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Abstract: Loose nanofiltration (LNF) membranes with a molecular weight cut-off (MWCO) of about
1000 Da and high surface negative charge density have great application potential for drinking water
treatment pursuing high rejection selectivity between natural organic matter (NOM) and mineral
salts. This study was conducted to exploit the novel method coupling non-solvent induced phase
separation (NIPS) and interfacial polymerization (IP) for the preparation of high-performance LNF
membranes. A number of LNF membranes were synthesized by varying the polyethersulfone (PES)
and piperazine (PIP) concentrations in the cast solution for the PES support layer preparation. Results
showed that these two conditions could greatly affect the membrane water permeance, MWCO and
surface charge. One LNF membrane, with a water permeance as high as 23.0 ± 1.8 L/m2/h/bar,
when used for the filtration of conventional process-treated natural water, demonstrated a rejection of
NOM higher than 70% and a low rejection of mineral salts at about 20%. Both the mineral salts/NOM
selectivity and permselectivity were superior to the currently available LNF membranes as far as
the authors know. This study demonstrated the great advantage of the NIPS–IP method for the
fabrication of LNF membranes, particularly for the advanced treatment of drinking water.

Keywords: loose nanofiltration (LNF); non-solvent induced phase separation (NIPS); interfacial
polymerization (IP); water treatment; natural organic matter (NOM); rejection selectivity

1. Introduction

Nanofiltration (NF) membranes, with a molecular weight cut-off (MWCO) in the range
from 200 to 2000 Da, have a great application potential for the advanced treatment of drink-
ing water. Nevertheless, the MWCO of most commercial NF membranes currently used
for water treatment is generally within 200–500 Da, which ensures the high performance
in removing not only natural organic matter (NOM) but also trace organic compounds
(TrOCs) [1,2]. Accordingly, the water permeances of these membranes are relatively low,
hardly higher than 15 L/m2/h/bar. In addition, the use of these membranes could remove
excessive mineral salts including hardness (calcium/magnesium) ions from water, usually
higher than 50%, resulting in a decrease in not only water chemical stability but also the
water recovery rate [3–5]. Moreover, low contents of hardness ions and total dissolved
solids (TDS) in drinking water would impair its taste [6] and even healthiness. Indeed,
the World Health Organization (WHO) recommends a minimum TDS of 100 mg/L for
drinking water [7].

The use of loose NF (LNF) membranes could be an alternative option for drinking
water treatment, as these are capable of highly effectively removing NOM while main-
taining most of the mineral salts in the treated water [8]. LNF membranes are defined as
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having an MWCO higher than 500 Da [9], and are more suitable for drinking water treat-
ment only if the MWCO is about 1000 Da and carrying sufficiently high surface negative
charges. It is noteworthy that about 90% of NOM have a molecular weight in the range
of 500–3000 Da, and, as with conventional NF membranes, LNF membranes rely on steric
exclusion and an electrostatic effect for the rejection of charged solutes [10,11]. Most of the
TrOCs remaining in the LNF-treated water, which have relatively low molecular weights,
if any, could be more cost-effectively removed by a subsequent physical adsorption or
chemical oxidation, owing to the low content of co-existing NOM. This combined process
could be economically viable due to the enhanced membrane water permeance (and thus
lowered membrane area and energy consumption), increased water recovery rate and
greatly reduced requirement of post-treatment such as the supplementation of essential
mineral ions (re-mineralization) and pH adjustment [12]. Additionally, LNF membranes
could have many other applications relating to material separation, in addition to drinking
water treatment [9,13–15].

Currently, the main methods for LNF membrane synthesis include the classical interfa-
cial polymerization (IP), phase separation, polyphenol/polyamine deposition and surface
coating, among which the first two are the most commonly used [16,17]. In this study, the
novel method coupling non-solvent induced phase separation (NIPS) and IP was applied
for LNF membrane preparation, targeting an MWCO of about 1000 Da. The key feature
of the NIPS–IP method is that the aqueous monomer for IP is preloaded into the matrix
of porous support prepared by NIPS. The NIPS–IP method, using piperazine (PIP) and
trimesoyl chloride (TMC) as the aqueous and organic-phase monomers, respectively, was
reported in our previous study for the synthesis of conventional NF membranes targeting a
higher water permeance [18]. This work is an extension of the application of the method,
which, in synthesizing LNF membranes, would be advantageous over the phase separa-
tion method since it could effectively reduce the formation of defects including too large
membrane pores. In this study, both the NIPS and IP conditions were optimized so as to
regulate the MWCO of LNF membranes. The performance of the prepared LNF membrane
was tested by filtering synthetic and natural water and compared with representative
commercially available LNF membranes.

