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H I G H L I G H T S

• The novel polyester loose nanofiltration membranes were fabricated by interfacial polymerization method.

• The optimized polyester membrane exhibited excellent water permeability.

• This polyester membrane exhibited both a high rejection of dyes and a high transmission of salts.

• This polyester membrane showed a superior antifouling performance and long-term stability.
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A B S T R A C T

Loose nanofiltration membranes with a remarkable water permeability are highly promising for the fractionation
of dyes and salts in the treatment of textile wastewater. In this study, a novel polyester membrane with un-
precedented water permeability was developed via interfacial polymerization (IP), in which meso-erythritol
(ME) was utilized as an aqueous monomer. Instead of using toxic catalysts, sodium hydroxide was incorporated
to the aqueous solution to catalyze the ester reaction between hydroxyl and acyl chloride. A series of char-
acterizations demonstrated that the formed polyester film is hydrophilic and negatively charged, with micro-
sphere structures on the surface. Due to the low-active hydroxyl groups of the aqueous monomers, the parti-
cipation of ME could yield a coherent polyester film with slightly loose structure atop the polyethersulfone (PES)
membrane. The resultant membrane with high water permeability exhibited both a high rejection of dyes and a
high transmission of salts. The rejection of the LNFM-2 membrane with an excellent water permeability of 53.23
LMH bar−1 for Congo red (CR), direct red 23 (DR23), reactive blue 2 (RB2), Na2SO4, NaCl was 99.6%, 95.2%,
99.6%, 11.0%, and 5.6% respectively. Furthermore, LNFM-1 has a water permeability of up to 87.13 LMH bar−1

while maintaining a competitive dye/salt separation performance. In addition, this type of polyester membrane
has a superior antifouling performance and long-term stability during the filtration of dye/salt mixtures.

The newly developed polyester LNF membranes have great application potential in the treatment of textile
wastewater. This study paves the way for applying hydroxyl monomers like polyols for constructing TFC
membranes for diverse separations.

1. Introduction

Dyes have been widely used in the textile, plastics, paper and other
industries for decades [1]. However, a large amount of colored waste-
water is produced during the dyeing process, which not only pollutes

the environment but also threatens human health [2]. Generally, a large
amount of inorganic salts, mainly sodium chloride, is used during the
dye synthesis process [3]. In order to boost the uptake of dyes by the
fibers, some inorganic salts such as sodium chloride (~6.0 wt%) and
sodium sulfate (~5.6 wt%) are introduced within the dyeing process [4-
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6]. Thus, either the formation of salt by-products in the dye synthesis or
artificial addition of salts in the dyeing procedure will inevitably lead to
the coexistence of dyes and salts in textile wastewater. Nonetheless, the
excessively high salt concentration in dye wastewater complicates
conventional treatment processes, such as adsorption [7], photo-
catalytic treatment [8] and chemical oxidation [9], making the dye/salt
mixtures complicated to be separated and recovered. From the concept
of sustainable development, textile wastewater treatment requires a
mode upgrade, not only for traditional filtration (such as reverse os-
mosis, dye exclusion or pure water production), but also for the re-
covery of resources (including salts and dyes) from textile water.
Overall, the fractionation of dye/salt mixtures is of pivotal importance
for desalination of dye solutions and for dye reuse and purification.

Nanofiltration (NF) membranes with a molecular weight cutoff
range of 200–1000 Da and pore size about 0.5–2.0 nm are ideal can-
didates for the treatment of wastewater [6,10-14]. Conventional NF
membranes are able to reject dyes and salts simultaneously by size
sieving [15] and electrostatic repulsion (the Donnan effect) [16], rather
than fractionating the dye/salt mixtures. In order to achieve the se-
paration of dye/salt mixtures based on NF, a new concept of loose
nanofiltration (LNF) was proposed to achieve the removal of organics
with low molecular weight, while allowing a high permeation of in-
organic salts (especially divalent salts) in 2004 [17]. Since then, sub-
stantial attempts have been made to develop loose nanofiltration for the
fractionation of dye/salt mixtures [6,12,18-20].

Three main approaches have been utilized to fabricate LNF mem-
branes: co-deposition of polyphenol-inspired monomers (such as ca-
techol, tannic acid and dopamine) with polyethylenimine (PEI) [19,21-
23], blending of functional fillers within PES matrices via phase in-
version [6,12,24], in situ self-assembly to prepare hydrolyzed poly-
acrylonitrile (HPAN) membranes [25-27]. However, the intricate
synthesis procedures and expensive raw materials largely restrict the
large-scale implementation of the above-mentioned methods. Further-
more, the current strategies of improving water flux are generally at the
cost of solute rejection, impeding potential applications in rapid and
efficient separation of dye/salt mixtures. Therefore, it is of crucial
significance to seek for cost-effective methods for developing highly
selective and highly permeable LNF membranes. Interfacial poly-
merization (IP) is an established technique to prepare thin film com-
posite (TFC) NF membranes with cross-linked structure [28]. In the IP
process, the generation of an active thin film layer on the substrate
membrane is the key to determine the performance of TFC NF mem-
brane. The physicochemical properties of monomers play a crucial role
in the pore diameter, thickness, electrical properties and hydrophilicity
of the thin film layer. Therefore, TFC membranes can be designed with
desired properties by the manipulation of diverse monomers. Compared
to commonly used polyamide NF membranes prepared by polyamines
[29-32], only few studies have been carried out to prepare the less used
polyester NF membranes formed by polyols or polyphenols [33-39].
This can be caused by the lower salt rejection of the polyester NF
membranes compared to polyamide NF membranes due to their loose
structure formed by the hydroxyl groups in the monomers, which have
a low activity [34,36,40]. For instance, Cheng et al. [34] selected
pentaerythritol as aqueous monomer to construct novel polyester TFC
membranes for desalination. The optimized polyester TFC membrane
exhibited good rejection of Na2SO4 (98.1%), but only a MgSO4 rejection
of 67.9% and an extremely low water permeability (1.2 LMH bar−1, at
25 °C). This also means that the salt rejection of a polyester TFC
membrane can be greatly reduced, while the permeability is enhanced
to the level of commercial polyamide TFC membrane (around 10 LMH
bar−1) [41]. Furthermore, polyester TFC membranes constructed via IP
reaction between trimesoyl chloride (TMC) and tannic acid on a PES
substrate [38] showed 56% higher water permeability (23.4 LMH
bar−1) than a polyamide TFC membrane constructed by piperazine and
TMC via IP on a PES ultrafiltration support [42]. However, the salt
rejection of polyamide TFC membrane (97.4%) was higher than that of

