, the optimized AQN-60 tight ultrafiltration 
composite membrane (MWCO of 3450 Da) experienced >98.50 % dye rejection and <3.56 % NaCl rejection for 
various dye/salt mixtures. Additionally, the prepared AQN-60 composite membrane demonstrated stable frac
tionation performance with an eventual dye rejection of 98.70 % and salt rejection of 3.98 % after 24-h filtration 
of a reactive blue 2/NaCl mixed solution. Furthermore, the integration of ε-polylysine onto the AQN-60 com
posite membrane markedly enhanced the antimicrobial ability of the tight ultrafiltration membrane, which 
showed good inhibition efficiency (98.75 %) against E. coli bacteria.

1. Introduction

The large-scale discharge of dye-laden effluents from the textile in
dustry has become a critical global environmental concern because of 
the profound ecological and public health risks posed by their toxic and 
recalcitrant constituents [1–5]. Most conventional remediation ap
proaches for textile wastewater are predominantly treatment oriented, 
focusing merely on contaminant removal/degradation without resource 
recovery. However, to achieve environmental sustainability, the organic 
dyes and inorganic salts present in textile wastewater should be recov
ered through effective separation processes [6–11].

Pressure-driven membrane technologies, such as loose nanofiltration 
and tight ultrafiltration, have emerged as promising strategies for dye/ 
salt fractionation due to their high selectivity, operational simplicity, 
and low energy input [12–18]. In particular, tight ultrafiltration mem
branes with moderately appropriate pore sizes (MWCOs of 1000–5000 
Da) as competitive alternatives enable efficient dye/salt fractionation, 
allowing for increased ion transmission and sufficient dye retention at 
relatively low pressures. Currently, dedicated efforts have been made to 
explore the practicability of tight ultrafiltration membranes for dye/salt 
fractionation. For example, Lin et al. evaluated the commercial tight 
ultrafiltration membrane UH004 (MWCO of 4700 Da) for dye/salt sep
aration, which achieved over 98.9 % dye retention with high salt 
permeation (<2.0 %) [19]. Ye et al. developed tight ultrafiltration 
membranes with MWCOs of 1000–5000 Da through the co-deposition of 
polydopamine/polyethyleneimine triggered by ammonium persulfate 
[20]. The optimal membrane (MWCO of 1700 Da) exhibited >98.2 % 
rejection for reactive dyes (molecular weights of 610–1000 Da) with 
>97.0 % NaCl permeation. Hu et al. prepared a PES/SPSf tight ultra
filtration membrane via non-solvent induced phase separation using 
adipic acid as an additive. The resulting membrane, with an MWCO of 
7250 Da and an average pore size of 1.8 nm, displayed satisfactory dye/ 
salt separation (92.1 % AB25 dye retention and 8.0 % NaCl retention) 
with a permeance flux of 37.6 L⋅m− 2⋅h− 1⋅bar− 1 [21].

Despite the substantial development of tight ultrafiltration mem
branes, currently available membranes are still prone to significant 
fouling due to their inherently poor hydrophilicity [22–24]. Moreover, 
because of the limited antibacterial activity of these membranes, their 
separation performance is remarkably compromised by microorganism- 
induced biofouling [25]. Therefore, engineering highly anti-biofouling 
tight ultrafiltration membranes has become a critical priority. Wu 
et al. designed an anti-biofouling membrane via in situ photografting of 
polyhexamethylene biguanide and polyethylene glycol on a photo
reactive polyamide layer, which achieved a permeance flux of 18.6 
L⋅m− 2⋅h− 1⋅bar− 1 with 98.6 % bacterial inhibition [26]. Qu et al. re
ported an electrically conductive anti-fouling membrane prepared by 
the deposition of quaternary ammonium compounds and pyrrole com
posites onto a PVDF substrate [27]. The modified membranes exhibited 
complete bacterial inactivation, leading to a >20 % increase in the final 
normalized water flux.

