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nterfacial polymerization towards
COF membranes for efficient dye separation†

Weishan Deng,‡ Zezhen Zhang,‡ Lulu Liu, Zekun Zhou and Lili Wu *

Membrane separation has been shown to have significant potential in addressing the global shortage of clean

water. Covalent organic frameworks (COFs) have gained significant attention in the field of membrane

separation due to their structural stability and controllable pore size. Here, a modification of

polyethersulfone ultrafiltration membranes with TA-assisted COFs is prepared by interfacial polymerization

and co-deposition. Intriguingly, in comparison to the conventional COF synthesis method, the interfacial

polymerization reaction used n-butanol as the oil-phase monomer to prevent substrate corrosion. More

importantly, the TA-assisted co-deposition not only introduces a large number of environmentally friendly

hydrophilic groups to enhance the hydrophilicity of the membrane surface, but also the phenolic hydroxyl

group contained in TA generates a quinone group upon oxidation. This group can undergo a Michael

addition reaction with the amine group, followed by interfacial polymerization to regulate the COFs pore

size. Consequently, the optimized membrane exhibited a high permeation flux of 122.03 L m−2 h−1 bar−1

without altering the pore size structure of the original membranes and demonstrated separation

performance for various dyes (Mw: 300–1300 g mol−1), with a retention rate of over 98%. Despite multiple

filtrations of methyl blue dye, the membrane prepared by simple rinsing still exhibited high retention rates

(>98%) with exceptional stability and retention performance. The optimized membrane demonstrated good

hydrophilicity and dye separation performance, indicated promising potential for dye separation applications.
Introduction

Currently, the global scarcity of clean water resources presents
a signicant challenge in our living environment due to water
pollution and reuse challenges. Membrane technology,
compared to other separation methods, not only minimises
wastewater discharge but also conserves water resources and
reduces production costs. An effective means to achieve waste-
water resources and reuse is the use of membrane technology to
treat wastewater. Membrane separation has several advantages
such as low energy consumption, ease of operation, and envi-
ronmental friendliness. This makes it signicant in reducing
environmental pollution, saving water resources, and promoting
sustainable development in the industry. The method is cost-
effective and environmentally friendly for treating wastewater.
Researchers aim to develop membrane materials with precise
molecular separation and stable physicochemical properties.
These materials have numerous advantages, such as exceptional
separation properties and high selectivity, which make them
suitable for various applications in different elds.
, Wuhan University of Technology, Wuhan
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Covalent organic frameworks (COFs) are ordered and porous
crystalline materials with various advantages such as tailorable
structure and function, low backbone density and high porosity,
crystallinity and stability.1,2 By choosing different building blocks
and synthesis conditions, COFs can exhibit distinct structures
and properties, and the pore size of COFs-based membranes can
be adjusted to separatemolecules based on their size. There have
been some studies reporting the synthesis of imine-linked COF at
the water/organic interface for dye separation by Mariñas et al.3

and Banerjee et al.4 COFs have attracted attention from
researchers in many elds due to their unique characteristics,
including gas storage, catalysis, chemical sensing, optoelec-
tronics and energy storage.5 However, in the process of interface
synthesis, corrosive solvents such as trimethylbenzene, 1,4-
dioxane, and dichloromethane are commonly used,6which limits
their application on most polymer substrates. There are still
many challenges, such as how to efficiently and scalably produce
COF membranes, as well as how to solve the adhesion problem
between the COF layer and the substrate.

