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Abstract: Polyamide (PA) thin-film composite (TFC) nanofiltration (NF) membranes, which are
extensively utilized in seawater desalination and water purification, are limited by the upper bounds
of permeability-selectivity. Recently, constructing an interlayer between the porous substrate and
the PA layer has been considered a promising approach, as it may resolve the trade-off between
permeability and selectivity, which is ubiquitous in NF membranes. The progress in interlayer
technology has enabled the precise control of the interfacial polymerization (IP) process, which
regulates the structure and performance of TFC NF membranes, resulting in a thin, dense, and
defect-free PA selective layer. This review presents a summary of the latest developments in TFC
NF membranes based on various interlayer materials. By drawing from existing literature, the
structure and performance of new TFC NF membranes using different interlayer materials, such as
organic interlayers (polyphenols, ion polymers, polymer organic acids, and other organic materials)
and nanomaterial interlayers (nanoparticles, one-dimensional nanomaterials, and two-dimensional
nanomaterials), are systematically reviewed and compared. Additionally, this paper proposes the
perspectives of interlayer-based TFC NF membranes and the efforts required in the future. This
review provides a comprehensive understanding and valuable guidance for the rational design of
advanced NF membranes mediated by interlayers for seawater desalination and water purification.

Keywords: thin-film composite; nanofiltration membrane; water permeability; selectivity; water purification

1. Introduction

Nanofiltration (NF) membranes are a type of pressure-driven membrane that has the
ability to intercept low-molecular-weight organic molecules and multivalent ions. These
membranes have found widespread application in seawater desalination, drinking water
purification, and wastewater treatment. The most commonly used commercial NF mem-
branes are polyamide (PA) thin-film composite (TFC) membranes prepared by interfacial
polymerization (IP), owing to their ease of processing, mature technology, and low cost.
However, the trade-off between permeability and selectivity of TFC NF membranes has
hindered the improvement of water permeability and solute retention rate simultane-
ously [1–4]. As a result, larger membrane areas and higher operating pressures are required
for practical applications, which increases construction and operation costs. Hence, de-
veloping NF membranes with both high permeability and high retention is crucial for
cost reduction.

PA TFC membranes have undergone tremendous development as the most successful
commercialized product since the introduction of the concept of interfacial polymerization
(IP) by Morgan in the early 1980s [5]. Despite the passage of nearly four decades, IP
remains the foremost industrial technology for producing commercialized membranes. The
typical IP process entails impregnating porous polymer support with a diamine aqueous
solution, followed by exposure to a trimesoyl chloride organic solution. As the solubility
of trimesoyl chloride in water is negligible, and the solubility of diamine is moderate in
organic solvents [6], the polymerization reaction mainly occurs at the organic phase at
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the water-oil interface, where the diamine monomer diffuses from the water phase into
the organic phase and rapidly reacts with the trimesoyl chloride. The resulting Janus
reaction zone leads to the formation of an asymmetric PA nanofilm (with a total thickness
of approximately 100 nm), where the amine and carboxyl groups are enriched on the water-
phase and organic-phase sides, respectively. This gives rise to nanoscale heterogeneity
in the PA nanofilm, which has been extensively discussed in studies by Freger et al. [7,8].
They concluded that the PA nanofilm features a negatively charged top layer, followed by a
more densely packed positively charged sublayer.

PA TFC NF membranes mainly consist of a nonwoven fabric, a support layer, and a
PA separation layer. The ultra-thin PA separation layer plays a crucial role in determining
the flux and separation performance of the NF membrane. An ideal NF membrane should
exhibit excellent water permeability and high removal rates of organic matter, multivalent
salts, and other pollutants [9]. The thickness and crosslinking degree of the PA separation
layer influence the overall separation performance of the TFC membrane. The traditional
PA separation layer is approximately 100 nm, resulting in significant water transport
resistance [10]. Therefore, it is necessary to reduce the thickness of the PA separation layer
and increase the crosslinking degree to prepare high-performance NF membranes [11].

According to the classical theory of membrane separation and mass transfer, the
permeability of a membrane is negatively correlated with the thickness of its selective
layer [12]. Therefore, the thinner the selective layer, the higher the permeability [13].
The ultra-thinning of composite NF membranes is, in fact, the ultra-thinning of the PA
separation layer. TFC NF membranes prepared by the IP method belong to diffusion-
controlled reactions because of the rapid reaction rate of IP and the significant influence of
the diffusion process of the water-phase monomer to the oil phase on the separation layer
structure. Freger [7] summarized the kinetic model of the formation of the PA separation
layer, and the thickness (δ) calculation formula is as follows:

δ ≈
[

LD
κ(Cafa+Cbfb)

]1/3
(1)

where L is the interface diffusion boundary layer thickness, D is the diffusion rate of the
amine monomer to the water-oil interface, κ is the reaction rate constant between the two
monomers, Ca is the local concentration of amine monomer, fa is the functional-coefficient
of the amine monomer, Cb is the local concentration of acyl chloride monomer, and fb is
the functional-coefficient of the acyl chloride monomer. By reducing the diffusion rate of
amine monomers to the water-oil interface and increasing the local concentration of amine
monomers, the thickness of the PA separation layer can be reduced.