Various strategies have been developed to construct fouling-resistant 
surfaces, among which the integration of hydrophilic and antibacterial 
materials onto the substrate surface via surface deposition stands out as 
a simple and feasible approach [28]. Recently, bioinspired substrate- 
independent aminoquinone networks have garnered widespread 

attention, as they provide a versatile platform for the precise design of 
multifunctional coatings with well-defined properties and structures (e. 
g., surface wetting, surface charges and thickness) [29–33]. Inspired by 
these remarkable properties, the synergistic integration of AQN coatings 
and antimicrobial monomers to fabricate antifouling tight ultrafiltration 
membranes represents a promising approach. In this context, ε-poly
lysine, a natural antimicrobial polypeptide with a structure rich in 
amino groups, has been demonstrated to be an ideal amino monomer 
candidate for improving the hydrophilicity and antibacterial properties 
of substrates [34–36].

In this study, dual-functional tight ultrafiltration membranes with 
high dye/salt selectivity and antibacterial properties were developed 
through the co-assembly of aminoquinone networks (vanillic acid-based 
quinone and ε-polylysine) on a porous PES ultrafiltration membrane 
substrate. The selective layer properties, i.e., thickness, roughness, hy
drophilicity and pore size distribution, were tailored by adjusting the co- 
assembly durations of the aminoquinone networks. In addition, filtra
tion performance tests, including separation efficiency and long-term 
stability tests, were conducted to evaluate the robustness of the fabri
cated tight ultrafiltration membranes for dye/NaCl fractionation. 
Furthermore, the antimicrobial performance of the fabricated composite 
tight ultrafiltration membranes was investigated by assessing their in
hibition efficacy against E. coli. This study offers a promising strategy for 
fabricating aminoquinone networks-based dual-functional tight ultra
filtration membranes for the sustainable management of textile waste
water, addressing both resource recovery and zero liquid discharge.

2. Experimental

2.1. Chemicals and materials

A polyethersulfone (PES) ultrafiltration membrane with an MWCO of 
50 kDa was selected as the porous substrate. Vanillic acid (VA, Sigma- 
Aldrich, Belgium), sodium periodate (NaIO4, Sigma-Aldrich, Belgium) 
and ε-polylysine (ε-pl, Handary Co., Ltd., Belgium) were utilized in 
surface deposition to construct aminoquinone networks. Sodium chlo
ride (NaCl), reactive blue 2 (Mw = 774.2 g⋅mol− 1), reactive black 5 (Mw 
= 991.8 g⋅mol− 1) and direct red 80 (Mw = 1373.1 g⋅mol− 1), supplied by 
Sigma-Aldrich (Belgium), were employed for the membrane filtration 
tests. Polyethylene glycol polymers (PEGs, Sigma-Aldrich, Belgium) 
with molecular weights of 600, 1500, 3000, 6000 and 10,000 Da were 
used to determine the MWCOs of the prepared tight ultrafiltration 
membranes. Unless otherwise specified, all reagents were used as 
received. Deionized water was utilized throughout all the experiments.

2.2. Preparation of the AQN-coated tight ultrafiltration membranes

Tight ultrafiltration membranes were fabricated through the co- 
deposition of vanillic acid and ε-polylysine with sodium periodate as 
an oxidizing agent (Fig. 1). Specifically, vanillic acid (2.0 g⋅L− 1), sodium 
periodate (NaIO4, 0.2 g⋅L− 1) and ε-polylysine (2.0 g⋅L− 1) were sequen
tially dissolved in 20 mL of deionized water and homogenized by 
ultrasonication to prepare the modification solution. The porous PES 
substrate was positioned in a custom-designed modification mold, after 
which the as-prepared modification solution was applied to the 
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substrate surface to initiate the deposition process. To ensure uniform 
co-deposition, the mold was placed in a shaker set at 75 rpm for varying 
co-deposition durations (15, 30, 60, 90, and 120 min). The modified 
membrane was then rinsed multiple times with deionized water to 
remove any residual chemicals. All the membranes were stored in 
deionized water at 4 ◦C before use. The resulting membranes were 
designated AQN-15, AQN-30, AQN-60, AQN-90, and AQN-120, corre
sponding to co-deposition durations of 15, 30, 60, 90, and 120 min, 
respectively.