polyester TFC membrane (50.2%). Inspired by the above results, we
hypothesized that the loose structure formed by the hydroxyl groups in
the polyols/polyphenols would be suitable for fractionating dye/salt
mixtures. However, reported studies only focused on the excellent an-
tifouling [33,38,39] and chlorine-resistant [34,43] properties of the
polyester TFC membranes but did not notice that the loose structure of
polyester TFC membranes may be suitable for the fractionation of dye/
salt mixtures. To enhance the application potential of polyester TFC
membranes and develop more efficient textile wastewater treatment
membranes, it is important to study the filtration of dye/salt mixtures
with polyester TFC membranes.

Meso-Erythritol (ME) is a compound with four hydroxyl groups,
which has been broadly applied in confectionery, food products and
pharmaceuticals [44,45]. Considering that its hydroxyl groups can react
with acyl chloride of TMC under certain conditions, a polyester TFC NF
membrane can be synthesized via an IP reaction. However, most of the
hydroxyl monomers used to prepare polyester composite membranes
are not active; the IP reaction requires additional catalysts or a longer
reaction time to ensure a defect-free polyester film [42,43,46]. Previous
studies demonstrated that the use of sodium hydroxide (NaOH) can
transform polyols and polyphenols to salts, thus increasing the activity
of monomers and contributing to a thin film within a shorter IP time
[47,48]. Therefore, NaOH is expected to be a promising catalyst to
facilitate the esterification between ME and TMC.

In this study, a novel high-flux polyester TFC LNF membrane, with
intended high rejection of dyes and fast permeation of salts (even di-
valent salts), was prepared by the IP between ME and TMC catalyzed by
NaOH on the PES substrate membrane, as shown in Fig. 1. In addition,
the prepared polyester membrane with ME monomers is thought to
endow the TFC LNF membrane with superior anti-fouling performance.
The aim of this research is not only to report a novel synthetic approach
to prepare high-flux LNF membrane, but also to emphasize that the
hydroxyl-containing monomers (e.g., polyols, polyphenols) have great
application potential in the field of LNF.

Fig. 1. Schematic diagram of polyester membrane for dye/salt filtration.
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2. Experiments

2.1. Chemicals and materials

Polyethersulfone (PES) (Ultrason E3000P) was supplied by BASF
Co., Ltd. Dimethyl sulfoxide (DMSO, 99.5%), Meso-Erythritol (ME,
≥99%), trimesoyl chloride (TMC, 98%), n-hexane (95%) and sodium
hydroxide (NaOH, 90%) in the form of powder were purchased from
Sigma-Aldrich (Belgium) to prepare polyester TFC membranes. Congo
red (CR, dye content: 40%), direct red 23 (DR23, dye content: > 30%),
reactive blue 2 (RB2, pure) from Sigma-Aldrich were selected to assess
the rejection ability of polyester membranes at a concentration of
200 ppm; the chemical structure of these dyes is shown in Table 1.
Sodium chloride (NaCl, 99%), sodium sulfate (Na2SO4, 99%) were
supplied by Sigma-Aldrich and used for salt rejections at a concentra-
tion of 1000 ppm. All the aqueous solutions were prepared by deionized
(DI) water.

2.2. Membrane preparation

2.2.1. Preparation of PES UF membranes
The PES casting solution with polymer concentration of 15.0 wt%

was obtained via dissolving PES powders in DMSO via vigorous stirring
at a constant room temperature of 25 °C ± 3 °C for over 10 h. The

resultant casting solution was degassed in a centrifuge for 10 min at
4000 rmp, followed by using a casting knife with a thickness of 250 µm
to cast it onto the surface of non-woven fabric. Subsequently, the initial
membrane was placed into a water bath for solvent/nonsolvent ex-
change. Finally, the resultant PES membranes were stored in deionized
water at 4 °C prior to use.

