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Abstract: Fabrication of high-dye/salt-separation-performances and chlorine-resistant nanofiltration
(NF) membranes are crucial for dye desalination. In this study, a thin-film composite NF mem-
brane (PES–DPS) was prepared through the interfacial polymerization of 3,3′-diaminodiphenyl
sulfone (DPS) and trimesoyl chloride. Because of the low reactivity and the presence of the sulfone
group (O=S=O) of DPS, the prepared PES–DPS membrane provided a relatively loose polyamide
layer and exhibited excellent chlorine resistance, enhancing the membrane water flux and dye/salt
separation performances. Furthermore, the influence of DPS concentration was systematically in-
vestigated. The optimal membrane PES–DPS–1 exhibited high direct Blue 71 rejection (99.1%) and
low NaCl rejection (8.7%). Meanwhile, the PES–DPS–1 membrane displayed highly pure water flux
(49.4 L·m−2·h−1·bar−1) even at a low-operating pressure (2 bar). Moreover, no significant difference
in dye rejection was observed when the membrane was immersed in NaClO solution (pH = 4.0,
2000 ppm) for 12 h, thereby demonstrating its outstanding chlorine stability. In summary, this work
provided a new monomer for the preparation of novel polyamide membranes to achieve excellent
separation performances and chlorine resistances.

Keywords: loose nanofiltration membrane; dye/salt separation; interfacial polymerization; chlorine
resistance; 3,3′-diaminodiphenyl sulfone

1. Introduction

Numerous inorganic salts and dyes in wastewater have a high recovery value, and the
discharge of dye wastewater without treatment not only wastes several valuable resources
but can also critically damage the environment. To treat dye wastewater, conventional
technologies, including Fenton oxidation, adsorption [1–3], biological degradation, co-
agulation, and ultrafiltration were proposed [4]. Unfortunately, these methods cannot
allow the recovery of valuable substances from dye wastewater and may cause secondary
pollution [5]. Consequently, it is crucial to find effective ways for the recycling of dyes and
removal of salts from dye wastewater.

Recently, nanofiltration (NF) technology has been increasingly valued for its environ-
mentally friendly nature and low energy consumption in the treatment of dye wastewa-
ter [6,7]. Nevertheless, conventional NF membranes have low water flux and high rejection
of inorganic salts, which is not conducive to dye recovery and salt removal. Loose NF
membranes have gained attention recently for the treatment of dye wastewater due to
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their relatively low salt rejection and high dye rejection, which contribute to recycling
of the valuable substances. For this reason, the fabrication of loose NF membranes with
good separation performance has become a hot research topic for many scholars. For
example, Li et al. fabricated novel loose NF membranes via interfacial polymerization (IP)
of hydroxyl-containing porous organic polymers (POPs) and trimesoyl chloride (TMC) on
substrate membranes: the fabricated NF membranes showed a high dye rejection (>95%),
and a low salt rejection (<30%) [8]. Liu et al. generated a loose NF membrane by co-
depositing the 2-aminophenol-4-sulfonic acid (APS) onto a PES substrate via IP process
to form an active layer [9]. The optimal APS-incorporated membrane showed a high
flux (22.9 L·m−2·h−1·bar−1) and an outstanding removal rate to dyes (98.0% for crystal
violet). Xu et al. developed a high-performance self-cleaning loose NF membrane via the
IP process, using melamine as the aqueous-phase monomer [10]. The optimal membrane
showed an outstanding permeability (63.2 L·m−2·h−1·bar−1), and a high dye rejection
(>96%). Generally, monomer choice contributes to customizable membranes with specific
functions for particular applications. Nevertheless, improving the water flux of loose NF
membranes while maintaining excellent sieving ability remains a major challenge due to
the physicochemical structure of water-soluble monomers [11]. Therefore, novel functional
monomers must be developed to construct high-efficiency loose NF membranes for the
desired separation of dye elements.

Chlorine is a commonly used disinfectant in water-treatment facilities, and it can lead
to the degradation and oxidation of membrane materials, especially those with small pore
sizes, which are essential for achieving high dye rejection rates. To ensure consistent and
effective dye rejection, the development of chlorine-resistant membranes is imperative.
Scholars have conducted several studies on the mechanism of chlorination. Based on
recent reports, the chlorination process possibly contains two main stages: (i) the partial
substitution of the hydrogen atom on the amide (NHCO–) by the chlorine atom; (ii) Orton
rearrangement leading to chlorination of the aromatic ring [12]. According to the chlo-
rination mechanism, many studies have attempted to develop the chlorine resistance of
polyamide thin-film composite (PA–TFC) membranes. For instance, a chlorine-resistant
TFC membrane was prepared using the use of cross-linked monomers with multi-hydroxyl
groups, which were immersed in 3450-ppm NaClO aqueous solution for 10 h with pH 9.8
and maintained a good separation performance [13]. The prepared membrane exhibited a
high chlorine resistance as it did not contain any active sites susceptible to chlorine attack
because of the absence of N–H bonds on the amide. Nevertheless, the dye/salt separation
efficiency of the membrane prepared by this method was weaker than the conventional
PA–TFC membranes. Kang et al. applied N,N-dimethylaminoethyl methacrylate to the
surface of a PA–TFC membrane to form a protective layer [14], thus making it less sus-
ceptible to chlorine attack. After one month of immersion in 5000-ppm NaClO solution,
the MgSO4 rejection of the membrane only decreased by about 0.5%. Although surface
coating improved the chlorine resistance, the method also reduced its water permeability.
Moreover, thermal initiation of free-radical grafting modification could improve membrane
chloride stability [15]. However, this approach affected other membrane properties, includ-
ing water flux and dye rejection, and the modified parts would peel off after long-term
separation operations [16]. Consequently, a method for the fabrication of efficient and
stable chlorine-resistant desalination PA–TFC NF membranes is greatly desired. Based
on the formation mechanism of the PA–TFC membrane, water-soluble monomers can
fundamentally and significantly contribute to the structure and properties of the separation
layer [17]. Thus, the selection or design of a proper (functionalized) monomer provides a
possible solution to the aforementioned issues.