2.3. Characterization

A systematic characterization was carried out to investigate the 
synthesized AQN-based tight ultrafiltration membranes. Fourier trans
form infrared spectroscopy (FT-IR, PerkinElmer Spectrum 100, Ger
many) and X-ray photoelectron spectroscopy (XPS, monochromatic 
aluminum Kα, Thermo Scientific, America) were employed to analyze 
the chemical compositions of the prepared membranes. The detailed 
surface and cross-sectional morphologies of the formed AQN coating 
were visualized via a scanning electron microscope (SEM, XL30 FEG, 
Netherlands) operating at 10 kV. To enhance signal quality and improve 
imaging resolution, the membrane samples were sputter-coated with a 
thin layer of gold nanoparticles prior to SEM imaging. Atomic force 
microscopy (AFM, Dimension 3100D, Bruker, USA) was used for quan
titative analysis of surface roughness. Measurements were performed in 
tapping mode using PPP-NCHR probes (NanoAndMore GmbH) with a 
spring constant of 40–50 N/m and a nominal tip apex radius of <7 nm. A 
contact angle goniometer (OCA 20, Dataphysics Instruments, Germany) 
was used to assess the surface hydrophilicity of the membranes. All the 
membrane samples were dried at room temperature before 
characterization.

2.4. Membrane performance evaluation

The filtration performance of the fabricated AQN-coated composite 
membranes was assessed by using a custom cross-flow filtration setup 
with an effective area of 7.0 cm2. Prior to testing, the membrane was 
pre-compacted at 4 bar for at least 30 min. Water permeance was then 
measured by recording the collected permeate volume during a fixed 
filtration time, as described by Eq. 1: 

Jp =
V

A × Δt × P
(1) 

where V is the volume of the permeate collected during a fixed filtration 
interval of Δt; A is the effective filtration area; and P is the applied 
operating pressure.

The rejection of the membranes was examined via single-component 
NaCl solutions of various concentrations (0.1, 0.5, 2.0 and 10.0 g⋅L− 1) 
and pure dye solutions (reactive blue 2, reactive black 5 and direct red 
80) at a concentration of 0.2 g⋅L− 1. Moreover, both a reactive blue 2/ 
NaCl mixture and a reactive black 5/NaCl mixture with varying NaCl 
concentrations (i.e., 1.0, 2.0, 5.0 and 10.0 g⋅L− 1) were prepared to 
evaluate the separation performance of the fabricated AQN-coated tight 
ultrafiltration membranes. Furthermore, continuous 24-h filtration of a 
reactive blue 2/NaCl mixture (0.2 g⋅L− 1 dye; 5.0 g⋅L− 1 NaCl) was carried 
out to evaluate the long-term stability of the AQN-coated tight ultrafil
tration membranes. All the membrane performance tests were con
ducted at an operating pressure of 4 bar. Solute rejections (R) were 
calculated via Eq. 2: 

R =

(

1 −
Cp

Cf

)

×100 % (2) 

where Cp and Cf are the solute concentrations in the permeate solution 
and feed solution, respectively.

The selectivity (S) between the dye and NaCl was calculated via Eq. 
3: 

S =
1 − RNaCl

1 − Rdye
(3) 

where RNaCl and Rdye represent the NaCl rejection and dye rejection of 
the membrane in the separation of the dye/salt mixture, respectively.

The normalized flux during 24-h long-term operation was deter
mined via Eq. 4: 

Normalize flux =
Jfinal

Jinitial
×100 % (4) 

where Jfinal and Jinitial are the final and initial permeance, respectively.

2.5. Molecular weight cutoff (MWCO) measurements

The MWCOs of the AQN-coated composite membranes were deter
mined via a feed mixture containing 0.2 g⋅L− 1 PEGs with mean molec
ular weights ranging from 600 to 10,000 Da at 25 ◦C and an operating 
pressure of 4 bar. The rejection of PEGs was calculated via Eq. 5: 

Fig. 1. Schematic diagram of the preparation of the AQN-coated tight ultrafiltration membranes.
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RPEG =

(

1 −
CPEG,permeate

CPEG,feed

)

× 100 % (5) 

where CPEG, feed and CPEG, permeate are the concentrations of PEG poly
mers in the feed and permeate solutions, respectively, which were 
determined via a total organic carbon analyzer (TOC, ASI-5000 A, 
Japan).