2.2.2. Polyester TFC NF membranes preparation procedure
IP reaction was carried out in a clean and ventilated fume hood at a

constant room temperature of 25 °C ± 3 °C and a relative humidity of
33% ± 3%. As shown in Fig. 2, polyester TFC membranes were fab-
ricated via IP between ME and TMC catalyzed by NaOH on PES sub-
strate surfaces. Firstly, the residual water on the PES membrane surface
was removed gently by an air knife; then, the PES membrane was
clamped in a glass holder module and surface coated with aqueous ME/
NaOH solution (20 mL) for 6 min. Afterwards, the aqueous solution was
poured from the glass holder, and the redundant liquid on the mem-
brane surface was eliminated as soon as possible. Secondly, the organic
TMC/n-hexane solution (8 mL, 1 mg mL−1) was poured into the
membrane module to achieve the IP for different durations at a constant
room temperature of 25 °C ± 3 °C. After the removal of the residual
TMC solution, the membranes were washed thoroughly with DI water
and then stored in DI water (4 °C) before use. Within contrast with
previous studies, heat treatment after IP was not used in this work,

Table 1
Properties of dyes used in this study.

Dye MWa (g mol−1) λb (nm) Chemical structure

Congo red (CR) 696.6 498

Reactive blue 2 (RB 2) 774.2 628

Direct red 23 (DR 23) 813.7 507

a Molecular weight.
b Maximum adsorption wavelength.
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which inevitably increases the cross-link degree and thereby decreases
the permeability of the polyester LNF membranes. The IP parameters,
including ME concentration, the additive dosage of NaOH, and the time
of IP reaction are listed in Table 2.

2.2.3. Membrane characterization
Each sample was dried in a fume hood at room temperature for over

48 h. The chemical constitution of polyester films was characterized by
a NEXUS670 Fourier transform infrared (FTIR) spectrometer and Krais
ULFRA x-ray photoelectron spectroscope (XPS). Surface and cross-sec-
tion morphologies of polyester TFC LNF membranes were evaluated by
FESEM (Philips XL30 FEG, Netherlands). Each sample was sputtered
with gold (Au) before SEM observation. A dimension 3100 AFM device
(Bruker USA) was utilized to determine the polyester membranes sur-
face roughness under ambient conditions with a 10 × 10 µm2 scanning
area. The hydrophilicity of polyester membranes was evaluated by a
contact angle goniometer (OCA20, Dataphysics Instruments, Germany)
with 2 µL water droplets at 5 random locations. The charge properties
of membrane surface were investigated using an Electrokinetic
Analyzer (SurPASS 3, Anton Paar, Austria).

2.3. Filtration performance measurement

The nanofiltration performance (e.g., water permeance, dye rejec-
tion, and salt rejection) was investigated in a dead-end cell (HP4750
stirred cell, Sterlitech Crop., Kent, WA, USA) with an effective mem-
brane area of 14.6 cm2. Prior to filtration, all membranes were pre-
pressurized at 8 bar for at least 1 h using pure water until a stable water

flux was attained. In this work, the initial water permeability of LNFM-1
can reach about 280 L m−2h−1 bar−1, and the permeability of after
compaction is stable within 100 L m−2h−1 bar−1, which may be caused
by the compaction of the loose structure of a polyester film [49,50].
After compaction, the trans-membrane pressure was adjusted to 4 bar
with different feeds at room temperature. The water permeability (WP,
L m−2h−1 bar−1) was calculated by the following equation:

=WP V A t p/( Â· Â· ), where V represents the permeated solution vo-
lume (L) collected over the filtration time t (h), and A is the effective
membrane area (m2), p is the applied pressure. The retention of salts
(NaCl, Na2SO4, 1 g L−1) and dyes (CR, DR23, and RB2, 200 ppm) was
calculated as = ×R C C(1 / ) 100%p f , where Cp and Cf (g L−1) are the
dye/salt concentrations in the feed and permeate solution, respectively.
All the dye concentrations were measured with a UV–Vis spectrometer
(Shimadzu, Japan). The single salt concentrations were measured by an
Electrical Conductivity equipment (Thermo Scientific Orion Star A212).
In case of dye/salt mixture, before measuring the salt concentrations in
the permeate, the activated carbon was employed to completely adsorb
residual dyes in the permeate.

2.4. Antifouling properties test

The above performance results show that high-flux polyester
membranes have potential for low-pressure operation, which can solve
the problem of energy consumption due to a relative high operation
pressure. Therefore, the antifouling performance of polyester TFC LNF
membranes was investigated with a DR23 solution (200 ppm) at room
temperature and 1 bar with the dead-end cell described above. Before
recording data, the membrane was compacted with pure water to sta-
bilize the system. The membrane was compacted with DI water to
stabilize the system, then the membrane was used to filter the DI water
and the data was recorded every 10 min for 1 h. The average water flux
was recorded as Jw,1. Then, the feed solution was replaced by the DR23
solution for another 1 h and the average permeate solution flux was
recorded as Jp. The membrane was then washed with pure water for
30 min, which was not counted in the filtration cycle. Subsequently, the
pure water flux of cleaned membrane Jw,2 was measured again at the
same condition. The above assessment of antifouling properties for
polyester TFC LNF membranes was repeated twice. The higher flux
recovery ratio (FRR) and the lower total fouling ratio (Rt) indicating the
better antifouling ability of membrane can be calculated by

= ×FRR J J( / ) 100%w w,2 ,1 ; = ×R J J(1 / ) 100%t p w,1 . Irreversible fouling
(Rir), which can be expressed by =R R Rir t r , refers to the adsorption
or deposition of molecules. Reversible fouling (Rr), which can be cal-
culated by = ×R J J J( )/ 100%r w p,2 1 , is closely related to the fouling
caused by concentration polarization.