In this work, 3,3′-diaminodiphenyl sulfone (DPS) was chosen as the reactive amine
monomer to prepare polyamide (PA) loose NF membranes via IP process. DPS can only
be dissolved in acidic aqueous solutions, thereby restraining the IP process to a certain
extent, and forming a relatively loose PA layer. Additionally, DPS contains strong electron-
withdrawing groups (O=S=O), which will shield the exposed N–H groups from chlorina-
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tion. Therefore, based on its distinctive physicochemical properties and functional groups,
DPS can be a potential amine monomer for fabricating chlorine-resistant PA membranes
by IP process reaction for highly effective dye/salt separations. In summary, this work
provides a novel monomer for the preparation of novel PA membranes to achieve excellent
separation performance and chlorine resistance.

2. Materials and Methods
2.1. Materials

PES membrane (MWCO of 50,000 Da) was provided by RisingSun Membrane (Bei-
jing, China). TMC (98%) was obtained from Sigma-Aldrich Co., (St. Louis, MO, USA).
Hydrochloric acid (HCl, 37%) was acquired from Guangzhou Chemical Reagent Factory
(Guangzhou, China); and n-hexane (97%), sodium hypochlorite solution (NaClO, 37%), and
magnesium sulphate (MgSO4, 99%) were provided by Energy Chemical (Shanghai, China).
Further, DPS (>98%), polyethylene glycol (PEG, Mw = 200–1500 Da), Crystal Violet (CV),
Congo Red (CR), Coomassie Brilliant Blue G-250 (G-250), Direct Blue 71 (DB71), Direct Red
80 (DR80), were supplied by Aladdin Industrial Corporation (Shanghai, China). Detailed
information of the dyes is listed in Table 1.

Table 1. Characteristics of the tested dyes.

Dyes Molecular Weight
(Da)

Absorption
Wavelength (nm) Charge (±) Molecular Structure

Crystal Violet 373.53 590 +1

Water 2023, 15, x FOR PEER REVIEW 3 of 21 
 

 

extent, and forming a relatively loose PA layer. Additionally, DPS contains strong elec-
tron-withdrawing groups (O=S=O), which will shield the exposed N–H groups from chlo-
rination. Therefore, based on its distinctive physicochemical properties and functional 
groups, DPS can be a potential amine monomer for fabricating chlorine-resistant PA mem-
branes by IP process reaction for highly effective dye/salt separations. In summary, this 
work provides a novel monomer for the preparation of novel PA membranes to achieve 
excellent separation performance and chlorine resistance. 

2. Materials and Methods 
2.1. Materials 

PES membrane (MWCO of 50,000 Da) was provided by RisingSun Membrane (Bei-
jing, China). TMC (98%) was obtained from Sigma-Aldrich Co., (St. Louis, MO, USA). Hy-
drochloric acid (HCl, 37%) was acquired from Guangzhou Chemical Reagent Factory 
(Guangzhou, China); and n-hexane (97%), sodium hypochlorite solution (NaClO, 37%), 
and magnesium sulphate (MgSO4, 99%) were provided by Energy Chemical (Shanghai, 
China). Further, DPS (>98%), polyethylene glycol (PEG, Mw = 200–1500 Da), Crystal Violet 
(CV), Congo Red (CR), Coomassie Brilliant Blue G-250 (G-250), Direct Blue 71 (DB71), Di-
rect Red 80 (DR80), were supplied by Aladdin Industrial Corporation (Shanghai, China). 
Detailed information of the dyes is listed in Table 1. 

Table 1. Characteristics of the tested dyes. 

Dyes Molecular 
Weight (Da) 

Absorption 
Wavelength 

(nm) 
Charge (±) Molecular Structure 

Crystal Vio-
let 373.53 590 +1 

N
H3C

CH3

N

CH3

CH3

N
H3C CH3  

Congo Red 696.66 497 −2 
N

N

NH2

SO3Na

N

N

NH2

SO3Na  

Coomassie 
Brilliant 

Blue G-250 
825.97 595 −2 

 

N
SO3H

NH+

SO3

HN

O

Congo Red 696.66 497 −2

Water 2023, 15, x FOR PEER REVIEW 3 of 21 
 

 

extent, and forming a relatively loose PA layer. Additionally, DPS contains strong elec-
tron-withdrawing groups (O=S=O), which will shield the exposed N–H groups from chlo-
rination. Therefore, based on its distinctive physicochemical properties and functional 
groups, DPS can be a potential amine monomer for fabricating chlorine-resistant PA mem-
branes by IP process reaction for highly effective dye/salt separations. In summary, this 
work provides a novel monomer for the preparation of novel PA membranes to achieve 
excellent separation performance and chlorine resistance. 