Polyphenols are frequently employed in surface engineering
due to their catechol structure, which can be oxidized to quinone
under alkaline conditions. This oxidation process has the
potential to facilitate chemical reactions and membrane func-
tionalization.7 However, the high cost of dopamine (DA), which is
the most studied polyphenol, hinders the large-scale practical
application of nanoltration membranes.8 It is crucial to prepare
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of the organic dyes used in this study

Dye Dye tape
Molecular weight
(g mol−1)

Max absorption
(nm)
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View Article Online
nanoltration membranes with low cost and excellent dye/salt
separation performance. Tannic acid (TA), a cheap polyphenol
found in plants, can be used for the synthesis and modication
of membranes. The chemical can serve as a monomer for IP, an
additive for non-solvent induced phase separation (NIPS), and
a modier for the base membrane. The catechol structure and
amino radical can undergo Michael addition/Schiff base reaction
in alkaline aqueous solution under harsh conditions such as
ultraviolet light.9–11 The attachment of TA to the membrane
surface enhances its hydrophilicity and provides reactive sites for
the attachment of other functional groups. This makes it an
effective natural surface modier.

Herein, we fabricated the construction of a stable selective
layer on the surface of PES ultraltration membranes through
TA-assisted interfacial polymerisation co-deposition of COF.

The COF was synthesised by reacting p-phenylenediamine
(PDA) and homotrimethylbenzene tris-carboxaldehyde (TFB).
The use of TA in the COF synthesis process improved the
hydrophilicity of the membrane. To prevent damage to the PES
substrate from corrosive solvents like homotrimethylbenzene,
1,4-dioxane, and dichloromethane, n-butanol was selected as
the oil-phase monomer for the experiments. At an IP reaction
time of COF of 5 minutes, the concentration of PDA was
18 mol L−1, and TFB was 6 mol L−1, the modication resulted in
the best membrane performance, with high permeate uxes
and permeation rates for a variety of dyes (Mw. 300–1300 g
mol−1). The membrane exhibited stability andmaintained good
separation performance even aer a prolonged period, despite
the rejection rate being above 98% (Fig. 1).
MO Anionic 327.33 464
RhB Anionic 479.01 550
CR Anionic 696.68 498
MB Cationic 799.80 573
CBB Anionic 854.02 590
RB Cationic 1017.64 508
ACB Cationic 1298.88 620
Experimental methods
Chemicals and materials

PES ultraltration membrane (PES, UF0302, Guochu Tech-
nology Co., Ltd); tris(hydroxy-methyl)aminomethane, concen-
trated hydrochloric acid (HCl), glacial acetic acid were
Fig. 1 COF-TA-PES membrane for dye separation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
purchased from Sinopharm Chemical Reagent Co. Ltd. Anhy-
drous ethanol, tannic acid (analytical purity 98%), n-butanol, p-
phenylenediamine(PDA), trimellitic anhydride(TFB), alizarin
Crimson 8GX (ACB), Coomassie brilliant blue (BBG), methyl
orange (MO), rhodamine B (RHB) were purchased from Aladdin
Reagents Ltd; methylene blue (MB), congo red (CR), bengal rose
red (RB) were purchased from Shanghai Yin Chemical Tech-
nology Co. Ltd (as shown in Table 1); deionized water was ob-
tained from a deionized water generator system (RX-108,
XINRUI, China). All chemical reagents were analytical grade
and can be used without further purication.
Preparation of COF-TA-PES membrane

Preparation of TA-PES composite membrane. The PES
ultraltration membrane has been pretreated by immersion it
in ethanol for 30 minutes, then removed and cleaned the
membrane surface with deionised water. Aerwards, 0.2 g of
tannic acid (TA) was weighed and dissolved in 100 mL of buffer
solution (Tris–HCl) at pH 8.5 and stirred for 30 minutes to
obtain a homogeneous solution. Subsequently, the membrane
was immersed in the TA solution at 40 °C. In the end, the
residual TA was washed off with deionised water. The modied
membrane was noted as TA-PES membrane.
RSC Adv., 2024, 14, 16510–16519 | 16511
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Preparation of COF-TA-PES composite membrane. A mass of
p-phenylenediamine (PDA) was dissolved in 50 mL of deionised
water. Then, 1 mL of glacial acetic acid (3 mol L−1) was added as
a catalyst to the monomer solution and mixed thoroughly.
Aerwards, a certain mass of homobenzene trialdehyde (TFB)
was dissolved in 10 mL of n-butanol and ultrasonicated for 30
minutes (the concentration ratio of PDA to TFB was prepared
according to 3 : 1, and the monomer PDA was slightly over-
dosed, mainly because it was considered that the amine group
of part of the PDA would react with the TA on the PES
membrane and thus consume part of the monomer12). Subse-
quently, the TA-PES membranes were immersed in the conFigd
PDA monomer solution and removed aer 1 min of standing to
remove the excess PDA solution from the surface. In the end, it
was placed in a homemade single-side modication device and
TFB solution was added on the surface, and the membrane was
removed aer a certain reaction time. The membrane was heat-
treated at 60 °C for 5 minutes to cure and enhance the adhesion
between the modied layer and the substrate.13 The modied
membrane was noted as COF-TA-PES membrane.
Characterization and performance