The Stokes diameter of the PEGs (ds) was calculated via Eq. 6: 

ds = 33.46×10− 12 ×MW0.557 (6) 

where MW represents the molecular weight of the PEGs.
The pore size distribution of the membrane was derived from the log- 

normal probability function describing the relationship between the 
RPEG and dp (Eq. 7). 

dR
(
dp
)

ddp
=

1
dplnσp

̅̅̅̅̅̅
2π

√ exp

⎡

⎢
⎣ −

(
lndp − lnμp

)2

2
(
lnσp

)2

⎤

⎥
⎦ (7) 

where μp is the mean effective pore size of the membranes, determined 
at RPEG = 50 %, and σp is the geometric standard deviation, calculated as 
the ratio between dp at an RPEG of 84.13 % and μp. The MWCO value was 
obtained as the molecular weight of the PEGs at which the rejection 
reached 90 %.

2.6. Antibacterial test

The antibacterial efficacy of the prepared AQN-coated composite 
membranes was evaluated via standard plate counting protocols. Spe
cifically, membrane samples with dimensions of 2 cm × 3 cm were 
immersed in 6 mL of E. coli suspensions and shaken for 12 h at 30 ◦C. 
After the antibacterial process, the bacterial suspensions were serially 
diluted and inoculated onto LB agar plates. The plates were incubated at 
37 ◦C for 12 h, after which colony counts were performed to assess 
bacterial growth. The E. coli inhibition efficiency (N) of the AQN-coated 
tight ultrafiltration membranes was determined via Eq. 8: 

N =

(

1 −
Qt

Q0

)

×100 % (8) 

where Q0 and Qt represent the quantity of plate colonies without and 
with the AQN-coated tight ultrafiltration membrane, respectively.

3. Results and discussion

3.1. Role of NaIO4 in the kinetics of VA/ε-pl composite aminoquinone 
networks

The kinetics of aminoquinone networks are significantly influenced 
by solution conditions, particularly the presence of oxidants. To inves
tigate the role of NaIO4 in the formation of VA/ε-pl composite amino
quinone networks, two distinct modification solutions were prepared: 

Fig. 2. Color evolution and UV–vis absorbance profiles of vanillic acid/ε-polylysine solutions with (A) and without (B) NaIO4 during 120 min co-deposition; (C) The 
possible reaction mechanism for the formation of aminoquinone networks.
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one containing NaIO4 and the other serving as a control without NaIO4. 
Over a 120-min reaction duration, a pronounced difference in the visual 
appearance of the solutions was observed (Fig. 2). Specifically, the 
NaIO4-containing solution gradually turned brown, whereas the VA/ε-pl 
solution remained largely unchanged, indicating that NaIO4 was crucial 
for initiating the oxidation of vanillic acid to the quinone structure. To 
further analyze the reaction kinetics and chemical transformations, 
UV–vis absorption spectra were monitored for both solutions at different 
time intervals. As shown in Fig. 2A and B, the solution with the addition 
of NaIO4 displayed two absorption peaks at 357 nm and 480 nm. The 
peak at a wavelength of 357 nm corresponded to the formation of the 
quinone structure, suggesting the successful oxidation of vanillic acid by 
NaIO4 [37,38]. In contrast, no such peak was observed for the control 
solution, confirming that the absence of NaIO4 significantly hindered the 
evolution of VA/ε-pl composite aminoquinone networks. Furthermore, 
the absorption peak at a wavelength of 480 nm resulted from the 
interaction between the quinone and the amino groups in ε-polylysine 
through Michael addition and Schiff-base reactions [37]. Michael 
addition occurs when nucleophilic amine (− NH2) group in ε-polylysine 
reacts with electrophilic quinone structures, forming the stable C–N 
covalent bond that enhance the coating stability and resistance to hy
drolysis. Additionally, Schiff-base interaction between quinone-derived 
carbonyl groups and primary amine in ε-polylysine simultaneously 
generates the C––N bond, which guarantees a stable and highly cross
linked network. In addition, the proposed reaction mechanism between 
vanillic acid and ε-polylysine for membrane fabrication is illustrated in 
Fig. 2C. The enhanced UV absorption at both wavelengths of 357 nm and 
480 nm with extended reaction times in the NaIO4-triggered solution 
implied mild and progressive development of aminoquinone networks, 
which is beneficial for the precise optimization of coating properties.