2. Materials and Methods
2.1. Synthesis of LNF Membranes

Figure 1 schematically shows the procedure of preparing LNF membranes by adopting
the NIPS–IP method. In brief, the casting solution was prepared by dissolving an amount
of PIP monomer (99% purity, Sigma-Aldrich, St. Louis, MO, USA) in a volume of DMSO
(99.5% purity, ThermoFisher, Waltham, MA, USA), followed by adding an amount of
polyethersulfone (PES) powder (Veradel 3000P) under a continuous stirring condition with
a magnetic stirrer for 12 h until the solute was completely dissolved. After degasification,
the viscous bubble-free solution was uniformly applied, using a metal roller, to the surface
of a non-woven fabric fixed on a glass plate, with a thickness of 200 µm, which was
immediately submerged into 0.7 L of deionized (DI) water (25 ◦C). After a duration of
15 s for phase separation in the water bath, the solidified support was removed from the
water bath, and the water droplets on the support layer surface, if any, were removed
with a rubber roller. Thereafter, 50 mL n-hexane (>98.5% purity, ThermoFisher) solution of
TMC (98% purity, Sigma-Aldrich) with a weight concentration of 0.1% TMC was poured
onto the surface of the PIP-loaded support having a surface area of 15 × 15 cm2, and the
IP reaction was allowed to take place for 1 min. After removing the excess liquid, the
synthesized thin-film composite (TFC) membrane was dried at room temperature (~25 ◦C)
for 5 min. The membrane was then washed several times with DI water to remove any
residual chemicals and stored in DI water (4 ◦C) before testing.
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Figure 1. Schematic procedure of preparing LNF membranes by the NIPS–IP method.

A total of six TFC membranes were synthesized by varying the PES and PIP weight
concentrations in the casting solution in the ranges of 13–17% and 0.4–1.2%, respectively
(Table 1). At least two replicates were prepared for each membrane. The membranes were
characterized for the surface and cross-section morphologies by using atomic force mi-
croscopy (AFM, Dimension ICON, Bruker, Germany) and field emission scanning electron
microscopy (FESEM, Hitachi S5500, Japan).

Table 1. The preparation conditions and characteristics of the six LNF membranes.

Membrane PES
Concentration

PIP
Concentration

TMC
Concentration MWCO (Da) Water Permeance

(L/m 2/h/bar)

LNF1 13 wt% 0.8 wt% 0.1 wt% >2000 26.7 ± 1.3
LNF2 15 wt% 0.8 wt% 0.1 wt% 1050 23.0 ± 1.1
LNF3 17 wt% 0.8 wt% 0.1 wt% 530 16.7 ± 0.8
LNF4 15 wt% 0.4 wt% 0.1 wt% >2000 30.2 ± 1.8
LNF5 15 wt% 0.6 wt% 0.1 wt% >2000 25.4 ± 2.9
LNF6 15 wt% 1.2 wt% 0.1 wt% 400 17.1 ± 0.1

2.2. Test of Membrane Performance

The synthesized membranes were tested for the water permeance and MWCO as
well as the rejection of mineral salts and NOM by using a lab-scale cross-flow NF system
with three parallel cells (CF016D, Sterlitech, Auburn, WA, USA) as shown in Figure S1.
Each filtration cell had an effective area of 20.6 cm2. During all filtrations, the water
temperature was maintained at 23 ◦C by using a thermostat. The three membrane coupons
of one membrane batch were compacted at 6 bar for about 1 h until the water flux was
stable, before the applied pressure was adjusted to 4 bar for filtration. The water flux was
measured for the calculation of membrane water permeance. Polyethylene glycol (PEG)
solutions and β-cyclodextrin (MW = 1143 Da, 98%, Sigma-Aldrich) with a concentration of
0.1 g/L were filtered for the determination of MWCO of membrane. Five PEGs were used,
with a mean molecular weight of 200, 300, 600, 1000 and 2000 Da (obtained from Sinopharm
Chemical Reagent Co., Ltd., Sigma-Aldrich, or Aladdin), respectively. The concentration of
mineral salt, being Na2SO4, NaCl or MgCl2, was 1.0 g/L, which was filtered to estimate the
membrane surface charge density. The (apparent) rejection of a solute is determined from
the solute concentrations in the feed water (cf) and in the permeate (cp).

R = (1 − cp/cf) × 100% (1)
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The solute permeability coefficient (B value) could be calculated by

B = Jw (1/R − 1) × 100% (2)

The water flux (Jw) in (2) is calculated from the relationship between the membrane
water permeance (A value) and applied pressure (∆P)

Jw = A ∆P (3)

To determine maximum pressure and compressibility of prepared membranes, LNF2
was selected for testing. By taking Na2SO4 solution as feed water, three coupons of LNF2
membrane were compacted at 6 bar for about 2 h, before the applied pressure was adjusted
from 2 to 12 bar for filtration. After lasting for 2 h at each pressure, the water flux and
Na2SO4 rejection were tested.

According to NF theories, an LNF membrane with high surface negative charge
density would demonstrate a characteristic rejection order of Na2SO4 > NaCl > MgCl2 [10].
To test the rejection of NOM, particularly by LNF2, one synthetic solution of fulvic acid
(Macklin Biochemical, Shanghai, China) at a concentration of 2.3 mg/L as total organic
carbon (TOC) and two treated natural waters were used. One water was collected from
the carbon filter effluent of a pilot-scale water treatment plant in Beijing, which had a
TOC content of 3.0 mg/L, and the other from the effluent of a high-rate settling tank at a
full-scale water treatment plant in Shandong Province, China, which had a TOC content of
2.5 mg/L. The raw waters were surface water for both plants.

During filtration, the feed and permeate water might be sampled for the determi-
nation of the conductivity and TOC content, by a conductivity meter (Shimadzu, China)
and a TOC analyzer (TOC-VCPH, Shimadzu, China), respectively, so as to calculate the
respective rejection.