2. Materials and Methods 
2.1. Materials 

PES membrane (MWCO of 50,000 Da) was provided by RisingSun Membrane (Bei-
jing, China). TMC (98%) was obtained from Sigma-Aldrich Co., (St. Louis, MO, USA). Hy-
drochloric acid (HCl, 37%) was acquired from Guangzhou Chemical Reagent Factory 
(Guangzhou, China); and n-hexane (97%), sodium hypochlorite solution (NaClO, 37%), 
and magnesium sulphate (MgSO4, 99%) were provided by Energy Chemical (Shanghai, 
China). Further, DPS (>98%), polyethylene glycol (PEG, Mw = 200–1500 Da), Crystal Violet 
(CV), Congo Red (CR), Coomassie Brilliant Blue G-250 (G-250), Direct Blue 71 (DB71), Di-
rect Red 80 (DR80), were supplied by Aladdin Industrial Corporation (Shanghai, China). 
Detailed information of the dyes is listed in Table 1. 

Table 1. Characteristics of the tested dyes. 

Dyes Molecular 
Weight (Da) 

Absorption 
Wavelength 

(nm) 
Charge (±) Molecular Structure 

Crystal Vio-
let 373.53 590 +1 

N
H3C

CH3

N

CH3

CH3

N
H3C CH3  

Congo Red 696.66 497 −2 
N

N

NH2

SO3Na

N

N

NH2

SO3Na  

Coomassie 
Brilliant 

Blue G-250 
825.97 595 −2 

 

N
SO3H

NH+

SO3

HN

O

Coomassie Brilliant
Blue G-250 825.97 595 −2

Water 2023, 15, x FOR PEER REVIEW 3 of 21 
 

 

extent, and forming a relatively loose PA layer. Additionally, DPS contains strong elec-
tron-withdrawing groups (O=S=O), which will shield the exposed N–H groups from chlo-
rination. Therefore, based on its distinctive physicochemical properties and functional 
groups, DPS can be a potential amine monomer for fabricating chlorine-resistant PA mem-
branes by IP process reaction for highly effective dye/salt separations. In summary, this 
work provides a novel monomer for the preparation of novel PA membranes to achieve 
excellent separation performance and chlorine resistance. 

2. Materials and Methods 
2.1. Materials 

PES membrane (MWCO of 50,000 Da) was provided by RisingSun Membrane (Bei-
jing, China). TMC (98%) was obtained from Sigma-Aldrich Co., (St. Louis, MO, USA). Hy-
drochloric acid (HCl, 37%) was acquired from Guangzhou Chemical Reagent Factory 
(Guangzhou, China); and n-hexane (97%), sodium hypochlorite solution (NaClO, 37%), 
and magnesium sulphate (MgSO4, 99%) were provided by Energy Chemical (Shanghai, 
China). Further, DPS (>98%), polyethylene glycol (PEG, Mw = 200–1500 Da), Crystal Violet 
(CV), Congo Red (CR), Coomassie Brilliant Blue G-250 (G-250), Direct Blue 71 (DB71), Di-
rect Red 80 (DR80), were supplied by Aladdin Industrial Corporation (Shanghai, China). 
Detailed information of the dyes is listed in Table 1. 

Table 1. Characteristics of the tested dyes. 

Dyes Molecular 
Weight (Da) 

Absorption 
Wavelength 

(nm) 
Charge (±) Molecular Structure 

Crystal Vio-
let 373.53 590 +1 

N
H3C

CH3

N

CH3

CH3

N
H3C CH3  

Congo Red 696.66 497 −2 
N

N

NH2

SO3Na

N

N

NH2

SO3Na  

Coomassie 
Brilliant 

Blue G-250 
825.97 595 −2 

 

N
SO3H

NH+

SO3

HN

O

Direct Blue 71 1029.87 594 −4

Water 2023, 15, x FOR PEER REVIEW 4 of 21 
 

 

Direct Blue 
71  1029.87 594 −4 

 

Direct Red 
80  1373.07 528 −6 

 

2.2. Fabrication of Loose TFC NF Membranes 
The PES substrate was soaked in deionized (DI) water for 12 h before use. Loose TFC 

NF membranes were fabricated via IP process to form a PA layer on the substrate, as il-
lustrated in Figure 1. A certain amount of DPS was added into 0.2 wt% HCl to form a 
homogeneous DPS solution (DPS concentration is 0.5, 0.75, 1.0, 2.0, or 3.0 wt%). After im-
mersing the PES substrate into the DPS solution for 5 min, excess solution was cleared 
away from its surface using a nitrogen gas knife. Then, the PES substrate was brought into 
contact with a 0.1 w/v% TMC n-hexane solution for 2 min, followed by drying in a fume 
hood for 5 min. Then the resultant membrane was dried at 60 °C for 10 min. The obtained 
membrane was rinsed and stored in DI water until use. The loose NF membranes fabri-
cated using different DPS concentrations (0.5, 0.75, 1.0, 2.0, 3.0 wt%) were designated as 
PES–DPS–0.5, PES–DPS–0.75, PES–DPS–1, PES–DPS–2, and PES–DPS–3, respectively. 

 
Figure 1. Schematic illustration of the fabrication process of the PES–DPS loose TFC NF membranes 
(The orange section in the PES-DPS membrane corresponds to DPS/TMC PA, while the blue section 
corresponds to PES support). 