To date, studies have shown that the physical and chemical properties of porous sub-
strates significantly affect the formation of PA separation layers, presenting two challenges
for the creation of ultra-thin and dense skin layers [11,14,15]. The first challenge is that
existing porous substrates typically exhibit poor hydrophilicity and low porosity, leading
to insufficient penetration of amine monomers on the substrate and resulting in defects
in the formation of PA separation layers [16]. The second challenge is that the IP rate
constant generated by the reaction of PIP and TMC is greater than 104 L mol−1 s−1, making
it difficult to kinetically control the IP process, which is not conducive to the formation of
thin and dense PA separation layers [7,17].

In recent years, it has been demonstrated that the incorporation of an interlayer
prior to the IP process on porous substrates is an effective approach for modifying the
substrate [18,19]. The interlayer introduction induces a gutter effect, which enhances
the transport efficiency of TFC NF membranes, leading to an increase in the membrane
flux [20,21]. Furthermore, the interlayer can act as a reservoir for amine monomers, thereby
elevating their concentration and regulating their release. The reaction between the amine
and acyl chloride monomers on the interlayer generates an ultra-thin, defect-free, and dense
PA active layer, which results in simultaneous enhancements of both the water permeability
and salt rejection rate of the membrane [16,22]. This technology was first pioneered by
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Livingston et al. using a new type of composite substrate comprising a porous hydrophilic
Cd(OH)2 nano strands sacrificial layer and the original UF substrate combined together,
which has superior amine monomer storage capacity and controls the release of amine
monomers to a certain extent. On the composite substrate, a 10 nm thick defect-free PA skin
layer was formed by IP, which significantly improved solvent permeability while maintain-
ing excellent salt retention capability. Since this groundbreaking work, numerous studies
have focused on various interlayer materials, such as organic coatings and nanomaterials,
to modify porous substrates and prepare TFC NF membranes with high permeability and
high salt rejection properties. The TFC NF membranes with interlayers are referred to as
TFCi in this article, while TFC0 refers to TFC NF membranes without interlayers.

Although the interlayer structure plays a crucial role, there is still a lack of a review of
the influence of the interlayer structure on the performance of TFC NF membranes from a
materials perspective. This article reviews the knowledge of TFC NF membranes based on
various interlayer materials and provides useful information for researchers involved in
developing high-performance TFC NF membranes.

2. Organic Interlayers

Organic hydrophilic polymers have abundant functional groups [23,24], which can
easily be used to construct a uniform and continuous interlayer on a porous substrate.
The interaction between the organic interlayer and the reactive monomer or the porous
substrate can not only regulate the structure and performance of TFC PA NF membranes
but also enhance the stability between the PA layer and the porous substrate [19,25–27].
So far, organic polymers used to construct interlayers mainly include polyphenols, ionic
polymers, polymeric organic acid, and other types of organic matter.

2.1. Polyphenols

Polyphenols are natural compounds synthesized by plants that possess chemical char-
acteristics similar to phenolic substances and exhibit strong antioxidant properties [28].
Polyphenolic chemistry for surface modification has gained significant attention in mem-
brane science due to its simplicity and cost-effectiveness [29]. Polyphenols can also serve
as an interlayer deposited on the support layer to enhance its hydrophilicity, which is
beneficial in the manufacture of NF membranes [19,30].

Tannic acid (TA), a type of plant polyphenol, is widely used due to its rich terminal
hydroxyl groups, including catechol and caramel alcohol structures, and broad sources [31].
Yang et al. [32] fabricated TFC PA NF membranes on TA-Fe nano-scaffolds. The TA-
Fe nanomaterials exhibited improved absorption of amine monomers and served as a
platform for the controlled release of the absorbed molecules. Additionally, the presence of
a TA-Fe interlayer in the substrate resulted in smaller surface pores, which prevented the
penetration of PA into the pores of the original substrate. The resulting TFCi membrane
has a water permeability of 19.6 ± 0.5 L m2− h−1 bar−1, which is one order of magnitude
higher than that of the control TFC membrane (2.2 ± 0.3 L m2− h−1 bar−1). At the same
time, it increased the rejection of salts and the selectivity of divalent to monovalent ions
(e.g., NaCl/MgSO4). However, the coordination bonds formed by TA-Fe are unstable in
acidic environments, which limits its application. Zhao et al. [31] aimed to enhance the
stability of the interlayer and achieved this by conducting a rapid in-situ coupling reaction
between TA and diazonium salts (DDS), resulting in the construction of a stable diazo-based
interlayer on a polysulfone (PSF) UF substrate. Compared to traditional NF membranes,
the optimized new NF membrane’s water permeability was improved by 2.71 times.

In addition to TA, polyphenol-polyethyleneimine (PEI) coatings have also been used
as interlayer materials. PEI possesses numerous primary amine groups, which can impart
a significant positive charge to the interlayer, thereby increasing the surface potential of
the NF membrane [33]. Additionally, PEI can form uniform nanoscale aggregates with
polyphenols, which enhances interlayer stability and hydrophilicity [25,33]. For exam-
ple, Zhai et al. [25] deposited large cyclic polyphenol molecules Noria-PEI onto a PSF
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UF substrate, where they underwent a Schiff base reaction to form covalent bonds and
obtain a stable and uniform interlayer composed of a homogeneous nanoscale adhesive
aggregate. The resulting Noria-PEI layer, positively charged, and the negatively charged
PA separation layer endow the NF membrane with excellent rejection capabilities against
divalent cations and anions. The optimized membrane exhibits a permeated flux of ap-
proximately 28 L m2− h−1 bar−1 and rejection rates exceeding 96.0% for Na2SO4, MgSO4,
MgCl2, and CaCl2. Inspired by this study, 5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-
1,1′-spirobisindane(TTSBI)-PEI [34] and catechol-PEI [33] have also been employed as
interlayers to fabricate NF membranes with exceptional properties.