3.2. Morphologies of the AQN-coated composite membranes

The surface color variation of the AQN-coated membranes is depic
ted in Fig. 3A. An apparent color shift from brightly white to yellow was 
observed on the membrane surface upon 15 min of deposition of the VA/ 
ε-pl/NaIO4 mixture, indicating the successful coating of aminoquinone 
networks onto the substrate. However, the early-stage complex coating 
appeared in an uneven manner, as evidenced by the irregular color 
distribution on the membrane surface at short coating durations (e.g., 
15 min and 30 min). As the deposition duration increased to 60 min, the 
intensity and uniformity of the coating coloration improved markedly. 
The AQN-60 composite membrane yielded a consistent and well- 
developed yellow color pattern, which indicated thorough co- 
deposition and sufficient formation of aminoquinone networks on the 
substrate.

SEM and AFM analyses revealed the detailed microstructural 
morphology of the VA/ε-pl-based aminoquinone networks (Fig. 3B–G). 
The pristine PES substrate surface was smooth with a roughness of 1.69 
nm. After the co-deposition of the VA/ε-pl/NaIO4 complex, the surface 
cavity structures became evident, indicating the effective assembly of 
thin VA/ε-pl composite networks on the PES substrate. The surface 
roughness of the AQN-coated composite membranes tended to decrease 
as the co-deposition durations increased. Specifically, the AQN-15 and 
AQN-30 composite membranes had relatively high roughness values of 
4.34 nm and 2.64 nm, respectively, due to the heterogeneous deposition 
of underdeveloped VA/ε-pl composite aminoquinone networks. In line 
with the observations in Fig. 3A, the irregular local defects of the AQN 
composite coating were effectively minimized after sufficient evolution 
with increasing co-deposition duration, resulting in homogeneous and 
smooth surfaces with low roughness. In addition, cross-sectional SEM 
images revealed the effect of deposition duration on the thickness of the 
coating. Specifically, the membrane thickness increased dramatically to 
171 nm within 60 min, demonstrating the rapid cross-linking of the 

Fig. 3. (A) Photograph of the membrane surface; SEM and AFM characterization of the pristine PES substrate (B), AQN-15 (C), AQN-30 (D), AQN-60 (E), AQN-90 (F) 
and AQN-120 (G).
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aminoquinone networks during the initial stage. Afterwards, the co- 
deposition kinetics of the composite coating decelerated, and the 
membrane ultimately reached a thickness of 202 nm (Fig. 3G).

3.3. Chemical composition of the membrane surface

The surface chemical composition of the prepared AQN-coated 
composite membranes was examined via FTIR and XPS (Fig. 4). As 
shown in Fig. 4A, two new characteristic peaks were detected at 
wavenumbers of 1032 and 770 cm− 1 in the FT-IR spectra of the AQN- 
coated membranes, which were attributed primarily to the asymmet
rical bending vibration of the –CH3 group and the C–H out-of-plane 
bending of the phenyl groups derived from vanillic acid [39,40]. Addi
tionally, the incorporation of ε-polylysine onto the membrane yielded a 
typical N–H stretching vibration peak, which can be reflected at the 
wavenumber of 1520 cm− 1 in the FTIR spectra of the AQN-coated 
composite membranes [41]. The incorporation of positively-charged 
amine groups of not only endowed the membrane with the enhanced 
hydrophilicity for water penetration, but also induce the electrostatic 
interactions with negatively-charged bacterial cell membranes for sup
pression of their proliferation.