2.3. Characterization of Membranes 
A Fourier transform infrared spectrometer (FTIR, Nicolet IS50-Nicolet Continuum, 

Madison, WI, USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Al-

N

N

S

O

O
O

N

N

S

O

O
O

HO
NH2

N

N

S

O

O

O

S
O

O O

NH

O

NH S
O

O

O

N
NH

Si

O

O

O
N

N

S

O

O

O

N

NH

S OO

N

N

S

O

O

O

O

S O

O

O

O

ODirect Red 80 1373.07 528 −6

Water 2023, 15, x FOR PEER REVIEW 4 of 21 
 

 

Direct Blue 
71  1029.87 594 −4 

 

Direct Red 
80  1373.07 528 −6 

 

2.2. Fabrication of Loose TFC NF Membranes 
The PES substrate was soaked in deionized (DI) water for 12 h before use. Loose TFC 

NF membranes were fabricated via IP process to form a PA layer on the substrate, as il-
lustrated in Figure 1. A certain amount of DPS was added into 0.2 wt% HCl to form a 
homogeneous DPS solution (DPS concentration is 0.5, 0.75, 1.0, 2.0, or 3.0 wt%). After im-
mersing the PES substrate into the DPS solution for 5 min, excess solution was cleared 
away from its surface using a nitrogen gas knife. Then, the PES substrate was brought into 
contact with a 0.1 w/v% TMC n-hexane solution for 2 min, followed by drying in a fume 
hood for 5 min. Then the resultant membrane was dried at 60 °C for 10 min. The obtained 
membrane was rinsed and stored in DI water until use. The loose NF membranes fabri-
cated using different DPS concentrations (0.5, 0.75, 1.0, 2.0, 3.0 wt%) were designated as 
PES–DPS–0.5, PES–DPS–0.75, PES–DPS–1, PES–DPS–2, and PES–DPS–3, respectively. 

 
Figure 1. Schematic illustration of the fabrication process of the PES–DPS loose TFC NF membranes 
(The orange section in the PES-DPS membrane corresponds to DPS/TMC PA, while the blue section 
corresponds to PES support). 

2.3. Characterization of Membranes 
A Fourier transform infrared spectrometer (FTIR, Nicolet IS50-Nicolet Continuum, 

Madison, WI, USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Al-

N

N

S

O

O
O

N

N

S

O

O
O

HO
NH2

N

N

S

O

O

O

S
O

O O

NH

O

NH S
O

O

O

N
NH

Si

O

O

O
N

N

S

O

O

O

N

NH

S OO

N

N

S

O

O

O

O

S O

O

O

O

O

2.2. Fabrication of Loose TFC NF Membranes

The PES substrate was soaked in deionized (DI) water for 12 h before use. Loose
TFC NF membranes were fabricated via IP process to form a PA layer on the substrate,
as illustrated in Figure 1. A certain amount of DPS was added into 0.2 wt% HCl to form
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a homogeneous DPS solution (DPS concentration is 0.5, 0.75, 1.0, 2.0, or 3.0 wt%). After
immersing the PES substrate into the DPS solution for 5 min, excess solution was cleared
away from its surface using a nitrogen gas knife. Then, the PES substrate was brought
into contact with a 0.1 w/v% TMC n-hexane solution for 2 min, followed by drying in a
fume hood for 5 min. Then the resultant membrane was dried at 60 ◦C for 10 min. The
obtained membrane was rinsed and stored in DI water until use. The loose NF membranes
fabricated using different DPS concentrations (0.5, 0.75, 1.0, 2.0, 3.0 wt%) were designated
as PES–DPS–0.5, PES–DPS–0.75, PES–DPS–1, PES–DPS–2, and PES–DPS–3, respectively.
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Figure 1. Schematic illustration of the fabrication process of the PES–DPS loose TFC NF membranes
(The orange section in the PES-DPS membrane corresponds to DPS/TMC PA, while the blue section
corresponds to PES support).

2.3. Characterization of Membranes

A Fourier transform infrared spectrometer (FTIR, Nicolet IS50-Nicolet Continuum,
Madison, WI, USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha,
Waltham, MA, USA) were used to analyze the chemical characteristics and composition of
the as-prepared membrane surfaces. The morphology of the membranes was inspected by a
high-resolution field emission scanning electron microscope (FESEM, Merlin, Oberkochen,
Germany). The surface roughness of the membranes was observed using an atomic force
microscope (AFM, Multimode 8, Baden-Württemberg, Germany). The charge properties
of the membrane surfaces were evaluated using a solid surface zeta potential analyzer
(SurPASS, Anton Paar, Graz, Austria). Before characterization, all the above membranes
were dried in a vacuum freeze dryer (FD-1B-50, TENLIN, Jiangsu, China) for 12 h.

2.4. Filtration Performance of the Membranes

The filtration performance of the prepared loose NF membranes was tested by a
crossflow filtration setup with an effective area of 10.17 cm2, as illustrated in Figure 2.
Before the performance measurement, membranes were prepressed with DI water at 2 bar
for 0.5 h to obtain a steady flux. The filtration performance assessments were tested using
0.2 g·L−1 dye aqueous solutions (CV, CR, G-250, DB71, DR80) or 2 g·L−1 salt solutions
(NaCl, MgCl2, MgSO4, Na2SO4). Moreover, dye/salt mixtures containing DB71 (0.05, 0.075,
0.1, 0.2, or 0.3 g·L−1) and Na2SO4 (0.5, 1.0, 2.0, 3.0, or 4.0 g·L−1) were used as the simulated
textile wastewater in the dye/salt separation test. The water flux (JW) and the rejection
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(R) values of the membranes were tested under 2 bar and determined using the following
equations:

Jw =
V

A× T × ∆P
(1)

where JW is the water flux (L·m−2·h−1·bar−1), V (L) is the volume of the permeate collected
over a duration of T (h), A (m2) is the effective area of the filtration system, and ∆P (bar) is
the transmembrane hydraulic pressure.