In addition to its co-deposition with PEI to form an interlayer, catechol can also
be employed in combination with sodium periodate (SP) to prepare an interlayer. In a
recent study, Tian et al. [35] demonstrated the preparation of an environmentally friendly
polycarboxylic interlayer by mixing catechol and SP. Catechol, a polyphenolic compound,
is susceptible to oxidation to form active o-quinones. Under the initiation of SP, these
o-quinones can undergo phenolic polymerization and covalently polymerize with carboxyl
groups. The introduction of carboxyl groups makes the interlayer hydrophilic, which can
store more PIP molecules and provide a more uniform platform for IP, facilitating the
formation of a thin and dense PA active layer. In comparison with traditional membranes,
the modified TFC membrane has a 1.7-fold increase in permeability while maintaining a
high rejection rate for Na2SO4 (98.42 ± 1.2%).

The interlayer of polyphenol has been extensively studied, yet the precise function
and corresponding mechanisms leading to enhanced separation performance in TFCi NF
membranes remain largely unknown. Yang et al. [20] developed a TFCi PA NF membrane
with a polydopamine (PDA) interlayer. The optimal TFCi membrane flux was nearly an
order of magnitude higher than that of the control TFC NF membrane. Additionally, the
TFCi membrane exhibited efficient retention of inorganic salts and small organic molecules.
Detailed mechanistic studies revealed that the membrane’s separation performance was
enhanced through both the direct “gutter” effect of the PDA interlayer and its indirect
influence on the PA layer, with the “gutter” effect exerting a more dominant role.

2.2. Ionic Polymers

In recent years, ion-polymer has also been used as an interlayer. The class of ionic
polymers includes anionic polymers, cationic polymers, and zwitterionic polymers.

Hu et al. [36] introduced anionic polymer Poly(sodium 4-styrenesulfonate) (PSS)
and a metal ion (Ca2+) complex interlayer on a PSF UF substrate to prepare a high-
performance TFC NF membrane. The PSS-Ca2+ interlayer served as a nano scaffold,
creating a more uniform IP platform that facilitated the formation of thinner and defect-free
PA layers. As a macromolecular additive, PSS induced a diffusion-driven instability of
the IP process, leading to the formation of a wrinkled PA layer with an increased sur-
face area. This results in TFCi membranes that have four times the permeability (up to
22.15 ± 1.14 L m−2 h−1 bar−1) compared to traditional TFC0 membranes while still main-
taining competitive rejection of Na2SO4. Deng et al. [37] used self-assembly to deposit
anionic polymer sulfonated polyetherketone with cardo groups (SPEK-C) onto positively
charged cadmium hydroxide (Cd(OH)2) nano strand, creating a highly permeable SPEK-C
mesoporous interlayer. This interlayer not only enables the storage of a large number of
water monomers but also generates electrostatic interactions with them, thereby temporar-
ily slowing down their diffusion into the organic phase. The resulting PA NF membrane
demonstrates excellent permeability and long-term operational stability.

In a recent study, Zhu et al. [38] incorporated a cationic polymer, quaternized crosslinked
microgels (PNI6), onto a negatively charged hydrolyzed polyacrylonitrile (PAN) UF sub-
strate to fabricate a TFC PA NF membrane. By introducing positively charged PNI6
microgels as the interlayer, the hydrophilicity of the product is improved, and the NF mem-
brane surface becomes positively charged. Song et al. [39] provide another comparable
instance where they have incorporated a cationic polymer, namely poly(allylamine hy-



Membranes 2023, 13, 497 5 of 25

drochloride) (PAH), onto a PSF UF substrate to fabricate an NF membrane with exceptional
properties. The self-assembled network of strongly charged and highly hydrophilic ion
aggregates exhibits a strong attraction to water amine monomers and temporarily disrupts
their diffusion by applying a heterogeneous energy barrier to the organic phase, which then
copolymerizes with the acyl chloride monomer. This instability in the diffusion driving
force triggers the formation of internal voids on the back of the PA NF membrane.

In addition to anionic and cationic polymers, zwitterionic polymers have also been
used in the preparation of NF membranes as interlayers. Song et al. [40] utilized a zwitteri-
onic polymer, P[MPC-co-AEMA], consisting of 2-methacryloyloxyethyl phosphorylcholine
(MPC) and 2-amino-ethyl methacrylate hydrochloride (AEMA), as an interlayer for the
fabrication of a TFC NF membrane (Figure 1). The resulting membrane has an ultra-high
water permeability of 20.4 L m2− h−1 bar−1 (almost three times higher than the original PA
membrane) and enhances the rejection of inorganic salts (the rejection rate for Na2SO4 is
96.8%). This was attributed to the abundant amine monomers in the P[MPC-co-AEMA]
interlayer, which induced diffusion-driven instability, resulting in membrane sealing and
inhibition of its growth. As a result, an ultra-thin PA NF membrane with a thickness of
12 nm, enhanced surface area, and enhanced crosslinking with a ridged surface structure
was formed.
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Figure 1. Schematic diagram of (a) conventional substrate and (b) P[MPC-co-AEMA] inter-mediated
IP with the underlying mechanism of (c) enrichment effect and retardation effect. Reprinted with
permission from ref. [40]. Copyright 2022 Elsevier.