Fig. 2. Scheme of the fabrication process and IP reaction mechanism for the ME polyester membrane. R is possibly H and dicarbonyl substitution.

Table 2
The ME polyester TFC NF membranes were fabricated at various reaction time,
monomer and NaOH concentrations.

Membrane ME in aqueous
phase (wt%)

NaOH in
aqueous phase
(wt%)

TMC in
organic phase
(wt%)

IP reaction
time (min)

LNFM-1 0.6 0.5 0.1 2
LNFM-2 0.8 0.5 0.1 2
LNFM-3 1.0 0.5 0.1 2
LNFM-4 1.2 0.5 0.1 2
LNFM-5 1.4 0.5 0.1 2
LNFM-6 0.8 0.35 0.1 2
LNFM-7 0.8 0.4 0.1 2
LNFM-8 0.8 0.45 0.1 2
LNFM-9 0.8 0.55 0.1 2
LNFM-10 0.8 0.5 0.1 1
LNFM-11 0.8 0.5 0.1 3
LNFM-12 0.8 0.5 0.1 4
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2.5. Dye/salt separation and stability performance evaluation

Dye/salt separation using LNFM-2 membranes were carried out in
the same dead-end apparatus at 2 bar. The influence of salt con-
centration was observed by varying the Na2SO4 concentration (1, 5, 10,
20, 30 and 40 g/L) with the 200 ppm DR 23 aqueous solution. The
stability of the performance of the LNFM-2 membranes was studied
through a filtration test. A mixed solution containing 200 ppm DR 23
and 1 g/L Na2SO4 was filtered for 5 h by the dead-end system at 2 bar.
Then, permeability and solution rejection were measured as mentioned
before.

3. Results and discussion

3.1. Chemical structure of polyester film surface

FT-IR spectra of PES and diverse polyester TFC membranes, which
were employed to analyze their surface chemical structure, are dis-
played in Fig. 3a. Different from PES substrate, the synthesized polye-
ster film showed obvious absorption signals at 1730 cm−1 (C]O) and
3339 cm−1 (–OH). The presence of C]O groups indicates that the
polyester films were successfully synthesized via the polymerization

between the hydroxyl of ME and the acid chloride of TMC [43]. The
broad peaks corresponding to the stretching vibration of the –OH
groups are in the range of 3200–3500 cm−1; hence, the new peaks were
attributed to the unreacted –OH groups of ME monomers in the
polyester films and carboxyl groups formed by hydrolysis of acyl
chloride groups on TMC [42,47,51,52]. These unreacted hydroxyl
groups and carboxyl groups are likely to advance the hydrophilicity and
antifouling ability of the polyester TFC membranes, which will be dis-
cussed in 3.3 and 3.5.3, respectively. Similar conclusions have been
reported in the literature [42,43,53]. As shown in the deconvoluted C
1 s spectra of polyester TFC membranes (Fig. 3b), the LNFM-1 mem-
brane displayed O-C]O, C-O, and C]O groups, which is in good
agreement with the FT-IR characterization, and confirms the formation
of polyester films.

3.2. Surface morphologies of composite membranes

Surface and cross-section SEM images of the polyester TFC LNF
membranes are presented in Fig. 4. As can be seen from Fig. 4a-d and
Fig. S1a, microsphere structures appear on the surface of the ME-LNF
membrane. Moreover, it was found that the number of microspheres on
the surface of ME-LNF membrane increases with the ME concentration

Fig. 3. (a) FTIR spectra of PES, LNFM-1, LNFM-3, and LNFM-5 membranes; (b) XPS spectra of C 1 s for the LNFM-1 membrane; (c) dynamic water contact angles of
LNFM-1, LNFM-2, LNFM-3, LNFM-4 and LNFM-5 membranes; (d) zeta potentials of LNFM-2 and LNFM-5.
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in the aqueous phase. It cannot be ignored that the morphology of
LNFM-3 is abnormal, and there is no suitable theory to explain this
phenomenon at present. This may be due to the self-limiting tendency
of IP [54].When the initial concentration of aqueous monomer is too
high, the initial reaction rate increases, and a thin film can be formed in
a shorter time, thereby limiting the diffusion of the aqueous monomer
through the thin film and continuing the reaction to form a larger mi-
crosphere structure. According to the cross-sectional morphology of the
polyester TFC membranes (Fig. 4 e-h and Fig. S1b), it can be observed
less clearly that the thickness of the selective layer increases as the
concentration of ME aqueous monomers increases. It is worth noting
that many reports have confirmed that the thickness of thin film formed
by IP increases with the increase of aqueous monomer concentration
[55-57].

The morphology of thin films prepared via IP is influenced by the
kinetic parameters, such as chemical reaction rate and diffusion rate
[58]. Fig. 2 shows the mechanism of esterification crosslinking between
ME and TMC catalyzed by NaOH. The monomer concentration is po-
sitively correlated with the monomer diffusion rate [59]. Thus, the high
ME concentration will speed up the migration rate of ME from aqueous
phase to organic phase. As a result, the reaction between TMC and ME
is accelerated, which led to a high cross-linking degree [60,61]. Fur-
thermore, the polyester film formed from the same IP reaction time
showed an increase of selective layer thickness via increasing the ME
concentration. In addition, the images of AFM further confirm that a
low concentration of aqueous monomers leads to a relatively smooth
surface with less microspheres, while the number of microsphere
structures elevates with increasing concentration of aqueous mono-
mers. This suggests that IP is a self-limiting process [47]. At the initial
stage, the diffusion of ME monomers to the interface of the organic
phase leads to the formation of the new polyester film. After the for-
mation of a polyester network with a certain thickness, the diffusion
channels for ME monomers are more limited. However, ME monomers
with small molecules easily diffuse through the gaps and pores within
the initially formed smooth selective film to form a microsphere
structure on the surface at a higher monomer concentration. Thus, a
rough surface with microsphere structure is formed.