Surface characterization. The chemical structure of the
membrane surface was characterized by attenuated total
reectance Fourier transform infrared spectra (ATR-FTIR,
Nexus, Nicolet 6700, USA) test the surface groups and struc-
ture changes of the original membrane and modied
membrane. Surface element composition and proportion of the
original membrane and modied membrane were observed by
X-ray photoelectron spectroscopy (XPS, Escalab 250 Xi, USA).
The surface morphology of the membrane was observed by
a eld emission scanning electron microscope (FESEM, JSM-
7500F, Japan) at an accelerating voltage of 20.0 kV, and the
surface of the membrane was sprayed with gold by an ion
sputter before measurement. Surface element composition was
determined by Energy Dispersive Spectrometer (EDS, Zeiss Ultra
Plus, Germany). The water contact angle was measured at 5
random positions on the membrane using a 2 mL water droplet
and the average of all test results was taken as the nal result.

Filtration performance. The ltration performance was
tested in the ultraltration cup. The membrane was pre-
pressurized with pure water at 3 bar pressure for 30 min to
achieve a stable pure water ux. The permeation was calculated
according to the following equation:

J ¼ V

A� t� Dp
(1)

where J (L m−2 h−1 bar−1) is the pure water ux, V (L) is the
volume of pure water passing through the membrane, A (m2) is
the effective area of the membrane during ltration, t (h) is the
time for membrane ltration of pure water, and DP (bar) is the
transmembrane pressure.
Permeation and dye separation performance

The membrane permeation and separation performance was
tested using a laboratory misaligned cross-ow ltration device
16512 | RSC Adv., 2024, 14, 16510–16519
(effective membrane area of 18.1 cm2 and diameter of 4.8 cm).
The misaligned cross-ow device is shown in Fig. S1.† Various
dye solutions (100 ppm) congd in the laboratory were used as
the feed solution. Before performing the permeation and
retention tests, each membrane was pre-pressed at 3 bar for 30
minutes to achieve a stable permeation ux. Then, it was placed
in the laboratory misaligned cross-ow ltration device and
tested at room temperature under a pressure of 2 bar. During
the experiment, the feed solution was continuously stirred to
prevent concentration polarization. Each membrane was tested
at least three times to obtain more reasonable data. The
concentration of the feed and permeate was tested by UV
spectrophotometer (UV, UV-2550, China) and calculated based
on the standard curve of the dye. The rejection rate of the dye
was calculated according to the following equations:

R ¼
�
1� Cp

Cf

�
� 100% (2)

where Cp and Cf are the concentrations of dye permeate and dye
feed solution.
Reusability performance and long-term stability

The membrane was ltered for 12 hours in a misaligned
crossow device using methyl blue. Appropriate amounts of
permeate were taken out every 30 minutes to test the dye
retention rate. It is important to note that all ltration were
carried out at a pressure of 2.5 bar and 20 °C.