The data in Table 1 show that anionic polymers are the most effective interlayers for
preparing TFC NF membranes, followed by zwitterionic polymers, and finally cationic
polymers. This could be attributed to the fact that anionic polymers as interlayers can
adsorb more quinine solution. According to Freger’s kinetics [7], an increase in amine
monomer concentration is beneficial for producing thinner membranes and improving
membrane flux. Additionally, anionic polymers as interlayers facilitate the preparation of
membranes with a stronger negative charge, which is beneficial for intercepting Na2SO4.
The adsorption capacity of zwitterionic and cationic polymers for PIP decreases in sequence,
resulting in a corresponding decrease in the separation performance of TFC NF membranes
prepared using these polymers.
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Table 1. Structure and performance of TFC NF membranes with organic interlayer.

Category Organic
Material

Porous
Substrate

IP Condition
(Optimum)

Polyamide
Thickness

(nm)
Water Flux

(L m−2 h−1 bar−1)
Salt

Rejection
Year
[Ref]

Polyphenols

TA-Fe nano
scaffold

PSF UF
substrate

(Mw 35,000)

0.2 wt% PIP/water,
0.15 wt%

TMC/n-hexane 1
min reaction

54.9 19.6 20.6 ± 2.8 α
(NaCl/MgSO4)

2018
[32]

Noria–PEI
solution

PSF UF
substrate

1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

39.7 28 >96%
Na2SO4

2018
[25]

TTSBI-PEI
solution

PSF UF
substrate

(Mw 70,000)

1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

28.6 23.7 99.4%
Na2SO4

2020
[34]

PDA
PSF

substrate
(Mw 35,000)

0.2 wt% PIP/water,
0.15 wt%

TMC/n-hexane 1
min reaction

116 14.8 34.4 ± 1.0 α
(NaCl/MgSO4)

2020
[20]

TA-DDS PSF UF
substrate

0.1 w/v%
PIP/water,

0.1 wt%
TMC/n-hexane

25 s reaction

42 17.4 >99%
Na2SO4

2021
[31]

Catechol-SA PSF UF
substrate

1 mg/mL
PIP/water
0.1 mg/mL

TMC/n hexane
30 s reaction

110 13.71 99.15%
Na2SO4

2021
[35]

Catechol-PEI PSF UF
substrate

10 mg/mL
PIP/water

1 mg/mL TMC/n
hexane 30 s

reaction

35 18.4 50.7
α(Mg2+/Li+)

2022
[33]

Ionic
polymers

PSS-Ca2+ PSF UF
substrate

1 w/v% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

38.4 22.15 99.3%
Na2SO4

2020
[36]

P[MPC-co-
AEMA]-GA PSF substrate

0.2 w/v%
PIP/water,

0.1 wt%
TMC/n-hexane

30 s reaction

12 20.4 96.8%
Na2SO4

2022
[40]

SPEK-C
PTFE MF
substrate
(0.22 µm)

0.1 wt% PIP/water,
0.025 w/v%

TMC/n-hexane
1 min reaction

25 36.3 98.5%
Na2SO4

2022
[37]

Quaternized
crosslinked
microgels

PAN UF
substrate

(Mw 50,000)

1.5 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

44 10.1 93.4%
Na2SO4

2023
[38]

PAH-GA
PSF UF

substrate
(Mw 600,000)

0.1 wt% PIP/water,
0.05 wt%

TMC/n-hexane
30 s reaction

8 12.5 98.9%
Na2SO4

2023
[39]

Polymeric
organic

acid

Hyaluronic
acid

PES MF
substrate
(0.10 µm)

0.5 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

41.5 29.53 94.9%
Na2SO4

2022
[41]

Poly(caffeic
acid)

PAN UF
substrate

(Mw 80,000)
NA 284 17.7 98.5%

Na2SO4

2023
[42]

Other
organic

interlayers

PVA-GA
PES UF

substrate
(Mw 150,000)

0.5 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

9.6 31.4 99.4%
Na2SO4

2020
[27]

Gelatin-GA PSF UF
substrate

1 w/v% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

45 16.95 99.3%
Na2SO4

2021
[43]

Poly
(amidoxime)

PES UF
substrate

(Mw 58,000)

0.2 wt% PIP/water,
0.1 wt%

TMC/n-hexane
1 min reaction

18.2 25.2 99.2%
Na2SO4

2022
[44]

PEI/DNPs-GA PSF UF
substrate

1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

33.3 31.33 99.1%
Na2SO4

2022
[45]
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2.3. Polymeric Organic Acid

Polymeric organic acids, due to their abundant carboxyl and hydroxyl groups, exhibit
good hydrophilicity and are also used as interlayers. For example, Liu et al. [41] utilized
hyaluronic acid (HA) as an interlayer material to fabricate a novel type of TFC NF mem-
brane. The hydrogen bonds formed between HA and amine monomers act to inhibit the
mass transfer of PIP, leading to the construction of a PA layer with enhanced electronegativ-
ity, reduced thickness, a wrinkled structure, and increased cross-linking degree. The result-
ing TFC NF membrane exhibited exceptional water permeability (29.53 L m2− h−1 bar−1)
and achieved high removal rates for Na2SO4 (94.90%) and perfluorohexane sulfonic acid
(93.4%). Wang et al. [42] conducted a comparable investigation whereby they deposited
poly(caffeic acid) (PCA) onto the surface of PAN UF membranes, constructing a composite
interlayer and ultimately fabricating high-performance TFC NF membranes.