In addition, some of the water samples were determined for the fluorescence excitation–
emission (FEEM) spectra by using a fluorescence spectrometer (F-7000, Hitachi). The ob-
tained FEEM spectra were corrected and standardized following the procedure that was re-
ported previously [19]. According to the literature [20], the as-obtained FEEM spectrogram
was divided into five regions, each representing a specific fraction of DOM. Specifically, Re-
gion I (Ex/Em = (200–250)/(250–330) nm) and Region II (Ex/Em = (200–250)/(330–380) nm)
were assigned to tryptophan-like and tyrosine-like proteins, respectively, and Region III
(Ex/Em = (200–250)/(380–600) nm), Region IV (Ex/Em = (250–400)/(250–380) nm) and
Region V (Ex/Em = (250–500)/(380–600) nm) were assigned to fulvic acid-like, soluble
microbial product (SMP)-like and humic acid-like substances, respectively.

3. Results and Discussion
3.1. Effect of PES Concentration

Based on the preliminary exploration, the weight percentage of PIP in the cast solution
for the support layer preparation was fixed at 0.8%, and the weight percentage of PES
was changed from 13% to 17%. The membrane water permeance, rejections of different
single salts and rejections of different PEGs were determined for the three TFC membranes
(Figure 2). Results showed that when the concentration of PES increased, the membrane wa-
ter permeance decreased substantially from 27 L/m2/h/bar (for LNF1) to 17 L/m2/h/bar
(for LNF3), while the rejection of each single salt increased slightly (Figure 2a) and, as
such, the B value of each single salt decreased (Table S1). From the membrane rejections of
PEG with different molecular weights (Figure 2b), it can be inferred that the membrane
MWCO decreased when the PES concentration increased. This was because, with the
increase in PES concentration, the viscosity of the casting solution increased so that the
diffusion resistance of PIP also increased. As a result, the concentration of PIP remaining
on the surface of the support layer formed after phase separation was higher, which led to
a smaller pore size of the fabricated NF membrane. For each membrane, the rejection of
Na2SO4 (68–77%) was much higher than that of MgCl2 (10–20%), which was nevertheless
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higher than that of NaCl (4–9%). This infers that the membranes fabricated under these
conditions were negatively charged on the surface but not to a very high level [21,22].

1 
 

 

  
Figure 2. Effect of PES concentration on the performance and properties of the TFC LNF membranes.
The PIP concentration in the cast solution was fixed at 0.8%. (a) Water permeance and rejections of
Na2SO4, NaCl and MgCl2. (b) Rejections of PEGs with different molecular weight. (c) Membrane
surface morphology depicted by SEM and AFM images.

It is worth noting that the rejections of PEG-1000 and PEG-2000 by LNF1, and some
membranes described later, were quite similar. The main reason was that the PEG molecules
have a chain (linear) structure, which would be rejected by a lower value when compared
with spherical molecules with the same molecular weight [23–25]. It might infer that
PEGs, especially those with relatively large molecular weights, may not be suitable for
the determination of the membrane MWCO. The LNF2 membrane, fabricated with a PES
concentration of 15% and a PIP concentration of 0.8%, had a membrane water permeance
of 23 L/m2/h/bar, a rejection of PEG-1000 at ~89% and a rejection of β-cyclodextrin at
~92%. The MWCO of this membrane (LNF2) was estimated to be 1050 Da (Table 1).

The SEM images of the membrane top surface showed that all membranes were
relatively flat, typical of semi-aromatic NF membranes, though the AFM images showed
that the membrane surface roughness increased to a relatively high level of 25.7 nm when
the PES weight percentage increased to 17%. Leaf-like structures, typical of reverse osmosis
membranes, could be observed on the membrane surface. This indicates that when the PES
concentration was higher, the amount of PIP remaining on the support layer surface was
higher, and the subsequent IP reaction would be more intense and produce more rough
structures [26]. An increased roughness could substantially affect the membrane fouling
behavior when in use, resulting from the change in the hydrodynamic characteristic in
the vicinity of the membrane surface [27,28]. In addition, the appearance of protuberances
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could increase the effective area of water permeation. Nevertheless, the membrane water
permeance was lowest when the PES concentration was 17%, which was due to the densest
polyamide active layer formed by IP.

3.2. Effect of PIP Concentration

When the PES concentration in the cast solution was fixed at 15%, and the PIP concen-
tration increased from 0.4% to 1.2%, the membrane water permeance, rejection ability and
B value of each single salt changed greatly (Figure 3 and Table S1). As the PIP concentration
increased, the membrane water permeance decreased from 30 L/m2/h/bar (for LNF4)
to 17 L/m2/h/bar (for LNF6). This was again mainly because of the increasingly dense
active layer structure and reduced membrane pore size, illustrated by the greatly increased
rejection of PEGs, especially when the PIP concentration was increased to 0.8% or higher.
As such, the membrane’s ability of rejecting Na2SO4 greatly increased from 55% (for LNF4)
to 82% (for LNF6), and the rejection of MgCl2 also increased substantially. The much higher
rejection of Na2SO4 than MgCl2 by each membrane indicates that all membranes were
negatively charged on the surface. Nevertheless, the first increase and then decrease in
the rejection of NaCl with the increase in PIP concentration indicates that the membrane
surface became less negatively charged, in consideration of the increase in membrane pore
size, which was favorable for solute rejection by the steric exclusion effect.

 

2 

 

 
Figure 3. Effect of PIP concentration in the cast solution on the performance and properties of the TFC
LNF membranes. The PES concentration in the cast solution was fixed at 15%. (a) Water permeance
and rejections of Na2SO4, NaCl and MgCl2. (b) Rejections of PEGs with different molecular weights.
(c) Membrane surface morphology depicted by SEM and AFM images.