The long-term stability of the membrane will directly affect
its practical application. The long-term stability of the
membrane was investigated from the permeability and dye
retention performance of the nanoltration membrane during
the long-term separation process.14 A cycle is divided into three
steps: rst, the membrane is pre-pressed at 3 bar for 30 minutes
to obtain a stable ux, then placed in a laboratory misaligned
cross-ow ltration device, ltered with methyl blue (100 ppm)
for 2 hours, then rinsed with deionized water for 30 minutes
and repeated several times. The membrane rejection of dye and
permeation was evaluated every 30 min during the antifouling
test.
Results and discussion
Characterization of modied membrane

Fourier transform infrared spectroscopy (FTIR) can characterize
the chemical structure of the pristine and the modied
membranes.15 The infrared spectra of the pristine and the
modiedmembranes were shown in Fig. 2. From Fig. 2(a), it can
be seen that the PES membrane exhibits typical absorption
peaks at 1579 cm−1 and 1487 cm−1, which are mainly related to
the stretching vibration of the benzene ring.16 The absorption
peak at 1297 cm−1 mainly comes from the stretching vibration
of the S]O bond,17 which mainly comes from the PES
membrane. A new characteristic peak appeared at 1725 cm−1 in
the TA-PES membrane which was related to the stretching
vibration of the C]O bond,18 indicating that TA was oxidized to
the quinone group and coated on the surface of the TA-PES
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) ATR-FTIR spectra of PES membrane and modified membranes, (b) ATR-FTIR spectra of TA-PES and COF-TA-PES membranes at
1515 cm−1.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
29

:2
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
membrane. Fig. 2(b) was shown that the COF-TA-PES
membrane exhibits a characteristic peak of N–H stretching
band at 1515 cm−1, indicating that TA adsorbs a certain amount
of PDA molecules, and the N–H bond comes from the –NH2

group in PDA. Due to the Michael addition reaction and Schiff
base reaction between TA and PDA monomers, the COF-TA-PES
lm exhibits a vibration peak of N–H band at 1618 cm−1. These
results demonstrate the successful loading of functional groups
on the membrane surface. In COF-TA-PES, a C]N stretching
peak appeared at 1618 cm−1, indicating that the two monomers
have successfully undergone a condensation reaction on the
membrane to generate COF.
Fig. 3 (a) X-ray photoelectron spectroscopy of PES and the modified m
fitting images of TA-PES membrane, (d) C 1s peak fitting images of COF-
1s peak fitting images of COF-TA-PES membrane.

© 2024 The Author(s). Published by the Royal Society of Chemistry
To further investigate the surface chemical composition of
modied membranes, XPS analysis was carried out, testing and
analyzing the composition and proportion of C, N, O, and S
elements. As shown in Fig. 3(a), four characteristic peaks
appeared at 287 eV (C 1s), 401 eV (N 1s), 533 eV (O 1s), and
161 eV (S 2p) for both the PES membrane and modied
membranes. It can be seen from Table 2 that compared to the
PES membrane (The N element may be related to the additive
polyvinyl pyrrolidone added during the preparation of PES
membranes.19), the TA-PES membrane had a signicantly
higher O content, increased from 15.00% to 20.34%, which is
because the O content in the TA-PES membrane was higher
embranes, (b) C 1s peak fitting images of PES membrane, (c) C 1s peak
TA-PES membrane, (e) O 1s peak fitting images of PES membrane, (f) O

RSC Adv., 2024, 14, 16510–16519 | 16513
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Table 2 Element composition of PES membrane and modified
membrane obtained from XPS

Membrane

Composition (atomic%)

C N O S

PES 76.42 3.45 15.00 3.48
TA-PES 72.64 3.38 20.34 3.63
COF-TA-PES 72.23 4.15 19.86 3.70
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than the PES membrane, indicated that TA was deposited on
the surface of the PES membrane. Similarly, the TA–COF–PES
membrane had a higher N content, increased from 3.38% to
4.15%, indicated that both COF and TA were deposited on the
membrane surface. It is noteworthy that the increase in the N
element content of the COF-TA-PES lm compared to the TA-
PES lm is much higher than the increase in the O content,
because the N content reacts extensively on the membrane
surface to form COF, and COF does not contain O element,
which justies the successful progress of the interfacial poly-
merization reaction.20