3.3. Surface properties of composite membranes

A high hydrophilicity is beneficial to the improvement of perme-
ability and anti-fouling ability of NF membranes, on which a thin layer
of water is formed via hydrogen bonding between hydrophilic groups
and water molecules [12]. Dynamic water contact angles (WCAs) of the
polyester TFC membranes are shown in Fig. 3c. It was found that the
initial contact angle of LNFM-1 membrane was 52.2° and declined to
41.0° after 25 s. In addition, it could be observed that the contact angle
of the membranes increased considerably with increasing monomer
concentration. For instance, the equilibrium value of the LNFM-5
membrane reached 53.1° when the ME concentration increased from
0.06 wt% (LNFM-1) to 0.14 wt% (LNFM-5). A lower contact angle
corresponds to a higher hydrophilicity of the membranes [42]. There-
fore, as the concentration of aqueous monomer increases, the hydro-
philicity of the membranes decreases, but all the polyester TFC mem-
branes have a good hydrophilicity. As described in the above FTIR
results (see 3.1), there are carboxyl groups formed by hydrolysis of acyl
chloride groups on TMC. The residual carboxylic acid groups were
decreased when increasing the ME concentration for an IP reaction.
Membrane surface with less polar groups or charged groups shows a
weaker hydrophilicity. Thus, the hydrophilicity gradually decreased
when increasing ME dosage. In addition, the accumulation of non-polar
groups deriving from the ME monomers is thought to have an effect on
the reduced hydrophilicity.

As displayed in the SEM images, the surface of the polyester film
formed with a high ME concentration has a large number of micro-
spheres. Since only a small amount of ME monomer can pass through
the film formed in the early stage to react with a large number of TMC
to form microsphere structures, the number of residual –OH groups on
the ME monomers is reduced, and the hydrophilicity of the resulting
polyester film is reduced.

As shown in Fig. 3d, zeta potential measurements were performed
to better understand the surface charges that influence the membrane
rejection characteristics. The polyester TFC LNF membranes exhibit a
large, negative zeta potential over a wide pH range (4.5–10.5), which is
primarily caused by the carboxyl groups generated from the partially
cross-linked TMC monomers [42]. The residual acryl groups from

Fig. 4. The surface morphology and the root-mean-square roughness (Rms) of (a) LNFM-1, (b) LNFM-2, (c) LNFM-3, (d) LNFM-4 membranes; cross-sectional
morphology of (e) LNFM-1, (f) LNFM-2, (g) LNFM-3, (h) LNFM-4 membranes.
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partially cross-linked TMC were hydrolyzed into carboxylic groups after
contact with water, and thus the electronegativity of the polyester TFC
LNF membranes was enhanced [52,62,63]. In addition, the comparison
of LNFM-2 and LNFM-5 showed that the monomer concentration in the
aqueous phase has little influence on the electrical charge of the
polyester TFC LNF membranes. The zeta potential results showed that
the prepared polyester membranes have a higher rejection to anionic
molecules [64,65].

3.4. Water permeability of composite membranes

The water permeability of polyester TFC membranes with different
concentrations of ME monomer, different concentrations of NaOH and
various IP times are shown in Fig. 5. As can be seen from Fig. 5a, for the
different concentrations of ME monomer, the water permeability di-
minished from 87.13 to 11.79 LMH bar−1 by enhancing the ME con-
centration from 0.6 to 1.4 wt%. As confirmed by the SEM results
(Fig. 3e-h), the thickness of the polyester selective films increased with
the enhancement of the aqueous monomer concentration. This increase
in the film thickness and high cross-linking degree caused by high
monomer concentration results in a decrease of the water permeability.

It was found that enhancing the NaOH concentration from 0.35 to
0.55% improves the water permeability from 22.59 to 62.05 LMH
bar−1 (Fig. 5b). Interestingly, a control membrane without the parti-
cipation of NaOH was also prepared; it was found that no polyester film
was formed after IP treatment. These results indicate that NaOH is in-
dispensable in the formation of polyester films and has a pivotal impact
on the formation of continuous polyester films. Topochemical de-
gradation, derived from hydrolysis of aqueous NaOH, is a reaction that
can lead to chain breaking of polyester compounds [66,67]. It is ob-
vious that NaOH can reach any IP reactive zone where the ME mono-
mers can diffuse. Therefore, we think that two processes of formation
and hydrolysis of ester bonds are simultaneous, and that the balance
between these two processes determines the bulk density of the

polyester selective layer. The slow rates of hydrolysis allow for the
formation of a continuous crosslinked polyester selective layer with a
loose structure. Furthermore, by increasing the concentration of NaOH
during the IP process, a much looser polyester film can be obtained,
with improved permeability and decreased rejection of dyes/salts. (see
3.5.1 and 3.5.2).