R =

(
1−

Cp

C f

)
× 100% (2)

where R is the rejection rate to dye or salt (%), Cp and Cf refer to the permeate and feed
concentrations, respectively. All performance tests were repeated at least three times to
minimize errors in the experimental system.
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Molecular weight cut-off (MWCO) of the prepared loose NF membranes was assessed
through rejection experiments, utilizing 0.2 g·L−1 PEG solution with different molecular
weights (from 200 Da to 1500 Da) at 0.2 MPa. The concentration of PEG solution is measured
by total organic carbon analyzer (TOC, Shimadu TOC-L, Tokyo, Japan). The Stokes radius
(r) of PEG was calculated according to the following equation:

log(r) = −1.3363 + 0.395 log(Mw) (3)

where r is stokers radius and Mw is molecular weight.

2.5. Chlorine Resistance Performance of the Membranes

Chlorine resistance test was performed based on the literature [18]. Specifically,
the prepared membranes were submerged in a NaClO solution (pH = 4.0 and active
chlorine concentration = 2000 ppm) for specific durations (3, 6, 9, or 12 h). The solution
pH was adjusted to 4.0 using HCl to render hypochlorous acid as the active chlorine
species [19]. Subsequently, the membranes were rinsed thrice with DI water and tested
again to determine their water flux and dye (DB71) rejection performances based on the
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methods described in Section 2.4. The comparison of the difference in their water flux and
dye rejection before and after chlorination was adopted to assess the chlorine resistance
performance of the membranes. The total free-chlorine exposure amount (ppm·h) was
applied to describe the degree of chlorination of membranes.

3. Results and Discussion
3.1. Membrane Characterization
3.1.1. Morphology of Membranes

Surface morphologies of the prepared membranes were studied via FESEM and AFM
tests (Figure 3). Furthermore, a new layer on the TFC membranes covering the pores on
the PES membrane surface was observed, which confirms the successful IP process, as seen
in Figure 3c–f. Thus, no obvious pores can be seen on the PES–DPS–0.75 to PES–DPS–3
TFC membranes; however, a few pores can be seen on the PES–DPS–0.5 TFC membrane
(Figure 3b), possibly because IP process with limited DPS cannot form a sufficiently dense
PA layer to completely cover the substrate surface. Meanwhile, more microspherical
structures emerged on the membrane surfaces as the DPS concentration increased, mainly
due to the accelerated diffusion of DPS as a result of increased concentration [20]. Moreover,
microspheres can increase the surface roughness and the filtration area of the obtained
membranes, which would be favorable to water transport [21]. Additionally, the surface
roughness of membranes was determined via AFM analysis. The AFM results of the
prepared membranes are presented in Figure 3a’–f’, which demonstrate that the average
roughness (Ra) of the membranes first declined and then mildly increased. The decreased
roughness could be explained as a result of massive pores on the substrate surface that
were covered with the PA layer. A similar phenomenon was reported in a related research
study [8]. Additionally, an increase in the surface roughness may be due to agglomeration
of excessive DPS. According to the AFM analysis, all TFC NF membranes surfaces were
obviously smoother than the original PES-substrate surface, thus indicating pronounced
better antifouling properties of the prepared membranes [22].

Figure 4 shows that the cross-section of the prepared membranes consists of a PA
layer and a substrate. The thickness of the PA layer increased from 162 nm for PES to 375
nm for PES–DPS–3 with the increasing DPS concentration. This could be because more
DPS penetrated the PES substrate and reacted with TMC as a result of the increased DPS
concentration, thus forming a thicker PA layer. Flawless and compact PA layers were
observed on the surface of all TFC NF membranes, indicating that the PA structures were
tightly adhered to the PES substrates.

3.1.2. Chemical Composition of the Membranes

FTIR tests of the PES substrate and the PES–DPS–1 membrane were investigated to
explore the chemical compositions of the substrate and loose NF membrane. In Figure 5,
two obvious absorption peaks can be seen at 1247 cm−1 and 1109 cm−1 from the PES
substrate and the PES–DPS–1 membrane, respectively, which could be ascribed to the
stretching vibrations of the O=S=O group [23]. Notably, both the PES substrate and the PA
layer (derived from DPS) contained O=S=O groups. Different from the PES substrate, new
absorption peaks at 1728, 1631, 1518, and 1448 cm−1 corresponding to the C=O bond of the
amide groups or –COOH groups, N–H coupling vibration (Amide II), stretching vibration
(Amide I), and C–N stretching vibration (Amide III) appeared, verifying the generation of
the PA layer via the IP process [24,25].
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The elemental composition of the PA layer was obtained via XPS analysis. Figure 6a,b
shows the atomic percentage of each element (C, N, O, S) of the PES substrate and PES–
DPS–1. Among them, the nitrogen content on PES–DPS–1 surface increased as compared to
PES, indicating that the substrate was coated with a PA layer. In addition, the PES–DPS–1
membrane showed a lower S/O ratio than the pristine PES substrate. In fact, S/O ratio
decreased with the increasing oxygen atoms on the membrane surfaces, which further
confirmed the successful synthesis of the PA layer. Moreover, the high-resolution C1s
spectra of PES and PES–DPS–1 were shown in Figure 6c,d. The C1s spectra of PES substrate
could be resolved to two deconvolution peaks: a major peak is at 284.1 eV corresponding
to C–C bonds and a second peak at 285.6 eV assigned to C–O or C–S or C–N. However,
a new deconvolution peak at 287.1 eV was found in the C1s spectra of the PES–DPS–1
membrane suggesting the existence of N–C=O [9], which originated from the amide groups
of the PA layer. These results again confirmed the presence of an active PA layer on the
membrane surface.