The XPS survey spectra (Fig. 4B) revealed that the O 1s and N 1s 

peaks of the surface-coated membranes increased with increasing evo
lution duration, which was attributed to the large amounts of O and N 
derived from vanillic acid and ε-polylysine. Conversely, the percentage 
of S gradually decreased because of the continuous coating of the 
composite networks on the membrane surface, which effectively 
covered the cavity structure of the PES substrate. Importantly, the N 1s 
narrow scan spectrum of the prepared AQN-coated composite mem
brane revealed a new peak intensity for the C––N group, which strongly 
confirmed the covalent interaction of vanillic acid and ε-polylysine via a 
Schiff-base reaction.

3.4. Surface hydrophilicity

Surface hydrophilicity, a fundamental surface property, determines 
membrane performance in terms of water permeance and antifouling 
behavior. The static water contact angles (WCAs) of the pristine PES 
substrate and the AQN-coated composite membranes are depicted in 
Fig. 5. As shown in Fig. 5, the virgin surface of the PES substrate yielded 
moderate hydrophilicity with a WCA of 74.4◦. After the coating of the 
VA/ε-pl aminoquinone networks, the membrane hydrophilicity was 
markedly enhanced, as evidenced by a substantial reduction in the water 
contact angle. For example, the AQN-15 composite membrane has a 

Fig. 4. FT-IR spectra (A) and XPS survey spectra (B) of the AQN-coated composite membranes; N 1s XPS spectra of the PES substrate (C) and AQN-120 composite 
membrane (D).
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WCA of 47.9◦ after a 15-min modification. This improved hydrophilicity 
was due to the integration of hydrophilic functional groups (i.e., amine 
and carboxyl groups) on aminoquinone networks, which strengthened 
the surface affinity for water molecules. Additionally, the extension of 
the deposition duration allowed for further stacking of the hydrophilic- 
surface layer, consequently lowering the WCA to 37.1◦. Therefore, the 
superior surface hydrophilicity is expected to contribute to high water 
permeation and robust antifouling performance in long-term sustainable 
textile wastewater treatment.

3.5. Membrane pore size distribution and MWCO

The MWCO is a key parameter used to characterize the pore size of 
membranes and is determined by evaluating the rejection of PEGs with 
different molecular weights. As illustrated in Fig. 6, the porous structure 

of the PES substrate was effectively covered by the deposition of tight 
VA/ε-pl composite aminoquinone networks. The resulting AQN-coated 
composite membranes had a dense surface structure with MWCOs 
ranging from 3200 to 5970 Da and can be categorized as tight ultrafil
tration membranes. It was believed that the reduction in pore size would 
contribute to an increased rejection of dye molecules, thereby improving 
the selectivity between the dye and salt.

3.6. Membrane performance evaluation

3.6.1. Filtration performance of the AQN-coated tight ultrafiltration 
membranes

NaCl solutions with varying concentrations (0.1, 0.5, 2.0 and 10.0 
g⋅L− 1) were prepared to examine the pure salt rejection capacity of the 
AQN-coated tight ultrafiltration membranes. As presented in Fig. 7A, the 
water permeance of the membranes decreased from 55.98 to 40.92 
L⋅m− 2⋅h− 1⋅bar− 1 as the coating duration increased. This decrease in 
permeance was due to (1) the increase in the selective layer thickness 
with increasing deposition time extended the water transmission path, 
thus reducing the permeance, and (2) the progressive decrease in pore 
size with increasing coating time further hindered water flow, as the 
narrower pores offered greater resistance to water passage. Fig. 7B de
picts the NaCl rejection of the AQN-coated composite membranes at 
various NaCl concentrations. As expected, the well-developed AQN- 
coated tight ultrafiltration membranes allowed for greater NaCl reten
tion than did the membranes with shorter coating durations, which was 
attributed to their compact pore structures with an enhanced size 
sieving effect. For example, the rejection of a 2.0 g⋅L− 1 NaCl solution 
increased noticeably from 3.45 % to 4.98 % as the coating duration 
increased from 15 min to 120 min. Moreover, increasing the salt con
centration enhanced the shielding effect on the membrane surface; 
therefore, pronounced salt penetration was observed at elevated salin
ities (e.g., 10 g⋅L− 1 NaCl).