It is noteworthy that when the PIP concentration was relatively low, rejections of
PEGs differed substantially among the membrane replicates fabricated under the same
condition, illustrated by the large error bars. This indicates that the NIPS–IP method might
not be sufficiently reproducible when the PIP concentration is low and the pore sizes of
the fabricated membrane could be highly non-uniform [29]. This could be due to the
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non-uniform distribution of PIP monomers in the PES support layer and the deficiency of
PIP monomers in some areas to react with TMC monomers during the IP step, resulting in
large and massive defects in the fabricated membrane.

The AFM and SEM characterizations showed that as the PIP concentration increased,
the membrane surface roughness did not change substantially (Figure 3c), not as much as it
did when the PES concentration increased. The relatively high roughness (9.8 nm) when the
PIP concentration was low at 0.4% was probably due to the many defects generated while
the relatively high roughness (8.4 nm) for the membrane prepared with a PIP concentration
of 1.2% was a result of the massive formation of nodules or protrusions on the surface.
Nevertheless, all these membranes had a level of roughness value typical of semi-aromatic
NF membranes.

It is noteworthy that the membranes prepared by the NIPS–IP method could endure
a high applied pressure with very low compressibility. Taking the LNF2 membrane as
an example, which had an MWCO of 1050 Da, by increasing the applied pressure from
2 to 12 bar, the performance of the LNF2 membrane in rejecting Na2SO4 was stable, and
the membrane water flux increased linearly with the applied pressure (Figure 4).
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Figure 4. Water flux and Na2SO4 rejection for LNF2 membrane tested at different pressures. The
straight red dashed line is linear regression of water flux-applied pressure relationship with the slope
(k) equal to 22.5 L/m2/h/bar, which was identical to the A value of membrane.

3.3. Rejection Selectivity of the Prepared Membrane

Our previous study [10] showed that LNF membranes with an MWCO of ~1000 Da
and sufficiently high surface negative charge density could have a high mineral salts/NOM
selectivity, with rejections of NOM and mineral salts higher than 70% and lower than 30%,
respectively. However, the water permeance of currently available LNF membranes need to
be further improved. Table 2 shows some of the commercially available and lab-made LNF
membranes, with MWCO all higher 600 Da. It is clear that the LNF2 membrane had a higher
water permeance than those commercial LNF membranes listed with a similar MWCO.
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Table 2. Main information of commercially available LNF membranes.

Membrane Code Supplier Membrane
Material MWCO (Da) Water Permeance

(L/m2/h/bar) References

CK GE Osmonics Cellulose acetate ~2000 3.45 [30]
GE GE Osmonics Polyamide 1000 1.11 [30]
GH GE Osmonics Polyamide 2000 3.29 [30]
GK GE Osmonics Polyamide 2000 10.0 [30]

NP010 Microdyn Nadir Polyether sulfone ~1000 >5.0 [30]
TriSep SBNF Microdyn Nadir Cellulose acetate 2000 12.0~17.7 [30]

NFPES10 Microdyn Nadir Polyether sulfone 1000 15.4 [30]
Sepro NF6 Ultura Polyamide 850 16.7 [30]

NF2 * – Polyamide 610 9.27 [10]
NF3 * – Polyamide 660 14.3 [10]
NF4 * TriSep Polyamide 970 16.9 [10]
NF5 * Synder Polyamide 1050 23.1 [10]
NF6 * – Polyamide 1240 20.5 [10]

– Lab-made PES 1250 20.0 [31]

– Lab-made PES with sulfonated
halloysite nanotubes 706 18.7 [32]

– Lab-made Diethylenetriamine-TMC 800 4.5 [33]
– Lab-made Sericin-TMC 880 11.9 [34]
– Lab-made Polyethyleneimine-Trimesic acid 1000 19.1 [35]
– Lab-made Triethanolamine-TMC 1490 8.6 [36]
– Lab-made (NH2-PEG600)- TMC 678 13.2 [37]
– Lab-made Chitin xanthate/H2O2 652 2.8~3.8 [38]
– Lab-made Gallic acid-polyethyleneimine 950 18.0 [39]
– Lab-made Polydopamine 1250 17.5 [40]

– Lab-made

Hybrid of poly(1,4-phenylene ether
ether sulfone), polyacrylonitrile,

poly(vinyl pyrrolidone), and
SBA-15 mesoporous silica

1000 1.3~13.3 [41]

Note: The LNF membranes with a * mark were tested in our previous study [10] for the mineral salts/NOM
selectivity by using treated natural water as well as MWCO and water permeance, for comparative purpose.