3.1.3. Surface Charge of Membranes

The surface zeta potentials of loose TFC NF membranes and the pristine PES mem-
brane were measured in the pH range of 3–10 to evaluate the surface charge. As shown
in Figure 7, all membranes were negatively charged for the pH range of 4–10. Moreover,
all loose TFC NF membranes consistently carried more negative charges than pristine
PES, which was attributed to the hydrolysis of more acyl chlorides in the PA layer [24].
Notably, more negative charges on the membrane surface will contribute to a more optimal
separation of negatively charged dyes.
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3.2. Membrane Separation Performance
3.2.1. Pure Water Flux of the Membranes

Pure water flux (PWF) is a key parameter that directly reflects the transfer ability
of membranes [26]. The PWF values of pristine PES and loose TFC NF membranes are
presented in Figure 8, wherein the PWF of the PES membrane was 105.1 L·m−2·h−1·bar−1,
which dramatically decreased to 10.4 L·m−2·h−1·bar−1 after the IP process on the PES
substrate when the DPS concentration increased to 3 wt%. This is mainly due to the fact
that the PES membrane was covered with an active layer in the IP process, which may have
markedly reduced the number of water channels on the surface. Notably, the PES–DPS–1
membrane showed a relatively high flux (49.4 L·m−2·h−1·bar−1).

Water 2023, 15, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 8. PWF of loose TFC NF membranes and PES membrane. 

3.2.2. Optimization of the Separation Performance 
Membrane separation performance was investigated via filtration of DB71 aqueous 

solutions. The effect of DPS concentrations on the separation performance of the prepared 
membranes is displayed in Figure 9. As we can see, the water flux and the DB71 rejection 
by the support membrane (PES) were 75.34 L·m−2·h−1·bar−1 and 84.1%. When the concen-
tration of DPS increased from 0.5 wt% to 3.0 wt%, it can be seen the water flux decreased 
significantly from 59.27 L·m−2·h−1·bar−1 to 7.64 L·m−2·h−1·bar−1, whereas DB71 rejection in-
creased from 93.6% to 99.7%. The decline in flux was primarily attributed to the fact that 
when the concentration of DPS increased, it was easier to form thicker and more compact 
separation layers through the IP process, thus increasing the mass transfer resistance of 
the membranes. Membranes with low DPS concentrations exhibited high water flux and 
low DB71 rejection. A low DPS concentration did not provide enough amine groups for 
the IP process, thus forming a relatively loose and thin separation layer on the membrane 
surface. When the DPS concentration was further increased, fewer water channels and a 
thicker separation layer noticeably decreased the water flux and increased the DB71 rejec-
tion. For optimal water flux and dye rejection, the most suitable DPS concentration was 
1.0 wt%. Therefore, PES–DPS–1 membrane was used for further explorations in this study. 

Figure 8. PWF of loose TFC NF membranes and PES membrane.

3.2.2. Optimization of the Separation Performance

Membrane separation performance was investigated via filtration of DB71 aqueous
solutions. The effect of DPS concentrations on the separation performance of the prepared
membranes is displayed in Figure 9. As we can see, the water flux and the DB71 rejection
by the support membrane (PES) were 75.34 L·m−2·h−1·bar−1 and 84.1%. When the concen-
tration of DPS increased from 0.5 wt% to 3.0 wt%, it can be seen the water flux decreased
significantly from 59.27 L·m−2·h−1·bar−1 to 7.64 L·m−2·h−1·bar−1, whereas DB71 rejection
increased from 93.6% to 99.7%. The decline in flux was primarily attributed to the fact that
when the concentration of DPS increased, it was easier to form thicker and more compact
separation layers through the IP process, thus increasing the mass transfer resistance of the
membranes. Membranes with low DPS concentrations exhibited high water flux and low
DB71 rejection. A low DPS concentration did not provide enough amine groups for the IP
process, thus forming a relatively loose and thin separation layer on the membrane surface.
When the DPS concentration was further increased, fewer water channels and a thicker
separation layer noticeably decreased the water flux and increased the DB71 rejection. For
optimal water flux and dye rejection, the most suitable DPS concentration was 1.0 wt%.
Therefore, PES–DPS–1 membrane was used for further explorations in this study.
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Figure 9. The effect of DPS concentrations on NF performance of the prepared membranes (Feed:
0.2 g·L−1 DB71 solution, Permeate 1: permeate by the PES support membrane, Permeate 2: permeate
by the PES–DPS–1 membrane).