The permeance of the membranes in different dye solutions (direct 
red 80, reactive black 5, and reactive blue 2) is presented in Fig. 7C. 
There was a comparable downward trend in permeance during the 
filtration of the dye solutions. However, the permeance was slightly 
reduced due to the small degree of contamination by dye cakes on the 
surface. In terms of dye rejection (Fig. 7D), the prepared AQN-coated 

Fig. 5. Water contact angle of the PES substrate and the fabricated membranes 
as a function of co-deposition duration.

Fig. 6. Pore size distributions and MWCOs of the AQN-coated composite membranes.
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tight ultrafiltration membranes showed a prominent improvement, 
particularly when the coating duration was extended from 30 min to 60 
min. The dye rejection rates of the AQN-60 composite membrane for 
direct red 80, reactive black 5 and reactive blue 2 reached 99.91 %, 
99.68 % and 99.43 %, respectively. Notably, the highest rejection of 
direct red 80 was attained by the membranes compared with the other 
dyes, i.e., reactive black 5 and reactive blue 2, since direct red 80 has a 

considerable geometric size and a high degree of aggregation for an 
enhanced size-sieving effect.

3.6.2. Selective separation of dyes and salts
The fractionation behavior of the prepared AQN-60 composite 

membrane was systematically evaluated via the filtration of dye/salt 
mixtures at different salt concentrations. As shown in Fig. 8, increasing 

Fig. 7. Filtration performance of the fabricated AQN-coated tight ultrafiltration membranes in different concentrations of NaCl solutions (A, B) and various pure dye 
solutions (C, D).

Fig. 8. Separation performance of the fabricated AQN-60 composite membrane for the reactive black 5/NaCl mixture (A) and the reactive blue 2/NaCl mixture (B).
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salinity slowed the water permeance due to increasing osmotic pressure, 
as reflected by the minimal permeance decrease from 41.31 to 40.77 
L⋅m− 2⋅h− 1⋅bar− 1 and 40.56 to 40.03 L⋅m− 2⋅h− 1⋅bar− 1 for the reactive 
black 5/NaCl mixture and BR2/NaCl mixture, respectively. Moreover, 
the retention of the AQN-60 composite membrane for dye and inorganic 
salts was also affected by the salinity of the feed solution. For the 
reactive black 5/NaCl mixture, the reactive black 5 rejection slightly 
decreased from 99.51 % to 98.92 %, whereas the NaCl rejection 
decreased from 10.78 % to 2.65 % when the salinity was increased to 10 
g⋅L− 1. A similar trend for dye and salt rejection was observed for the 
reactive blue 2/NaCl mixture. This phenomenon in solute rejection is 
attributed to the combined mechanisms of the “salting-out” effect and 
“charge shielding” effect. On the one hand, the presence of large 
amounts of inorganic salts exacerbated the dehydration of solute mol
ecules by strongly attracting bound water, resulting in a decreased 
effective volume, which compromised the size exclusion of the mem
brane during filtration [16,42]. On the other hand, the increased ionic 
strength suppressed the Debye screening length of the membrane, 
thereby diminishing the electrostatic repulsion between the membrane 
and the charged dye molecules [43]. Overall, the AQN-coated mem
brane exhibited remarkable selectivity for dye/salt mixtures while 
maintaining moderate permeance at varying salinities, which demon
strated the great potential of the AQN-coated composite membrane for 
the efficient treatment of highly saline textile wastewater in terms of 
resource recovery.