As shown in Fig. 5c, the water permeability declined slightly from
54.4 to 41.1 when the reaction time increased from 1 to 4 min. Nor-
mally, changes in reaction time would have a significant effect on water
permeability, but in this study there is a trade-off between the increased
IP time (increased cross-linking degree) and sodium hydroxide hydro-
lysis (decreased cross-linking degree). The ester bonds, formed during
IP, can be destroyed by hydroxide ions. Thus, IP and hydrolysis of ester
bonds are occurring at the same time and the trade-off between them
determines the slightly changed permeability of the resulting mem-
brane [68].

3.5. Separation properties of composite membranes

3.5.1. Dye retention
Three different single dyes (CR, RB 2, DR 23) at 200 ppm were used

to investigate the separation performance of polyester TFC LNF mem-
branes. Fig. 6a manifests the effect of the ME concentration on the
rejection and permeability of a dye solution. Increasing the ME con-
centration from 0.6 to 1.4 wt% improved the rejection of CR (98.97% to
99.46%), RB 2 (91.02% to 99.61%), and DR 23 (93.39% to 98.77%) but
significantly decreases the permeability. The rejection of charged
membranes is mainly determined by size sieving and the Donnan effect.
As revealed by Fig. 4e-f, the higher the ME concentration that was used,
the thicker the selective layer and the higher is the cross-linking degree,
which results in a higher rejection of dyes, while lowering the perme-
ability. In addition, the slight increase of electronegativity resulting
from the increase of ME concentration, as shown in the zeta potential
results, also contributes to the improvement of dye rejection. It was

Fig. 5. DI water permeability of membranes with (a) different concentrations of ME monomer, (b) different concentrations of NaOH, (c) IP time (4 bar, 25 ± 3 °C).

Fig. 6. Dye solution permeability and rejection of membranes with (a) different concentrations of ME monomer, (b) different concentrations of NaOH, (c) IP time
(4 bar, 25 ± 3 °C).
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reported that the highest rejection of CR (696.6 Da) than other dyes in
this work is caused by the hydrophobic interaction between aromatic
rings of adjacent dye molecules to form clusters or aggregates with
large size [5]. It is interesting to note that with the increase of ME
concentration, the rejection of reactive dye RB 2 is better than that of
direct dye DR 23; this is possibly related to the low purity of DR 23 (dye
content: > 30%). Furthermore, dyes existing in the form of aggregates
and clusters in aqueous solution may also cause inconsistency between
the rejection and the dyes molecular weight [69,70].

As shown in Fig. 6b, with increasing NaOH content from 0.35 to
0.55 wt%, the rejection of DR 23 decreased from 98.39% to 94.11%. As
mentioned above (3.4), the topological hydrolysis reaction caused by
the increase of NaOH content is strengthened and the final polyester
structure is looser, thus leading to the decline of the dye rejection and
the increased permeability. As displayed in Fig. 6c, the rejection of DR
23 increased slightly from 95.39% to 96.50% when the reaction time
increased from 1 to 4 min. As the reaction time increased, the cross-
linking density of polyester films increased, but it also means that the
hydrolysis reaction is prolonged accordingly. Therefore, the IP time has
little effect on rejection and permeability for a polyester TFC membrane
made with NaOH catalyst due to the mutual limitation between the
crosslinking reaction and the hydrolysis reaction.

3.5.2. Salt permeation
Sustainable development and saving resources (e.g., dye reuse and

recycling the salts) is an important concept of modern textile waste-
water treatment. Therefore, a loose nanofiltration membrane should be
able to achieve a high salt permeability while effectively purifying the
dye. Fig. 7 gives the single salt rejection (Na2SO4, NaCl) at 1 g/L and
solution permeability of polyester TFC LNF membranes prepared under
different conditions. The rejection of SO4

2− is higher than that of Cl−1,
and all the membranes follow the salt rejection order of
Na2SO4 > NaCl. Consistent with zeta potential results (Fig. 3c), this
trend indicates that the surface of the polyester film is negatively
charged. As shown in Fig. 7a, the rejection of Na2SO4 increased from
5.04% to 49.51% and the rejection of NaCl increased from 0% to
24.16% as the concentration of ME increased from 0.06 to 0.14 wt%.
The increased rejection of Na2SO4 and NaCl was mainly caused by the
increased crosslinking degree of polyester structure changes and the
Donnan effect. According to the SEM results, the polyester film became
thicker when a high concentration of ME was used. At high con-
centration, the aqueous monomer diffusion rate is higher, and the
thickness and crosslinking degree of the polyester film are improved. In
addition, as mentioned above, the membrane surface electronegativity
increases slightly when the ME concentration increases. The increase in
salt rejection of this polyester TFC LNF membrane is partly due to the
higher electrostatic repulsion between the co-ions (SO4

2−, Cl−) and the
membrane surface. The decreased water permeability from LNFM-1 to
LNFM-5 primarily stems from the increased thickness and crosslinking
degree of the polyester film.

Fig. 7b presents the salt rejection and water permeability of the
polyester TFC LNF membranes prepared with different concentrations
of NaOH. With increasing NaOH content from 0.35 to 0.55 wt%, the
rejection of Na2SO4 decreased from 56.00% to 9.78% and the rejection
of NaCl was decreased from 14.49% to 2.19%, while the permeability
increased dramatically. As described in 3.4, the increase in rejection
and the decrease in permeability were mainly caused by the topo-
chemical degradation of the polyester film caused by NaOH.