To test the mineral salts/NOM selectivity of the LNF2 membrane prepared by the
novel NIPS–IP method, two treated natural surface waters were used. The first one was the
effluent of an activated carbon filter of a pilot-scale treatment plant in Beijing, which had
a TOC of 3.0 mg/L and a TDS of 197.8 mg/L. At an applied pressure of 4 bar, the LNF2
membrane could reject NOM as TOC by 70.8%, while allowing most of the mineral salts
to pass through with a low TDS rejection of 19.0%. These results showed that the LNF2
membrane had a high rejection selectivity between NOM and mineral salts. A comparison
of the FEEM spectra of the feed water and the permeate water (Figure 5(a1,a2)) showed that
the fulvic acid-like substances (Region III) contained in the raw water were largely removed,
while tyrosine-like proteins (Region II), though having a low concentration in the feed
water, mostly remained in the permeate water. As with our previous study [42], this result
showed that the steric hindrance and electrostatic effects were both responsible for the
rejection of NOM. Fulvic acid-like substances are among the NOM components that have a
relatively low molecular weight and are, thus, expected to have relatively low rejection. To
test this hypothesis, a synthetic feed water containing commercial fulvic acids as the only
group of organic solutes was filtered by using the LNF2 membrane. The synthetic water
had a TOC content of 2.3 mg/L and a TDS of 198.7 mg/L. Indeed, the FEEM spectra of feed
water (Figure 5(b1)) showed a strong excitation–emission peak characteristic of fulvic acid
in Region III. A comparison with the FEEM for the permeate water (Figure 5(b2)) showed
that most of the fulvic acid was removed by the LNF2 membrane. However, measurement
of the TOC content in the permeate water (0.94 mg/L) showed that the NOM rejection was
59%. (In comparison, the rejection of mineral salts as TDS was 15.7%.) This indicates that a
substantial portion of fulvic acids, most of which were non-fluorescent, could not be well
rejected by LNF membranes such as LNF2, which either had a low molecular weight or
carried little molecular charge, and thus were not favorable to being rejected by the steric
hindrance and electrostatic effect, respectively. The content of these non-fluorescent fulvic
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acids in natural waters need to be further studied. To compare the mineral salts/NOM
selectivity of LNF2 with the commercial LNF membranes, a second treated natural water
was used, which was collected from a high-rate settling tank at a large-scale surface water
treatment plant in Shandong Province. The water had a TOC of 2.5 mg/L and a TDS of
272.1 mg/L. The FEEM spectra showed that the feed water had more tyrosine-like proteins
and less fulvic acid-like substances than the first feed water. A comparison of the FEEM
spectra of the feed and permeate water (Figure 5(c1,c2)) again showed that most of the
(fluorescent) fulvic acid-like substances were removed while a substantial proportion of
the tyrosine-like proteins remained in the permeate water. Nevertheless, the NOM (as
TOC) rejection by the LNF2 membrane was still high at 71.2%, along with a low rejection of
mineral salts (as TDS) at 20.8%. The mineral salts/NOM selectivity of LNF2 was compared
with that of five commercial LNF membranes (NF2–NF6 in Table 2), which were tested
by using the same feed water as reported in Zhang et al. [10] (Figure 6). It is clear that
the LNF2 membrane had the highest mineral salts/NOM selectivity among the six LNF
membranes, along with a high membrane water permeance of about 23.0 L/m2/h/bar. The
better performance of LNF2 regarding selectivity was likely owing to the higher membrane
surface negative charge density, given that the MWCO was similar or even higher than
commercial membranes. This clearly demonstrated the high application potential of the
NIPS–IP method in fabricating high-performance LNF membranes pursuing high mineral
salts/NOM selectivity for the advanced treatment of drinking water.
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of (a) the inverse water/solute (i.e., NOM and TDS) selectivity and (b) the NOM/mineral salts
selectivity on the membrane water permeance.

4. Conclusions

This study clearly demonstrated that the novel NIPS–IP method could be extended
for the fabrication of LNF membranes for the advanced treatment of drinking water. It
was found that both PIP and PES concentrations in the cast solution for the PES support
layer fabrication could greatly affect the membrane MWCO and surface charge, and, in
turn, the water permeance and rejection characteristics of mineral salts. Lower PIP and PES
concentrations could increase the membrane MWCO but might also cause the formation
of more defects. To fabricate LNF membranes suitable for water treatment, one set of
optimum conditions were as follows: the weight percentages of PIP and PES are 0.8%
and 15% in the cast solution in DMSO, respectively, the duration of phase separation time
is 15 s, the weight percentage of TMC is 0.1% in n-hexane and the time of IP is 1 min.
The prepared LNF membrane had an MWCO of about 1000 Da and relatively abundant
negative charges on the surface. Filtration tests using one synthetic solution of fulvic acid
and two treated natural waters confirmed that the membrane had the characteristics of high
water permeance (>20 L/m2/h/bar), high NOM rejection (>70%) and low TDS rejection
(<20%), all favorable for drinking water treatment. Both the mineral salts/NOM selectivity
and permselectivity were superior to the currently available LNF membranes tested in
our previous studies. The NIPS–IP method could be applied for the fabrication of LNF
membranes for other valuable applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes12090887/s1, Figure S1: Schematic diagram of
the cross-flow nanofiltration setup comprising of three parallel filtration cells; Table S1: The B values
of prepared membranes for monovalent and divalent ions.

Author Contributions: Z.H.: methodology, investigation, data curation, formal analysis,
writing—original draft; K.W.: methodology, data curation, writing—review and editing; Y.L.: method-
ology; T.Z.: data curation; X.W.: funding acquisition, supervision, writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2021YFC3200904).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/membranes12090887/s1


Membranes 2022, 12, 887 11 of 12

References
1. Guo, H.; Li, X.H.; Yang, W.L.; Yao, Z.K.; Mei, Y.; Peng, L.E.; Yang, Z.; Shao, S.L.; Tang, C.Y. Nanofiltration for Drinking Water

Treatment: A Review. Front. Chem. Sci. Eng. 2022, 16, 681–698. [CrossRef] [PubMed]
2. Zhao, Y.Y.; Tong, T.Z.; Wang, X.M.; Lin, S.H.; Reid, E.M.; Chen, Y.S. Differentiating Solutes with Precise Nanofiltration for Next