2.4. Other Organic Interlayers

Researchers also used other types of organic materials to study the interlayer. For
example, Zhu et al. [27] incorporated polyvinyl alcohol (PVA) as an interlayer on a PES
UF substrate to fabricate TFC NF membranes. The interlayer provided a large surface
area, high hydrophilicity, and high porosity, resulting in an NF membrane with a thickness
of only 9.6 nm. The resulting membrane achieved an ultra-high water permeability of
31.4 L m2− h−1 bar−1 and a high Na2SO4 rejection rate of 99.4%. In addition, the membrane
showed good stability and scalability in pilot studies. Lan et al. [43] fabricated high-
performance TFC NF membranes by constructing a hydrophilic and uniform gelatin (GT)
interlayer on a PSF substrate. This interlayer not only influenced the diffusion rate of
PIP to form a thin PA layer but also provided additional channels for water diffusion,
significantly enhancing the permeability of the NF membrane. The permeability of the
TFCi NF membrane was approximately 2.5 times higher than that of the control membrane
while also achieving a high Na2SO4 removal rate. Liu et al. [44] prepared a novel TFC
NF membrane with a poly (amidoxime) (PAO) organic interlayer. The PAO interlayer
significantly enhanced the surface hydrophilicity of the PES substrate, and PAO could
bind with PIP through hydrogen bonding and Lewis acid-base interactions, reducing the
diffusion rate of PIP and causing instability at the oil-water interface during the IP process.
This led to the formation of NF membranes with regular nanorod-like Turing structures
and a thin PA layer thickness of only 18.2 nm. The optimized TFC NF membrane showed a
permeating flux of up to 25.2 L m2− h−1 bar−1 and a rejection rate of over 99% for Na2SO4.
Chen et al. [45] developed a novel interfacial coating interlayer on a PSF UF substrate
using glutaraldehyde (GA) cross-linked PEI and dextran nanoparticles (DNPs) (Figure 2).
DNPs were semi-encapsulated within the PEI coating, while the exposed nanoparticles
were embedded in the PA layer to form an interfacial channel during IP. The pure water
permeation rate of the interlayer TFC NF membrane was 31.33 L m2− h−1 bar−1, about four
times that of the original membrane. Additionally, the NF membrane showed a significant
improvement in the retention rate of various divalent salts, with the Na2SO4 retention rate
exceeding 99%.
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Through the comprehensive analysis of structural parameters and filtration perfor-
mance of TFC NF membranes with organic material-interlayer (Table 1), comparative
studies were conducted. Results showed that the polyphenol interlayer had been exten-
sively studied in the development of novel TFC NF membranes compared to interlayers
such as ionic polymers and polymeric organic acid. In order to improve the stability of TFC
NF membranes, crosslinking agents such as PEI and GA are commonly employed to react
with other organic materials to form the interlayer, while metal ions are used to chelate with
other organic materials to create intermediate layers. Moreover, various porous substrates,
including PES, PSF, and PAN, have been utilized in TFC NF membranes with organic
interlayers, indicating the efficacy of the organic interlayer regardless of the substrate. As
shown in Table 1, there is no clear correlation between monomer concentration and PA
thickness, highlighting the significance of the organic interlayer in forming an ideal thin
PA layer. After the incorporation of the organic interlayer, the membrane flux range of
all TFCi NF membranes was between 10.1–31.4 L m2− h−1 bar−1, and the retention rate
range for Na2SO4 was between 93.4% and 99.4%. The Na2SO4 rejection performance of
organic interlayer TFC NF membranes is equivalent to that of commercial NF membranes.
Although the flux of these membranes is considerably higher than that of typical commer-
cial NF membranes, further improvement is challenging. This is possibly due to the fact
that while organic polymers can increase membrane flux by reducing the thickness of the
PA layer and increasing its wrinkled structure, they may also block substrate pores and
increase membrane resistance, ultimately hindering further flux improvement.

3. Nanomaterial Interlayer
3.1. Nanoparticles

Nanoparticles (NPs) are tiny particles ranging in size from 1 to 100 nanometers. They
can be divided into three main types based on their composition: inorganic NPs, organic
NPs, and organic-inorganic hybrid NPs.