Fig. 7c shows the effect of different IP durations on the rejection and
permeability of salt solutions. The rejection of Na2SO4 increased sig-
nificantly from 15.60% to 59.14% and the rejection of NaCl increased
slightly from 4.6% to 8.5% when the reaction time increased from 1 to
4 min.

Furthermore, some noteworthy phenomena can be observed in
Fig. 7. The rejection of Na2SO4 changed significantly than NaCl with the
change of membrane preparation conditions, which can be explained in
terms of sieving and dielectric exclusion effects. The hydrated ionic
radii of salts followed the order: sulfate (0.38 nm) > sodium
(0.36 nm) > chloride (0.33 nm) [71]. That is one of the reasons that
the rejection was higher for Na2SO4 than NaCl. Moreover, the selective
layer of the prepared negatively charged polyester membrane may re-
sult in more electrostatic repulsion for bivalent co-ions (SO4

2−) than
monovalent ions (Cl−) [72]. As a result, both the sieving effect and
dielectric exclusion influenced the rejection of Na2SO4 more sig-
nificantly than NaCl.

It can be seen from Table 3 that LNFM-1 is likely to meet the re-
quirements of high permeability in practical applications, and LNFM-2
is more suitable when a higher dye rejection is needed. In order to
further explain the antifouling, dye/salt separation and membrane
stability performance, the LNFM-2 membrane was chosen in the fol-
lowing experiment.

3.5.3. Antifouling performance of composite membranes
Due to dye adsorption caused by the combination of hydrophobic

impact, electrostatic interaction, van der Waals forces and hydrogen
bonding, NF membranes are prone to membrane fouling in practical
applications [12]. Ostuni et al. showed that the ideal anti-fouling
membrane should have a good hydrophilicity, hydrogen bond re-
ceptors, and overall neutral properties [73]. The polyester TFC LNF
membrane prepared from the ME monomer in this study has similar
properties as above, so it may have an excellent anti-fouling perfor-
mance. To investigate the anti-fouling performance of polyester TFC
LNF membranes, three different types of dye solutions (DR 23, RB 2,
CR) were selected as the sources of fouling. Fig. 8a presents the per-
meability of LNFM-2 membranes before and after dye filtration at 2 bar.
After replacing deionized water with a dye solution, the permeability of
polyester TFC LNF membranes decreased slightly. This was mainly
caused by concentration polarization and membrane fouling. After
rinsing with water, the permeability of the membranes contaminated
with different dyes could recover to different levels. Finally, the

Fig. 7. Salt solution permeability and rejection of membranes with (a) different concentrations of ME monomer, (b) different concentrations of NaOH, (c) IP time
(4 bar, 25 ± 3 °C).
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recovery of the permeability was calculated to evaluate the anti-fouling
performance of the polyester TFC LNF membrane.

The flux recovery ratio (FRR) and fouling ratio of polyester TFC
membranes are presented in Fig. 8b. The FRR value of polyester TFC
membrane for three different dye solutions is around 90%, which in-
dicates that the prepared polyester membrane has a superior anti-
fouling performance. This indicates the good anti-fouling properties of
the polyester TFC LNF membrane prepared with ME as monomer. In the
best case, for the DR 23 solution, the FRR value of the membrane was
94.39%. This excellent anti-fouling performance is due to the combi-
nation of hydrophilic and electronegative properties of the polyester
TFC LNF membrane. The hydrophilic surface can form a water layer by
adsorbing water molecules, thereby hindering the adsorption of the
dyes. In addition, the electrostatic repulsion between the negatively
charged dyes and the negative surface also promotes improving the
anti-fouling performance of the polyester TFC LNF membrane. The total
fouling ratio (Rt) of polyester TFC LNF membrane, which is the sum of
reversible fouling (Rr) and irreversible fouling (Rir), is also shown in
Fig. 8b. All Rir values were below 11% for all three dye solutions. For
DR 23, the Rir value even reached as low as 5.61%. These results in-
dicate that the polyester TFC LNF membranes exhibit excellent anti-
fouling properties. In summary, the high FRR value and the low fouling
ratio (Rt, Rr and Rir) are the proofs of the excellent anti-fouling per-
formance of the polyester TFC LNF membranes. This makes this type of
ME-based TFC membranes highly competitive in the treatment of tex-
tile wastewater.

3.5.4. Effect of salt content in dye/salt filtration process
Na2SO4 was mixed with DR 23 (200 ppm) to prepare feed solutions

with different salinities. As shown in Fig. 8c, with the increase of
Na2SO4 concentration from 1 to 40 g/L at 200 ppm DR 23 solution, the
permeability of the DR 23/Na2SO4 mixture slowly decreased from
37.99 to 30.30 HMH bar−1, whereas the rejection of DR 23 remained

almost constant (95.14% to 94.39%) and the rejection of Na2CO3

dropped from 7.80% to 0.06%. High salt contents can be coupled with
charged dyes to enhance the dispersion of dye molecules [5]. However,
uniformly dispersed dye molecules are easily adsorbed on the mem-
brane pore wall, which leads to pore blocking, resulting in a decrease of
the permeability [3,74]. On the other hand, concentration polarization
on the membrane surface could increase with the salt concentration,
resulting in a lower salt rejection. It is worth noting that the polyester
TFC LNF membrane can maintain a high rejection against DR 23
(94.39%) and permeation for Na2SO4 (99.94%) at a high concentration
of Na2SO4 (40 g/L).