Generation Environmental Separations: A Review. Environ. Sci. Technol. 2021, 55, 1359–1376. [CrossRef] [PubMed]
3. Yang, Z.; Sun, P.F.; Li, X.H.; Gan, B.W.; Wang, L.; Song, X.X.; Park, H.D.; Tang, C.Y. A Critical Review on Thin-Film Nanocomposite

Membranes with Interlayered Structure: Mechanisms, Recent Developments, and Environmental Applications. Environ. Sci.
Technol. 2020, 54, 15563–15583. [CrossRef] [PubMed]

4. Tian, J.Y.; Chang, H.L.; Gao, S.S.; Zhang, R.J. How to Fabricate a Negatively Charged NF Membrane for Heavy Metal Removal
via the Interfacial Polymerization between PIP and TMC? Desalination 2020, 491, 114499. [CrossRef]

5. Shemer, H.; Hasson, D.; Semiat, R. State-of-the-art Review on Post-treatment Technologies. Desalination 2015, 356, 285–293.
[CrossRef]

6. Li, H.; Yuan, Z.; Wang, K.; Wang, X. A Review of the Influence Factors on Flavor of Drinking Water. Water Wastewater Eng. 2022,
48, 143–151. [CrossRef]

7. World Health Organization. Calcium and Magnesium in Drinking-Water Public Health Significance; World Health Organization:
Geneva, Switzerland, 2009.

8. Gao, Y.W.; Wang, K.P.; Wang, X.M.; Huang, X. Exploitation of Amine Groups Cooped up in Polyamide Nanofiltration Membranes
to Achieve High Rejection of Micropollutants and High Permeance of Divalent Cations. Environ. Sci. Technol. 2022, 56,
10954–10962. [CrossRef]

9. Feng, X.Q.; Peng, D.L.; Zhu, J.Y.; Wang, Y.; Zhang, Y.T. Recent Advances of Loose Nanofiltration Membranes for Dye/Salt
Separation. Sep. Purif. Technol. 2022, 285, 120228. [CrossRef]

10. Zhang, T.; He, Z.H.; Wang, K.P.; Wang, X.M.; Xie, Y.F.F.; Hou, L. Loose Nanofiltration Membranes for Selective Rejection of
Natural Organic Matter and Mineral Salts in Drinking Water Treatment. J. Membr. Sci. 2022, 662, 120970. [CrossRef]

11. Winter, J.; Barbeau, B.; Berube, P. Nanofiltration and Tight Ultrafiltration Membranes for Natural Organic Matter Removal-
Contribution of Fouling and Concentration Polarization to Filtration Resistance. Membranes 2017, 7, 34. [CrossRef]

12. Liu, Y.L.; Zhao, Y.Y.; Wang, X.M.; Wen, X.H.; Huang, X.; Xie, Y.F.F. Effect of Varying Piperazine Concentration and Post-
modification on Prepared Nanofiltration Membranes in Selectively Rejecting Organic Micropollutants and Salts. J. Membr. Sci.
2019, 582, 274–283. [CrossRef]

13. Liu, S.; Fang, X.F.; Lou, M.M.; Qi, Y.H.; Li, R.; Chen, G.; Li, Y.L.; Liu, Y.B.; Li, F. Construction of Loose Positively Charged NF
Membrane by Layer-by-Layer Grafting of Polyphenol and Polyethyleneimine on the PES/Fe Substrate for Dye/Salt Separation.
Membranes 2021, 11, 699. [CrossRef] [PubMed]

14. Epsztein, R.; DuChanois, R.M.; Ritt, C.L.; Noy, A.; Elimelech, M. Towards Single-species Selectivity of Membranes with
Subnanometre Pores. Nat. Nanotechnol. 2020, 15, 426–436. [CrossRef] [PubMed]

15. Zheng, J.F.; Zhao, R.; Uliana, A.A.; Liu, Y.Y.; Zhang, D.M.; Zhang, X.; Xu, D.L.; Gao, Q.Y.; Jin, P.R.; Liu, Y.L.; et al. Separation of
Textile Wastewater Using a Highly Permeable Resveratrol-based Loose Nanofiltration Membrane with Excellent Anti-fouling
Performance. Chem. Eng. J. 2022, 434, 134705. [CrossRef]

16. Wang, K.P.; Wang, X.M.; Januszewski, B.; Liu, Y.L.; Li, D.Y.; Fu, R.Y.; Elimelech, M.; Huang, X. Tailored Design of Nanofiltration
Membranes for Water Treatment Based on Synthesis-property-performance Relationships. Chem. Soc. Rev. 2022, 51, 672–719.
[CrossRef] [PubMed]

17. Yang, Z.; Dai, R.; Wen, Y.; Wang, L.; Wang, Z.; Tang, C. Recent Progress of Nanofiltration Membrane in Water Treantment and
Water Reuse. Environ. Eng. 2021, 39, 1–12. [CrossRef]

18. Liu, Y.L.; Zhu, J.Y.; Zheng, J.F.; Gao, X.Q.; Wang, J.; Wang, X.M.; Xie, Y.F.; Huang, X.; Van der Bruggen, B. A Facile and Scalable
Fabrication Procedure for Thin-Film Composite Membranes: Integration of Phase Inversion and Interfacial Polymerization.
Environ. Sci. Technol. 2020, 54, 1946–1954. [CrossRef]