3.2.3. MWCO of the PES–DPS–1 Membrane

We employed various molecular weights of PEG to conduct size characterization of
the membrane, and the results were displayed in Figure 10. As we can see, the PES–DPS–1
membrane exhibited a low MWCO of 843 Da and it corresponds to a pore size of 1.32 nm
(Equation (3) of Section 2.3).
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3.2.4. Solute Rejection by the PES–DPS–1 Membrane

The performance of solute rejection was evaluated by using four common salts: NaCl,
MgCl2, MgSO4, Na2SO4 and six types of dyes: CV, CR, G-250, DB71, and DR80. More
detailed information about these dyes is provided in Table 1. As illustrated in Figure 11,
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the rejection rates for inorganic salts by the membrane were as follows: Na2SO4 (19.3%),
MgSO4 (9.5%), NaCl (8.7%), and MgCl2 (7.8%). The electrostatic repulsion between the
negative membrane surface and SO4

2− (divalent anions) was stronger than that with
Cl− (monovalent anions), leading to a higher rejection of sulfates than chlorides [23,27].
Additionally, Mg2+ experienced a lower rejection compared with Na+, possibly due to their
greater affinity towards the negatively charged surface of the membrane, which enables
them to pass through more readily. The following are the hydration radii of the four ions:
Cl− (0.33 nm), Na+ (0.36 nm), SO4

2− (0.38 nm), and Mg2+ (0.43 nm) [28]. Another reason
why the membrane exhibited low inorganic salt rejections is because the average pore
size (1.32 nm) of the membrane is much larger than the hydration radius of all four ions
mentioned above. It is also worth noting that the low salt rejection may be attributed to
the presence of defects in the polyamide membrane, which could have been caused by the
rapid quenching of the reaction during interfacial polymerization, particularly with the
emergence of additional acid. Moreover, the water flux values of PES–DPS–1 for MgCl2,
NaCl, MgSO4, and Na2SO4 were 49.7, 50.7, 50.9, and 46.4 L·m−2·h−1·bar−1, respectively.
Consequently, PES–DPS–1 membrane exhibited low inorganic salt rejections for different
salts and a relatively higher water flux owing to the negatively charged surface and a
relatively loose membrane structure.
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In addition, the removal rate and the water flux of the PES–DPS–1 membrane for
the tested dyes with different molecular weights are shown in Figure 12. PES–DPS–1
membrane exhibited high rejections toward CR (98.5%), G-250 (98.8%), DB71 (99.1%),
and DR80 (99.6%), with relatively low rejection toward CV (79.9%). The negative dye
molecules (CR, G-250, DB71, and DR80) were repelled by the negatively charged PES–
DPS–1 membrane surface. In contrary, the negatively charged PES-DPS-1 surface exhibits
a powerful electrostatic adsorption effect on positively charged CV molecules, thereby
diminishing the negative charge density present on the surface of the membrane. Therefore,
the rejection of CR, G-250, DB71, and DR80 was higher than CV. Interestingly, both CR
(696.66) and G-250 (825.97) dyes have molecular weights smaller than the MWCO (843) of
the PES-DPS membrane; nevertheless, the membrane rejected both dyes with high efficiency.
However, previous research has indicated that dyes with ring structures do not exist as
individual dye molecules in a solution, but instead have a tendency to aggregate and
form larger molecular clusters [29]. Therefore, pore-size characterization by dye molecules
weight may not be accurate and cannot present the actual rejection behavior. Compared
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with PWF (46.4 L·m−2·h−1·bar−1), water flux slightly decreased to 30.5, 35.9, 32.1, 33.5, and
32.7 L·m−2·h−1·bar−1 for CR, G-250, DB71, DR80 and CV, respectively. This was primarily
ascribed to the increased permeation resistance due to the dye molecule deposition on the
membrane surface and pore blockage. In short, PES–DPS–1 exhibited a relatively low salt
rejection (<20%) and a high dye-removal efficiency (>98%), indicating a good separation
performance for dyes and salts.
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3.2.5. Effect of Operating Pressure on the Separation Performance

To further explore the properties of the PES–DPS–1 membrane, the influence of the
operating pressure on the membrane’s dye/salt separation performance was studied.
Figure 13 shows the PWF and solute rejection by PES–DPS–1 at 0.5, 1.0, 1.5, 2.0, 2.5 bar.
With an increase in the operating pressure from 0.5 to 2.5 bar, the rejection of DB71 and
Na2SO4 decreased from 99.8% to 97.1% and from 25.2% to 14.2%, respectively. These
experimental results are consistent with those in previous studies [30–32]. The decline in
the solute rejection may be attributed to the increase of operating pressure, allowing for
an easier passage of a dye or a salt. Meanwhile, the membrane’s PWF regularly increased
from 26.6 L·m−2·h−1 to 135.6 L·m−2·h−1 as the test pressure increased, and it confirmed
the formation of a stable separation layer on the PES substrate. The PES–DPS–1 membrane
displayed good permeability even at a low operating pressure, thus saving energy [33].

In loose NF, the transmembrane pressure can be relatively low compared to other
types of membranes because of several factors: (i) loose NF membranes have larger pore
sizes compared to conventional NF membranes. This means that the membranes are
less restrictive, and the flow of liquid through the membrane is easier; and (ii) loose NF
membranes have lower resistance to the flow of liquid than tight NF membranes. This is
because the pores in loose membranes are larger, and the membrane structures are more
flexible.
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3.2.6. Dye Desalination Performance of PES–DPS–1 Membrane