The rejections of DR 23 and Na2SO4 remained constant except for
some tiny fluctuations in the presence of Na2SO4 in the aqueous solu-
tion of DR23.

3.5.5. Stability of polyester membrane in dye/salt filtration
Fig. 8d shows the performance of the LNFM-2 membrane for pur-

ifying a DR 23/Na2SO4 mixture for 5 h continuous filtration at 2 bar. At
the beginning, the permeability decreased from above 43 LMH bar−1

due to the influence of membrane fouling. However, under the influ-
ence of a excellent hydrophilicity and a looser polyester active layer of
LNFM-2 membrane, the permeability remained at a high level (> 35
LMH bar−1). Except for slight fluctuations in Na2SO4 rejection during
the filtration process, the rejection of DR 23 and Na2SO4 was overall
constant. After filtration for 5 h, the rejection of DR 23 and Na2SO4 was
nearly 95.45 and 10%, respectively. Thus, the polyester TFC LNF
membrane was found to have a extraordinary stability and fractiona-
tion ability in the separation of dye/salt mixtures.

Fig. 9 and Table 3 summarize a comparison of the dye/salt filtration
performance of state-of-the-art loose NF membranes to that of the
membranes prepared by different methods (co-deposition, blending, in
situ self-assembly). It was obvious that both LNFM-1 and LNFM-2 ex-
hibited a competitive performance. Compared with established loose

Table 3
Comparison of dye/salt filtration performance.

Membrane Method Permeability (LMH bar−1) Types of dye Dye rejection (%) Types of salts Salt Rejection (%) Ref

Catechol/PEI-CuSO4/HcO2 Co-deposition 24.5 Congo red 99.75 Na2SO4 12.50 [21]
Reactive black 99.69 NaCl 2.00
Methyl blue 99.3 MgCl2 0.60

MgSO4 7.50
Tannic acid/PEI Co-deposition 41.5 Congo red 99.5 Na2SO4 6.00 [22]

NaCl 8.00
EGCg/PEI Co-deposition 19.0 Congo Red 99 Na2SO4 4.10 [19]
MoS2-PSBMA/PES Blending 18.5 Reactive black 98.20 Na2SO4 2.20 [24]

Reactive green 99.30 NaCl 1.10
MgCl2 1.20
MgSO4 0.30

GO-PSBMA/PES Blending 11.98 Reactive black 5
Reactive red 49

99.20
97.20

Na2SO4 10.00 [6]

CS-MMT Blending 15.6 Reactive black 5
Reactive red 49

95
87

Na2SO4

NaCl
22
5

[12]

Ag+-PEI@HPAN In situ self-assembly 10.6 Congo red
Acid fuchsin
Crystal violet

99.80
99.50
99.20

Na2SO4

NaCl
MgCl2
MgSO4

12.80
9.60
6.20
8.30

[25]

Fe3+-PEI@HPAN In situ self-assembly 6.0 Congo red 99.53 Na2SO4 5.89 [27]
Methyl blue 99.92 NaCl 7.46
Acid fuchsin 98.99 MgCl2 30.51
Crystal violet 92.86 MgSO4 20.57

Chitosan@HPAN In situ self-assembly 7.2 Congo red 99.60 Na2SO4 4.80 [75]
Acid fuchsin 98.70 NaCl 12.50

TiO2-HMDI-PES/β-CD In situ self-assembly 26.0 Congo red 97.4 Na2SO4 6.0 [76]
Membrane fouling 32.1 Direct red 80 99.9 NaCl 12.4 [20]
LNFM-1 IP 87.13 Congo red 98.97 Na2SO4 5.04 This work

Direct red 23 93.39 NaCl 0
Reactive Blue 2 91.02

LNFM-2 IP 53.23 Congo red 99.62 Na2SO4 11.00 This work
Direct red 23 95.22 NaCl 5.60
Reactive Blue 2 99.55
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NF membranes reported in the literature, the membrane in this work
exhibited the highest permeability (87.13 LMH bar−1 for LNFM-1,
53.23 LMH bar−1 for LNFM-2 membrane) and a comparable fractio-
nation of dye/salt mixtures. The high permeability, effective removal of
dyes, high permeation of salts demonstrates that the polyester TFC LNF
membrane prepared by interfacial polymerization can be regarded as
promising alternative in real applications for textile wastewater.

4. Conclusions

A high-flux polyester LNF membrane was fabricated through an IP
technique on PES support membranes with ME and TMC serving as the
aqueous and organic monomers, respectively. The aqueous monomer of
ME with low active hydroxyl groups played an important role in the IP
reaction for preparing a polyester thin film with loose structure. The
influence of preparation parameters on the separation performance of
the polyester TFC membranes was comprehensively investigated. The
optimized membrane yielded a remarkable water permeability (53.23
LMH bar−1), dye rejection (CR, 99.62%; DR23, 95.22%; RB2, 99.55%)
and salt permeation (Na2SO4, 89.00% and NaCl, 94.40%). Even in high
salinity wastewater, the polyester TFC membrane can still maintain a
high dye rejection and high salt permeation. In addition, the resultant
membrane had an excellent stability and antifouling ability. This study
not only proves that the method of interfacial polymerization can be

used for preparing LNF membranes, but also suggests the use of other
monomers with hydroxyl groups to make high-flux polyester LNF
membranes for the treatment of textile wastewater.
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