The peaks of C and O elements on the PES original
membrane and various modied membranes were tted and
divided in Fig. 3(b) to determine the chemical states of the
elements. In the tting of C peaks on the PES membrane,
absorption peaks appeared at 284.0 eV, 285.67 eV, and
290.95 eV, which were related to C]C, C–O, and C–S.21 In the
Fig. 3(c), two new peaks appeared at 284.56 eV and 287.16 eV,
respectively, with the former belonging to C–C and the C]O.22

This indicated that TA was oxidized to form benzoquinone and
then applied on the surface of the PES membrane. In addition,
two new peaks appeared at 285.63 eV and 286.48 eV (Fig. 4(d)),
which were due to the formation of C–N and C]N bonds
Fig. 4 Reaction mechanism between TA, PDA, and TFB.

16514 | RSC Adv., 2024, 14, 16510–16519
between TA and PDA through Michael addition and Schiff base
reactions,23 further demonstrated the successful interfacial
polymerization reaction and coated on the membrane surface.

The tting of O peaks on the PES membrane in Fig. 3(e)
showed that two absorption peaks appeared at 531.13 eV and
532.78 eV, which were attributed to O–C and O]S on the
original PES membrane.24 In Fig. 3(f), a new absorption peak
appeared at 532.93 eV on the TA-PES membrane, which was
attributed to O]C.25 Meanwhile, it can be seen that the
proportion of the O–C peak did not change, which was due to
the rich phenolic hydroxyl groups in TA, indicated that TA was
oxidized to form benzoquinone and then applied on the surface
of the PES membrane. This result was consistent with the FTIR
result, conrming the successful reaction between the reaction
compounds and the synthesis of COF.

The XRD results of the membranes are shown in Fig. S2,†
and the TA-PES membrane shows a similar diffraction peak,
which may be due to the small amount of TA modication and
the overlap with the PES membrane. COF-TA-PES membrane
shows an intense diffraction peak at 2q = 4.8°.This peak
represents a regularly repeating distance along the edges of the
hexagonal lattice system, indicated the formation of an ordered
hexagonal structure.

We propose a rapid approach for synthesising COF on the
membrane surface via reaction, as shown in Fig. 4. The
membrane surface was covered by TA through self-crosslinking
and hydrogen bonding reactions, which occurs under the action
of gravity.26 Its phenolic hydroxyl groups were oxidised to
quinone groups under weakly alkaline conditions, leaving
active sites for subsequent reactions. The PDA monomers
attach to the TA-PES membrane through Michael addition,
Schiff base reaction, and hydrogen bonding at these reaction
sites. Following this, the PDA and TFB two-phase monomers
undergo Schiff base reaction during interface polymerization,
resulting in the generation of COF on the surface of the PES
membrane.
Surface morphology of the modied membranes

Surface morphology testing was one of the most intuitive
methods for analyzing membrane surface modication, as
shown in Fig. 5(a) and (b) were the photos of the pristine PES
membrane and the modied membrane, respectively. It can be
observed that aer interface polymerization, the membrane
surface turned bright yellow, indicating a chemical reaction on
the surface of the membrane.27 The SEM images of the pristine
PES membrane (Fig. 5(a)) and the modied membrane
(Fig. 5(d)), respectively. It can be seen that the original PES
membrane surface has a large number of uniform pores. With
the deposition of TA and the progress of interface polymeriza-
tion, the pore structure of the membrane surface did not
change, and a large number of circular pores can still be
observed on the surface. This indicated that the modication
enhanced the dye separation performance of the membrane
without changing the pore morphology.