3.1.1. Inorganic NPs

SiO2 is an inorganic nanoparticle material that exhibits notable hydrophilicity and
chemical stability, making it a suitable interlayer material with good interfacial affinity
and chemical reactivity. In order to enhance the stability of SiO2 on a PSF substrate,
Song et al. [46] have employed an in-situ method to fabricate a siliconization interlayer
(Figure 3). This process involves the hydrolysis of the silicate ester precursor in an aqueous
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environment to generate silanol, which subsequently reacts with the chloride acyl group
located on the surface of the PSF membrane, forming a uniform siliconization layer. This
technique can circumvent the issue of nanoparticle agglomeration and sedimentation dur-
ing subsequent processing, thereby improving the stability of SiO2. The above-mentioned
method only improves the stability of SiO2 on the substrate and does not mention the
stability between SiO2 and the PA layer. To enhance the stability of SiO2 between the
substrate and the PA layer concurrently, Wang et al. [47] incorporated PDA into SiO2. PDA
can tightly bind to the SiO2 microsphere surface via a self-polymerization reaction, leading
to the formation of a stable PDA@SiO2 interlayer between the PA layer and the poly(m-
phenylene isophthalamide) (PMIA) substrate. This interlayer can augment the adhesion
and compatibility between the PA layer and the PMIA substrate, consequently elevating
the stability and mechanical strength of the composite NF membrane. Furthermore, PDA
can create a cross-linking structure with PA molecules through hydrogen bonding, which
further enhances the stability of the PA layer. The optimal membrane exhibits exceptionally
high permeability, boasting a pure water flux of 31.37 ± 1.06 L m2− h−1 bar−1, which is
three times higher than that of traditional PA NF membranes, and a Na2SO4 rejection rate
of up to 97.0%.
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from ref. [46]. Copyright 2022 Royal Society of Chemistry.

3.1.2. Organic NPs

Covalent organic framework (COF), a type of organic nanoparticle material, possesses
exceptional hydrophilicity and polymer affinity, along with ordered pores and adjustable
pore size, which provide molecular sieving channels suitable for interlayers in NF mem-
brane preparation. Han et al. [48] synthesized a COF (TPB-DMTP-COF) with uniform pore
size for the NF membrane, serving as an interlayer material to regulate the physicochemical
properties of the PA membrane. COFs, displaying affinity and hydrophilicity, can not only
prevent non-selective interface voids but also decrease the diffusion rate of PIP towards
the water/n-hexane interface by means of hydrogen bonding. The water permeability
of the resulting TFCi membrane is significantly enhanced, nearly four times that of the
unmodified PA membrane.
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3.1.3. Organic-Inorganic NPs

The metal-organic framework (MOF) is an organic-inorganic nanoparticle material
composed of metal ions/clusters and organic scaffolds with highly controllable pore size
and surface area, as well as an adjustable pore structure. These characteristics enable
it to accelerate solvent transport by separating polymer chains or through its inherent
pore structure. Additionally, the presence of organic ligands in MOFs improves their
compatibility with the PA layer, reducing defect formation and enhancing interface stability.
These features make MOFs a good interlayer material. Zhao et al. [49] introduced a
zeolitic imidazolate framework-8 (ZIF-8) interlayer between a PA layer and a microporous
poly(ether sulfone) (PES) membrane. Adding PSS to a ZIF-8 water solution containing
Zn2+ can stabilize the ZIF-8 layer at the water/n-hexane interface and facilitate the uniform
loading of ZIF-8 onto the substrate, effectively covering large pores. The surface of the PES
membrane loaded with ZIF-8 becomes smoother and negatively charged, providing better
conditions for IP to form a thin, loose, and defect-free TFC NF membrane. Additionally,
the pure water permeability of the TFC membrane, containing a modified ZIF-8 interlayer,
is twice that of the original TFC membrane.

3.2. One-Dimensional Nanomaterials

One-dimensional (1D) nanomaterials have the advantages of high porosity between
materials, uniform pore size distribution, good hydrophilicity, and large surface charge,
which can reduce the thickness of the PA layer, promote wrinkling morphology, and
improve separation performance [16,50]. Therefore, 1D nanomaterials are suitable as
interlayer materials for preparing NF membranes. The 1D nanomaterials are mainly
divided into inorganic 1D nanomaterials and organic 1D nanomaterials.

3.2.1. Inorganic 1D Nanomaterials

In recent studies, several researchers have utilized inorganic 1D nanomaterials as
interlayers to prepare highly efficient NF membranes. Karan et al. [14] achieved a break-
through in the manufacture of ultrathin films by conducting IP on Cd(OH)2 nanowire
layers. The resulting nanowire interlayer facilitated the storage of diamine solution and
control of diamine monomer release, ultimately leading to the formation of an ultrathin,
defect-free PA skin layer. However, the subsequent removal of Cd(OH)2 nanowires may
compromise the composite strength between the PA layer and substrate surface, leading to
increased complexity in the manufacturing process. From a practical standpoint, interlayers
exhibiting chemical stability are more desirable.

Carbon nanotubes (CNTs) that have been functionalized with carboxylic acid groups
can serve as a robust mechanical support and facilitate IP by absorbing and storing aqueous
amino solutions, making them suitable as interlayer materials [16,21,51,52]. Nonetheless,
the presence of weak interfacial interactions between CNTs and porous substrates can result
in deleterious delamination during practical applications [16,29,53]. In order to enhance the
stability between the carbon nanotube interlayer and porous substrate, various methods
have been developed, such as coating CNTs with PDA, carboxylating multi-walled carbon
nanotubes (MWCNTs), employing brush painting to disperse single-walled carbon nan-
otubes (SWCNTs), and using inkjet printing technology to prepare stable CNT interlayers.
For example, Zhu et al. [54] developed a PDA-coated SWCNT (PDA/SWCNT) ultra-thin
film as a support layer for the preparation of TFC NF membranes. The PDA/SWCNTs com-
posite material has a high porosity, smooth surface, and excellent hydrophilic properties.
PDA forms strong interaction forces between the substrate and the PA layer, increasing
adhesion and improving the stability of the composite material. The resulting TFCi NF
membrane showed exceptional performance with a permeate flux of 32 L m2− h−1 bar−1