3.6.3. Long-term stability of the AQN-coated tight ultrafiltration membrane
The long-term stability of the prepared AQN-60 composite mem

brane was assessed via 24-h continuous filtration with the reactive blue 
2/NaCl mixture as the feed (Fig. 9). As shown in Fig. 9, the permeance of 
the AQN-60 composite membrane decreased markedly during the initial 
stage of filtration and then appeared to gradually plateau, with the 
permeance stabilizing at a level of ca. 34.5 L⋅m− 2⋅h− 1⋅bar− 1. The sharp 
drop in permeance during the early filtration stage was likely attributed 
to membrane fouling from the accumulation of a dye cake layer, which 
increased the mass transfer resistance. Nevertheless, the increased sur
face hydrophilicity facilitated the formation of a hydration layer on the 

membrane surface, which served as a barrier to prevent dye penetration 
into the pores. As a result, the improved anti-fouling performance of the 
AQN-60 composite membrane ensured stable water permeance as the 
filtration operation progressed. In addition, the AQN-60 composite 
membrane exhibited stable rejection of both reactive blue 2 and NaCl 
throughout the 24-h operation. NaCl rejection remained consistently 
low at approximately 3.98 %, whereas reactive blue 2 rejection was 
maintained at a high level of 98.70 %. On the hand, the normalized flux 
of the AQN-coated membrane after 24-h filtration of a dye/salt mixture 
ultimately remained at the level of 87.9 %, indicating that the mem
branes maintained high permeance with minimal flux decline (by 12.1 
%) and showed excellent resistance to fouling over time. This result 
demonstrates the superior long-term stability, durability and practica
bility of the AQN-coated membrane for the fractionation of dye and salt, 
guaranteeing sustainable management of highly saline textile 
wastewater.

3.7. Antibacterial properties of the membranes

Biofouling, a prevalent form of membrane fouling, is caused pri
marily by the accumulation of microorganisms on membrane surfaces. 
The limited antibacterial capacity and poor hydrophilicity of conven
tional membranes promote the formation of dense biofilms, which 
obstruct pores and reduce the productivity of the membrane system. To 
mitigate this issue, the natural antibacterial polypeptide ε-polylysine 
was introduced onto the membrane surface to increase its bactericidal 
ability (Fig. 10). As shown in Fig. 10, the pristine PES substrate 
demonstrated a weak biocide capacity against E. coli, as reflected by the 
extensive survival of E. coli colonies. In contrast, the AQN-60 composite 
membrane displayed excellent bacterial inhibition activity, with a high 
antibacterial rate of 98.75 % against E. coli. This remarkable antibac
terial performance indicated the effectiveness of the AQN coating in 
preventing bacterial growth on the basis of the strong broad-spectrum 
antimicrobial activity of ε-polylysine, which can potentially mitigate 
membrane biofouling and extend the membrane lifespan in practical 
applications.
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Fig. 9. Normalized flux and solute rejection as a function of operation time during a 24-h dye/salt mixed solution filtering experiment for the AQN-60 compos
ite membrane.
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4. Conclusion

In this study, dual-functional tight ultrafiltration membranes with 
high dye/salt selectivity and strong antibacterial properties were suc
cessfully constructed via the assembly of VA/ε-pl-based aminoquinone 
networks on a porous PES substrate. The surface properties, i.e., coating 
thickness, roughness, hydrophilicity and pore size, were effectively 
optimized by regulating the co-assembly duration of the aminoquinone 
networks. The optimal composite membrane (AQN-60) with an MWCO 
of 3450 Da yielded >98.50 % dye rejection and <3.56 % NaCl retention 
with comparable permeance even at a high salinity of 10.0 g⋅L− 1, 
demonstrating its superior fractionation performance for dyes and salts. 
Furthermore, the AQN-60 composite membrane exhibited excellent 
long-term stability during a continuous 24-h filtration process of a 
reactive blue 2/NaCl mixture, with minimal flux reduction of 12.1 % for 
stable fractionation of dye and salt, due to the outstanding anti-fouling 
properties and durability of VA/ε-pl-based aminoquinone composite 
networks. In addition, the incorporation of the VA/ε-pl AQN composite 
coating endowed the membrane with superior antibacterial properties, 
with 98.75 % inhibition efficiency against E. coli, strengthening the 
practical application of the composite membrane in harsh environment. 
This study represents a novel strategy for designing high-performance 
and antibacterial tight ultrafiltration membranes, offering a technol
ogy platform for the sustainable management of highly saline textile 
wastewater.
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