EDS can detect the distribution of C, N, and O elements, and
observe the distribution of elements on the surface coating of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) PES original membrane and SEM images; (b) TA-PES membrane; (c) PDA-TA-PES membrane; (d) COF-TA-PES membrane; (e) EDS
image of modified membrane COF-TA-PES; (f) C distribution; (g) N distribution; (h) O distribution.
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the lm. The O element comes from TA and partially unreacted
TFB, the N element comes from PDA, and the C element belongs
to the PES original lm and three modiers. As shown in
Fig. 5(e–h), it can be seen that the distribution of the three
elements were generally relatively uniform. The distribution of
the N element indicated that the six-membered ring structure of
the COF synthesis was uniform.

The inuence of interfacial polymerization time and
monomer concentration on membrane separation
performance

The interfacial polymerization time of traditional polyamide
nanoltration membranes was found to be longer than that of
the new ones. This was mainly due to the smaller kinetic rate
constant of the polymerization between the synthesized COF
monomers compared to that of traditional polyamide
membranes,28 and the relatively low monomer activity, which
Table 3 Composition of modified substances and time of monomer mo

Membrane TA concentration (g L−1) TA deposition time (h)
PDA co
(mmol

1# 2 1 6
2# 2 1 12
3# 2 1 18
4# 2 1 24
5# 2 1 48

© 2024 The Author(s). Published by the Royal Society of Chemistry
was benecial for controlling the interfacial polymerization
reaction time. The duration and concentration of interfacial
polymerization signicantly affect the interfacial reaction. Once
the appropriate interfacial polymerization time was deter-
mined, we investigated the impact of different interfacial reac-
tion monomer concentrations on the permeability of modied
membrane and separation performance. Table 3 below shows
the monomer concentration formulation.

The duration of interfacial polymerization signicantly
affects the reaction. Fig. 6(a) demonstrates the impact of
interfacial polymerization time on membrane performance. As
the interfacial polymerization time increases from 1 to 20
minutes, the permeation of the modied membrane decreases
from 153.73 L m−2 h−1 bar−1 to 35 L m−2 h−1 bar−1, and the
rejection rate of methylene blue dye increases from 97.26% to
over 99%. When the interfacial polymerization time was
shorter, the COF synthesized only covered a portion of the pores
dified membrane

ncentration
L−1)

TFB concentration
(mmol L−1) Interface polymerization time (min)

2 5
4 5
6 5
8 5

16 5
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Fig. 6 (a) The influence of monomer concentration on the interface (polymerization time fixed at 5 minutes), (b) the influence of polymerization
time on the interface.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
29

:2
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
on the surface of the PES-based membrane. As a result, the
methylene blue rejection rate was slightly higher than that of
the original membrane (95.21%). When the interfacial poly-
merization time was extended to 5 minutes, the thin active layer
formed on the membrane surface, which evenly and densely
covered the membrane surface. Consequently, the rejection rate
approached 99%. When the interfacial polymerization time was
extended to 10 minutes, the permeation of the modied
membrane decreased signicantly. This suggested that a longer
interfacial polymerization time results in an active layer on the
membrane surface, leading to greater water transport resistance
and higher energy consumption for separation. These factors
were not conducive to practical applications of dye separation.29

Therefore, it was recommended that 5 minutes be selected as
the optimal time for interfacial polymerization reactions in
future research.

The effect of different concentrations of monomers on the
permeability and rejection performance of the synthesized
modied membrane is shown in Fig. 6(b). As the monomer
concentration increases, the permeability of the modied
membrane for methylene blue decreases from 155.66 L m−2 h−1

bar−1 to 2.50 L m−2 h−1 bar−1, and the rejection rate for
methylene blue gradually increases. The separation perfor-
mance of modied membranes 1# and 2# for methylene blue
Fig. 7 (a) Water contact angle of pristine PES membrane and modifie
membrane.

16516 | RSC Adv., 2024, 14, 16510–16519
was similar to that of the original membrane, as the low reac-
tion concentration ultimately results in the layer, and the
formed active layer has certain defects.30 As the monomer
concentration increases, the permeation of methylene blue
decreases sharply, mainly due to the formation of a thicker
active layer at the two-phase interface by a large amount of
monomers, which increases the resistance to water transport.
Therefore, the formula of modied membrane 3# was selected
for subsequent experiments.