and a 95.9% rejection rate for divalent ions. Wu et al. [16] conducted carboxylation of MWC-
NTs and utilized them as interlayers on the MF substrate to fabricate TFC NF membranes.
The introduction of carboxylated MWCNTs can enhance the compatibility and adhesion
between the interlayer and the substrate, leading to improved stability and performance of
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the TFC NF membrane. Gao et al. [51] employed a brush painting to disperse SWCNTs onto
a polymer MF support, creating a network of SWCNTs as an interlayer. After subjecting the
interlayers to soaking experiments for 30 days, all interlayers remained intact, and there
was no peeling of SWCNT films from the underlying PES MF substrate. This confirms that
brush painting is capable of producing interlayers with excellent chemical and mechanical
stability. This approach enabled the formation of a 15-nm-thick PA layer, and the resulting
TFCi NF exhibited an extremely high water permeation rate (~40 L m2− h−1 bar−1) and a
rejection rate of 96.5% for Na2SO4. Park et al. [52] used inkjet printing technology to prepare
stable SWCNT interlayers, which is because inkjet printing technology can achieve high
precision, high speed, and reproducibility of deposition, thereby allowing the morphology
and distribution of materials to be controlled at the nanoscale.

CNTs have been used as an interlayer to prepare a thin PA active layer with a thickness
of nearly 10 nm, resulting in a membrane with higher permeability. Although this strategy
of reducing the active layer is effective in improving membrane permeability, further
improving membrane performance under this strategy is limited because preparing thinner
defect-free active layers than the state-of-the-art will become very challenging. Without
losing other features, increasing the effective permeable area of the ultra-thin PA active
layer is a preferred approach. Wang et al. [55] created a PA active layer with a widely
crumpled surface morphology by loading ZIF-8 NPs onto SWCNTs/PES scaffolds, with
ZIF-8 as a sacrificial template, thereby creating a higher specific surface area and larger
proportion of highly permeable PA skin layers. The resulting membrane exhibits high
permeability of up to 53.5 L m2− h−1 bar−1 and a rejection rate of over 95% for Na2SO4.

According to Table 2, it can be observed that existing studies mainly use SWCNTs as
the interlayer in the preparation of TFCi NF membranes, which show better performance
compared to TFCi NF membranes prepared with MWCNTs as the interlayer. This is
likely due to the smaller diameter of SWCNTs, which is advantageous for constructing a
high-porosity interlayer that can store more PIP solution. According to Freger kinetics [7],
an increase in the concentration of amine monomers is favorable for producing thinner
membranes and improving membrane flux.

However, further research is necessary to understand how changes in interlayer struc-
ture and properties affect the formation and transport properties of PA. Recent studies
have demonstrated the potential of tailoring interlayer properties to enhance the NF perfor-
mance of TFC membranes. For example, Gong et al. [56] investigated the interlayer’s role
in regulating the structure and performance of PA by introducing an SWCNT interlayer on
a PSF MF substrate to prepare a TFC NF membrane. Through manipulation of the prop-
erties of the CNT interlayer, such as its thickness and surface pore size, the structure and
performance of the PA active layer can be carefully tailored to improve its NF performance.
The optimized TFCi NF membrane displayed a high rejection rate for divalent salts and
dyes, as well as a highly pure water flux of approximately 21 L m2− h−1 bar−1. To explore
the water transport mechanism in the TFCi NF membrane, Long et al. [21] analyzed an
MWCNTs-incorporated TFCi membrane with an identical PA rejection layer but different
interlayer thicknesses. It was observed that increasing the thickness of the MWCNTs inter-
layer improved the transport of water in the transverse direction, leading to an enhanced
gutter effect, but also increased the hydraulic resistance in the normal direction. The opti-
mal permeate flux was achieved at an interlayer thickness of 13.0 ± 0.7 L m2− h−1 bar−1.
In this study, it was demonstrated that the TFCi NF membrane reduced membrane fouling
and improved the reversibility of fouling compared to the control membrane without an
interlayer, which could be ascribed to its more uniform water flux distribution.