Meanwhile, the separation performance of PES–DPS–1 was studied at different dye
(DB71) and salt (Na2SO4) concentrations. Figure 14 displays the effect of dye (DB71)
concentrations on the desalination efficiency of the PES–DPS–1. The rejections of DB71
and Na2SO4 slightly increased by increasing the DB71 concentration, while the water flux
decreased from 40.9 L·m−2·h−1·bar−1 to 29.1 L·m−2·h−1·bar−1. This could be explained by
the deposition of dyes on the membrane surface and the blockage of the pores. Based on
previous relevant articles, this could also be due to dye aggregation as well as concentration
polarization [34].
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Figure 15 displays the effect of salt (Na2SO4) concentration on dye desalination perfor-
mance of PES–DPS–1, wherein DB71 rejection slightly decreased from 98.9% to 98.7% when
the Na2SO4 content was increased from 0.5 g·L−1 to 4.0 g·L−1, indicating that the increase
in the Na2SO4 concentration showed no obvious effect on the separation performance
of the membrane, a trend consistent with other literature studies [24]. Additionally, the
water flux decreased from 37.2 L·m−2·h−1·bar−1 to 29.3 L·m−2·h−1·bar−1, as induced by
the concentration polarization of Na2SO4. The rejection of Na2SO4 slightly declined (from
36.1% to 31.6%) with the increasing Na2SO4 concentration, possibly because high Na2SO4
concentrations could facilitate the electrostatic shield effect [35–37]. Thus, we inferred that
PES–DPS–1 demonstrated a good separation performance despite high DB71 or Na2SO4
concentrations. The relatively low reactivity of the DPS molecules contributed to the forma-
tion of a loose PA separation layer, which enhanced the water flux and dye desalination
performance of the membrane. This proved the potential of the PES–DPS–1 membrane in
dye desalination.
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3.3. Membrane Chlorine Resistance Evaluations

Chlorine-resistance performance is a significant evaluation index for PA membranes,
since the NaClO solution is universally used for cleaning membrane fouling [38,39]. Chlo-
rine resistance by composite NF membranes is directly related to their lifetime [40]. The
dye rejection ability and water flux of PES–DPS–1 at different chlorine exposure amounts
are exhibited in Figure 16, wherein the water flux of the PES–DPS–1 membrane decreased
at the 6000-ppm·h chlorine exposure amount. This phenomenon was attributed to the con-
version of the N–H groups into N–Cl by partial chlorination, thus forming a more compact
membrane [41]. Nevertheless, the water flux of the membrane was relatively stable after
12,000-ppm·h chlorine exposure, which was consistent with the previous literature [42].
Notably, the dye rejection did not change significantly before and after chlorine immersion.
This demonstrated that the PES–DPS–1 membrane possessed excellent chlorine resistance.
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Furthermore, the FTIR analysis of PES–DPS–1 after its immersion in chlorine was
performed to determine the stability of the PA layer. As shown in Figure 17, the absorption
peaks at 1631 cm−1, 1518 cm−1, and 1446 cm−1 corresponding to the amide bond of the PA
layer on the PES–DPS–1 membrane surface were still present after the membrane immer-
sion in chlorine. The N 1s and O 1s high-resolution spectra of PES–DPS–1 (Figure 18) barely
changed after membrane immersion in chlorine. These results indicate the maintained
stability of the amide-rejection layer. The excellent chlorine resistance by the PES–DPS–1
membrane could be explained by the strong electron-withdrawing effect of the O=S=O
groups of DPS. The introduction of O=S=O groups as the protective groups can signifi-
cantly reduce the density of electron clouds and make the aromatic ring less reactive, thus
inhibiting the conversion of N–H groups into N–Cl and Orton rearrangement [43,44].
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(N 1s: a,c; O 1s: b,d; Black dashed lines represent the original value, gray lines represent the fitted
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4. Conclusions

In this study, novel loose NF membranes with outstanding chlorine stability and high
dye/salt separation efficiency were fabricated via IP technology. The optimal membrane,
PES–DPS–1 exhibited high rejections toward CR (98.5%), G-250 (98.8%), DB71 (99.1%), and
DR80 (99.6%) dyes and low inorganic salt rejections (Na2SO4 19.3%, MgSO4 9.5%, NaCl
8.7%, MgCl2 7.8%). Meanwhile, the PES–DPS–1 membrane displayed a relatively high
PWF (49.4 L·m−2·h−1·bar−1) even at a low-operating pressure (2 bar). Specifically, the
membrane showed outstanding chlorine stability, and the strong electron-withdrawing
effect of the O=S=O groups of DPS contributed to the formation of a PA layer with excellent
chlorine resistance. No significant changes in the dye rejection performance of PES–DPS–1
were observed post immersion in NaClO solution (pH = 4.0, 2000 ppm) for 12 h. Based on
such promising results, the current work provides a novel approach to develop loose NF
membranes with an outstanding chlorine stability and a high dye/salt selectivity.
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Y.J.; formal analysis, L.H.; inverstigation, L.H.; resources, L.H.; data curation, Y.J.; writing-original
draft preparation, L.H.; writing-review and editing, L.H.; visualization, Y.J.; supervision, K.Z.; project
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Abbreviations

NF nanofiltration
DPS 3,3′-diaminodiphenyl sulfone
IP interfacial polymerization
POPs porous organic polymers
TMC trimesoyl chloride
APS 2-aminophenol-4-sulfonic
PES polyethersulfone
DI deionized
FTIR fourier transform infrared spectrometer
FESEM field emission scanning electron microscope
Ra average roughness
PEG polyethylene glycol
PA–TFC polyamide thin-film composite
PA polyamide
CV crystal violet
CR congo red
G-250 coomassie brilliant blue G-250
DB71 direct blue 71
DR80 direct red 80
TFC thin-film composite
XPS X-ray photoelectron spectroscopy
AFM atomic force microscope
PWF pure water flux
MWCO molecular weight cut-off
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