Hydrophilic property of the composite membranes

The hydrophilicity of the membrane plays a signicant role in
reducing membrane fouling, as the hydrophilic groups on the
membrane surface can attract water molecules to form a tight
hydration layer, which can weaken the adhesion of pollutants
on the membrane surface, thereby reducing membrane
fouling.31 The static water contact angle of PES membrane and
modied membrane was shown in Fig. 7(a), and the water
contact angle of TA-PES membrane decreased from 61.53° to
44.26°, which was attributed to the large amount of phenolic
hydroxyl groups in TA. These hydrophilic groups can better
bind with water molecules, resulting in higher hydrophilicity of
the modied membrane, while the pure water permeation
decreased from 178.72 L m−2 h−1 bar−1 to 171.51 L m−2 h−1
d membrane; (b) water flux of pristine PES membrane and modified

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bar−1, due to the formation of a modied layer on the
membrane surface aer TA deposition. Although hydrophilicity
of TA made water molecules more easily to pass through the
membrane pores, the formation of a modied layer on the
membrane surface aer TA deposition results in a slight
decrease in pure water permeation.32 This also indirectly indi-
cates that TA is coated on the membrane surface. Aer inter-
facial polymerization, the static water contact angle of COF-TA-
PES membrane slightly increased, but it remains lower than
that of the pristine PES membrane, and the pure water
permeation decreased to 122.03 L m−2 h−1 bar−1, which was
due to the formation of a thin active layer of COF on the
membrane surface, which was evenly and densely covered,
resulting in a decrease in permeation. The permeation of COF-
TA-PES membrane prepared directly on the membrane surface
was only 18.25 L m−2 h−1 bar−1, which also indirectly indicated
that COF-TA-PES membrane overcomes the disadvantages of
poor hydrophilicity and low permeation of COF, and has good
performance.
Separation performance of the composite membrane

In order to investigate whether the best performancemembrane
has a rejection effect on different dyes. We selected dyes of
different molecular sizes by the modied membranes. The
structure and properties of dyes were shown in Table 1. Their
relative molecular weights range from 300 to 1300 g mol−1 as
shown in Fig. 8(a). The adsorption performance of the original
membrane is low and the decrease in ltrate concentration is
mainly related to the retention performance of the membrane
as shown in Fig. S3.† The rejection rate of pristine membrane as
shown in Fig. S4.† The rejection rate of modied membranes
for RhB dye is about 8%, and the rejection rate for MO dye is
about 84% (Due to the negative charge of the membrane
surface, it repels methyl orange, which also carries a negative
charge, resulting in a high rejection rate). However, the
Fig. 8 (a) Rejection rates of modifiedmembrane for various dyes; UV-vis
dyes (b) ACB; (c) CBB; (d) MO; (e) CR; (f) RB; (g) MO; (h) RhB (the small fig
and filtrate solution).

© 2024 The Author(s). Published by the Royal Society of Chemistry
rejection rates for ACB, CBB, MB, CR, and RB are all above 97%.
This was mainly due to the size screening effect.33 The molec-
ular sizes of RhB andMO were relatively small, and the pore size
of the modied layer can prevent the passage of larger molec-
ular size dyes, while allowing the passage of smaller molecular
size dyes. Therefore, the rejection rate of modied membranes
for RhB was low. The concentration changes of the retention
liquid, feed liquid, and ltered liquid of various dyes were
tested using ultraviolet visible spectrophotometer. As shown in
Fig. 8(b)–(h), the concentration of the rejection liquid of dyes
was signicantly higher than that of the feed liquid. Therefore,
modiedmembranes have good separation performance for the
dyes and have broad application prospects in the treatment of
textile wastewater.