19. Xiao, K.; Sun, J.Y.; Shen, Y.X.; Liang, S.; Liang, P.; Wang, X.M.; Huang, X. Fluorescence Properties of Dissolved Organic Matter as a
Function of Hydrophobicity and Molecular Weight: Case Studies from Two Membrane Bioreactors and an Oxidation Ditch. RSC
Adv. 2016, 6, 24050–24059. [CrossRef]

20. Chen, W.; Westerhoff, P.; Leenheer, J.A.; Booksh, K. Fluorescence Excitation—Emission Matrix Regional Integration to Quantify
Spectra for Dissolved Organic Matter. Environ. Sci. Technol. 2003, 37, 5701–5710. [CrossRef]

21. Jun, B.M.; Cho, J.; Jang, A.; Chon, K.; Westerhoff, P.; Yoon, Y.; Rho, H. Charge Characteristics (surface charge vs. zeta potential) of
Membrane Surfaces to Assess the Salt Rejection Behavior of Nanofiltration Membranes. Sep. Purif. Technol. 2020, 247, 117026.
[CrossRef]

22. Gao, X.Q.; Yu, K.C.; Wang, X.M. Rejection Behaviors and Separation Selectivity of Loose Nanofiltration Membranes for Mineral
Ions in Drinking Water. Acta Sci. Circumstantiae 2020, 40, 2700–2707. [CrossRef]

23. Liu, Y.L.; Wei, W.; Wang, X.M.; Yang, H.W.; Xie, Y.F. Relating the Rejections of Oligomeric Ethylene Glycols and Saccharides by
Nanofiltration: Implication for Membrane Pore Size Determination. Sep. Purif. Technol. 2018, 205, 151–158. [CrossRef]

24. Kiso, Y.; Muroshige, K.; Oguchi, T.; Yamada, T.; Hhirose, M.; Ohara, T.; Shintani, T. Effect of Molecular Shape on Rejection of
Uncharged Organic Compounds by Nanofiltration Membranes and on Calculated Pore Radii. J. Membr. Sci. 2010, 358, 101–113.
[CrossRef]

http://doi.org/10.1007/s11705-021-2103-5
http://www.ncbi.nlm.nih.gov/pubmed/34849269
http://doi.org/10.1021/acs.est.0c04593
http://www.ncbi.nlm.nih.gov/pubmed/33439001
http://doi.org/10.1021/acs.est.0c05377
http://www.ncbi.nlm.nih.gov/pubmed/33213143
http://doi.org/10.1016/j.desal.2020.114499
http://doi.org/10.1016/j.desal.2014.09.035
http://doi.org/10.13789/j.cnki.wwe1964.2021.09.27.0002
http://doi.org/10.1021/acs.est.2c02410
http://doi.org/10.1016/j.seppur.2021.120228
http://doi.org/10.1016/j.memsci.2022.120970
http://doi.org/10.3390/membranes7030034
http://doi.org/10.1016/j.memsci.2019.04.018
http://doi.org/10.3390/membranes11090699
http://www.ncbi.nlm.nih.gov/pubmed/34564516
http://doi.org/10.1038/s41565-020-0713-6
http://www.ncbi.nlm.nih.gov/pubmed/32533116
http://doi.org/10.1016/j.cej.2022.134705
http://doi.org/10.1039/D0CS01599G
http://www.ncbi.nlm.nih.gov/pubmed/34932047
http://doi.org/10.13205/j.hjgc.202107001
http://doi.org/10.1021/acs.est.9b06426
http://doi.org/10.1039/C5RA23167A
http://doi.org/10.1021/es034354c
http://doi.org/10.1016/j.seppur.2020.117026
http://doi.org/10.13671/j.hjkxxb.2020.0084
http://doi.org/10.1016/j.seppur.2018.05.042
http://doi.org/10.1016/j.memsci.2010.04.034


Membranes 2022, 12, 887 12 of 12

25. Zheng, F.C.; Zhang, Z.Q.; Li, C.X.; Yuan, Q.P. A Comparative Study of Suitability on Different Molecular Size Descriptors with the
Consideration of Molecular Geometry in Nanofiltration. J. Membr. Sci. 2009, 332, 13–23. [CrossRef]

26. Tan, Z.; Chen, S.F.; Peng, X.S.; Zhang, L.; Gao, C.J. Polyamide Membranes with Nanoscale Turing Structures for Water Purification.
Science 2018, 360, 518–521. [CrossRef]

27. Shang, W.; Sun, F.; Jia, W.; Guo, J.; Yin, S.; Wong, P.W.; An, A.K. High-performance Nanofiltration Membrane Structured with
Enhanced Stripe Nano-morphology. J. Membr. Sci. 2020, 600, 117852. [CrossRef]

28. Kucera, J. Biofouling of Polyamide Membranes: Fouling Mechanisms, Current Mitigation and Cleaning Strategies, and Future
Prospects. Membranes 2019, 9, 111. [CrossRef]

29. Liang, Y.Z.; Zhu, Y.Z.; Liu, C.; Lee, K.R.; Hung, W.S.; Wang, Z.Y.; Li, Y.Y.; Elimelech, M.; Jin, J.; Lin, S.H. Polyamide Nanofiltration
Membrane with Highly Uniform Sub-nanometre Pores for Sub-1 Angstrom Precision Separation. Nat. Commun. 2020, 11, 1–9.
[CrossRef]

30. Guo, S.W.; Wan, Y.H.; Chen, X.R.; Luo, J.Q. Loose Nanofiltration Membrane Custom-tailored for Resource Recovery. Chem. Eng. J.
2021, 409, 127376. [CrossRef]