Stability and reusability of the composite membranes

The stability and reusability of membrane materials were great
signicance for the industrial treatment of dye-containing
wastewater.34 As shown in Fig. 9(a), the modied membrane
still maintains a high rejection rate (greater than 97%) aer
multiple ltration of methylene blue dye solution, indicated
that it has good anti-pollution performance. In addition, during
the long-term ltration of methylene blue dye, the rejection rate
of the modied membrane remains almost unchanged, staying
above 98%, indicated that it maintain good separation perfor-
mance in long-term use. At the same time, although the ltra-
tion process may cause the membrane pores to become
blocked, resulting in a decrease in membrane permeation. As
shown in Fig. 9(b) aer 12 hours of permeate, the permeation
can still be maintained at 84 Lm−2 h−1 bar−1, indicated that the
modied membrane has good stability.

Comparison with others works

To compare the modied membrane prepared in this work with
other reported modied membranes, and highlight the dye
ible absorption spectra of feed, filtrate, and retained solutions of various
ures from left to right are, in order, the retained solution, feed solution,
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Fig. 9 (a) Separation performance of MB dye in seven cycles of testing; (b) separation performance of modified membrane in separating methyl
blue dye within 12 hours.

Table 4 Comparison of preparation methods, dye removal rate, and permeation flux of modified membranes and other nanofiltration
membranes

Membrane Preparation Dye rejection rate (%) Permeation (L m−2 h−1 bar−1) References

PAN/LZU1 Spraying MB: 98% 39 37
PVDF/LZU1 Interfacial polymerization CR: 98% 200 38
HPAN/TpPa-1 In situ growth ACB: 90% 42 39
COF-LZU1/PES Interfacial polymerization CB-T: 98% 83 40
TpPa/PSF Interfacial polymerization MB: 98% 50 41
TA–COF–PES Interfacial polymerization MB: 98% 122 This work
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separation performance of our membrane, Table 4 compares
the molecular exclusion of our membrane with other reported
membranes and polymer substrates or matrices. Due to a high
molecular exclusion rate (e.g., 95%), many reported membranes
have a permeation of less than 50 L m−2 h−1 bar−1.35 In this
work, under optimized preparation conditions, a high molec-
ular exclusion rate can be achieved while maintaining a high
permeance (approximately 100 L m−2 h−1 bar−1), which is about
2–10 times higher than other membranes with polymer
substrates or matrices, including membranes made with new
materials such as graphene oxide (GO) and metal–organic
frameworks (MOFs).36 The superior water permeability of the
modied membrane should be attributed to the synergistic
effect of TA and COF, including the hydrophilicity of TA and the
additional channels provided by COF.

Conclusions

In summary, we demonstrated a method for modifying
commercial PES ultraltration membranes using an environ-
mentally friendly TA-assisted COF interfacial polymerization co-
deposition. The membranes were treated with a PDA concen-
tration of 18 mol L−1, a TFB concentration of 6 mol L−1, and an
interfacial polymerization reaction time of 5 minutes. As
a result, the hydrophilicity of the membranes was increased, the
membrane water contact angle was reduced to 48.9°, and the
permeation capacity was increased to 122.03 L m−2 h−1 bar−1.
The modied membrane achieved retention rates above 98%
16518 | RSC Adv., 2024, 14, 16510–16519
for a wide range of dyes (Mw: 300–1300 g mol−1) and main-
tained this performance over 6 cycles. TA was deposited on the
membrane surface through hydrogen bonding. Upon oxidation,
the resulting quinone group reacted with PDA in a Michael
addition reaction. TFB was then added to polymerise at the
interface of the membrane surface, forming COFs that were
successfully attached to the membrane surface. This enhanced
the stability of the COFs on the surface of the membrane,
resulting in a modied membrane with improved separation
performance. This work proposes a novel approach for
producing high-performance, eco-friendly separation
membranes. The stable and efficient coating strategy presented
here can be applied to separate various liquids or to prepare
membranes with controllable properties.
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