31. Kim, D.; Salazar, O.R.; Nunes, S.P. Membrane Manufacture for Peptide Separation. Green Chem. 2016, 18, 5151–5159. [CrossRef]
32. Wang, Y.; Zhu, J.; Dong, G.; Zhang, Y.; Guo, N.; Liu, J. Sulfonated Halloysite Nanotubes/polyethersulfone Nanocomposite

Membrane for Efficient Dye Purification. Sep. Purif. Technol. 2015, 150, 243–251. [CrossRef]
33. Chiang, Y.-C.; Hsub, Y.-Z.; Ruaan, R.-C.; Chuang, C.-J.; Tung, K.-L. Nanofiltration Membranes Synthesized from Hyperbranched

Polyethyleneimine. J. Membr. Sci. 2009, 326, 19–26. [CrossRef]
34. Zhou, C.; Shi, Y.; Sun, C.; Yu, S.; Liu, M.; Gao, C. Thin-film Composite Membranes Formed by Interfacial Polymerization with

Natural Material Sericin and Trimesoyl Chloride for Nanofiltration. J. Membr. Sci. 2014, 471, 381–391. [CrossRef]
35. Gu, K.; Wang, S.; Li, Y.; Zhao, X.; Zhou, Y.; Gao, C. A Facile Preparation of Positively Charged Composite Nanofiltration

Membrane with High Selectivity and Permeability. J. Membr. Sci. 2019, 581, 214–223. [CrossRef]
36. Wu, Y.; Gao, M.; Chen, W.; Lü, Z.; Yu, S.; Liu, M.; Gao, C. Efficient Removal of Anionic Dye by Constructing Thin-film Composite

Membrane with High Perm-selectivity and Improved Anti-dye-deposition Property. Desalination 2020, 476, 114228. [CrossRef]
37. Cheng, X.Q.; Liu, Y.; Guo, Z.; Shao, L. Nanofiltration Membrane Achieving Dual Resistance to Fouling and Chlorine for “Green”

Separation of Antibiotics. J. Membr. Sci. 2015, 493, 156–166. [CrossRef]
38. Dong, T.-T.; Chen, G.-H.; Gao, C.-J. Preparation of Chitin Xanthate/polyacrylonitrile NF Composite Membrane with Cross-linking

Agent Hydrogen Peroxide and Its Characterization. J. Membr. Sci. 2007, 304, 33–39. [CrossRef]
39. Cheng, X.Q.; Wang, Z.X.; Zhang, Y.; Zhang, Y.; Ma, J.; Shao, L. Bio-inspired Loose Nanofiltration Membranes with Optimized

Separation performance for antibiotics removals. J. Membr. Sci. 2018, 554, 385–394. [CrossRef]
40. Zhu, J.; Tsehaye, M.T.; Wang, J.; Uliana, A.; Tian, M.; Yuan, S.; Li, J.; Zhang, Y.; Volodin, A.; Van der Bruggen, B. A Rapid

Deposition of Polydopamine Coatings Induced by Iron (III) Chloride/hydrogen Peroxide for Loose Nanofiltration. J. Colloid
Interface Sci. 2018, 523, 86–97. [CrossRef]

41. Paun, G.; Neagu, E.; Parvulescu, V.; Anastasescu, M.; Petrescu, S.; Albu, C.; Nechifor, G.; Radu, G.L. New Hybrid
Nanofiltration Membranes with Enhanced Flux and Separation Performances Based on Polyphenylene Ether-Ether-
Sulfone/Polyacrylonitrile/SBA-15. Membranes 2022, 12, 689. [CrossRef]

42. Xu, R.; Qin, W.; Tian, Z.S.; He, Y.; Wang, X.M.; Wen, X.H. Enhanced Micropollutants Removal by Nanofiltration and Their
Environmental Risks in Wastewater Reclamation: A Pilot-scale Study. Sci. Total Environ. 2020, 744, 488–496. [CrossRef] [PubMed]

http://doi.org/10.1016/j.memsci.2009.01.032
http://doi.org/10.1126/science.aar6308
http://doi.org/10.1016/j.memsci.2020.117852
http://doi.org/10.3390/membranes9090111
http://doi.org/10.1038/s41467-020-15771-2
http://doi.org/10.1016/j.cej.2020.127376
http://doi.org/10.1039/C6GC01259K
http://doi.org/10.1016/j.seppur.2015.07.005
http://doi.org/10.1016/j.memsci.2008.09.021
http://doi.org/10.1016/j.memsci.2014.08.033
http://doi.org/10.1016/j.memsci.2019.03.057
http://doi.org/10.1016/j.desal.2019.114228
http://doi.org/10.1016/j.memsci.2015.06.048
http://doi.org/10.1016/j.memsci.2007.06.017
http://doi.org/10.1016/j.memsci.2018.03.005
http://doi.org/10.1016/j.jcis.2018.03.072
http://doi.org/10.3390/membranes12070689
http://doi.org/10.1016/j.scitotenv.2020.140954
http://www.ncbi.nlm.nih.gov/pubmed/32755784

	Introduction 
	Materials and Methods 
	Synthesis of LNF Membranes 
	Test of Membrane Performance 

	Results and Discussion 
	Effect of PES Concentration 
	Effect of PIP Concentration 
	Rejection Selectivity of the Prepared Membrane 

	Conclusions 
	References