3.2.2. Organic 1D Nanomaterials

Inorganic 1D nanomaterials, such as Cd(OH)2 [14] and CNTs [16,21,51,52,54,56], have
been widely studied as interlayer materials for NF membranes, but their toxicity and poor
compatibility with substrates and PA layers have been significant drawbacks [57,58]. To
overcome the toxicity and compatibility issues associated with inorganic 1D nanomaterials,
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researchers have shifted their focus to developing hydrophilic, environmentally friendly,
and non-toxic organic 1D nanomaterials as interlayer materials. Several recent studies have
demonstrated the effectiveness of this approach, utilizing different organic nanomaterials
as interlayers to achieve highly efficient NF membranes with impressive permeation rates
and rejection capabilities. For example, Wang et al. [53] prepared NF membranes on a
nanoporous substrate using a non-toxic and environmentally friendly cellulose nanocrystal
interlayer. The high aspect ratio and hydrophilicity of the cellulose nanocrystals (CNCs)
interlayer can store aqueous diamine monomers, slow down IP, and prepare thinner mem-
branes. The constructed TFCi NF membrane exhibits an ultra-high permeation rate of
up to 34 L m2− h−1 bar−1 and a rejection rate for Na2SO4 exceeding 97%. Similarly,
Wang et al. [59] used highly hydrophilic and high surface area cellulose nanofibers (CNFs)
as an interlayer to prepare TFC NF membranes. Compared to the control membrane, the wa-
ter flux of the TFC NF membrane with interlayer CNFs was significantly increased by 270%,
and the MgCl2 rejection rate was as high as 96.8%. Ji et al. [60] prepared a PA NF membrane
on a UF substrate using a polyaniline nanofibers interlayer. The acid doping chemical
reaction of polyaniline allows for tunable pore size and surface charge in the PA layer,
which enhances ion separation. The optimized TFCi NF membrane demonstrates an ultra-
high water permeation rate of 49.7 L m2− h−1 bar−1 and good retention for Na2SO4 and
MgSO4, equivalent to 98.7% and 97.9% salt rejection, respectively. Similarly, Guo et al. [61]
developed a sandwich-enhanced NF membrane using self-doped sulfonated polyaniline
(SPANI) nanofibers as an interlayer. The degree of sulfonation in the interlayer was varied
and increasing the sulfonation degree led to improved hydrophilicity and thinner, defect-
free PA layers. The high sulfonation degree of SPANI also gives the TFCi membrane a
high water permeation rate of up to 29.35 ± 1.23 L m2− h−1 bar−1 while retaining good
rejection capability for Na2SO4 (98.92 ± 0.45%) and MgSO4 (96.21 ± 0.75%). However,
the effect of combining the polyaniline interlayer with other chemical substances on the
separation performance of TFCi NF membranes is still uncertain. Guo et al. [62] further in-
vestigated the impact of different types of alkaline solutions combined with polyaniline on
the separation performance of TFCi NF membranes. The addition of NaHCO3 to the SPANI
interlayer facilitated the formation of a thin and defect-free polyamide (PA) selective layer
with a wrinkled and nanobubble dual morphology. The optimized TFCi NF membrane
demonstrated a remarkable permeate flux of 35.35 L m−2 h−1 bar−1 and exhibited excel-
lent rejection capabilities towards Na2SO4 (98.95 ± 0.29%) and MgSO4 (95.37%). Finally,
Han et al. [63] used high porosity microporous organic nanotubes (MONs) as an interlayer
and prepared a 15-nanometer-thick PA layer through IP (Figure 4). Prior to the IP reaction,
a high-porosity and interconnected MON layer was added onto the membrane, which
can form a turing structure PA membrane, increase the microporosity rate, and reduce
thickness. The optimized TFCi NF membrane achieved a significant water permeability
of 41.7 L m2− h−1 bar−1 under alkaline conditions (pH = 10) and high retention rates for
boron (78.0%) and phosphorus (96.8%). Overall, the use of organic 1D nanomaterials as
interlayers in NF membranes has shown great potential for improving their performance
and efficiency, and these studies demonstrate the effectiveness of this approach in achieving
highly efficient NF membranes for a variety of applications.
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3.3. Two-Dimensional Nanomaterials

Two-dimensional (2D) nanomaterials possess high aspect ratios and significant lateral
dimensions, rendering them conducive for covering large substrate pores with multiple
stacked layers, thereby facilitating the attainment of a smooth and uniform surface that
is indispensable for the IP process [64]. They can be divided into three main types based
on their composition: inorganic 2D nanomaterials, organic 2D nanomaterials, and organic-
inorganic 2D nanomaterials.

3.3.1. Inorganic 2D Nanomaterials

In recent years, researchers have employed inorganic 2D nanomaterials, such as
graphene oxide (GO), MXene, and MoS2 as interlayers to develop NF membranes. GO
nanosheets can achieve ultrafast water transport through nanochannels constructed from
pristine graphene [65] thanks to their excellent mass transfer properties, such as ultra-low
friction and ultra-high capillary effect. Moreover, GO nanosheets possess various oxygen-
containing functional groups on their surfaces and edges, making them highly promising
for use as interlayers in the fabrication of NF membranes. Nonetheless, GO does not
undergo a chemical reaction or strong interaction with most substrates, such as PSF and
polyether sulfone (PES), thereby making it difficult to attain stable adhesion, resulting in
interlayer delamination during the filtration process [66,67]. Crosslinking with Pebax® 1657
and Toluene diisocyanate (TDI) can improve the stability of graphene oxide on PAN [68].
Inspired by this, to mitigate the instability of the GO interlayer, Zhang et al. [69] introduced
PVA into GO, followed by crosslinking with GA. GA acts as a cross-linking agent, reacting
with PVA to form a crosslinked structure, which fixes the GO nanosheets on the surface of
the MF substrate. The resulting crosslinked structure enhances the stability and durability
of the interlayer and improves the selectivity and permeability of the TFC NF membrane.
Testing the anti-fouling performance of TFCi NF membrane using BSA-contaminated water
samples as feed, it was found that TFCi NF membrane exhibited a lower flux decline
compared to TFC0 NF membrane and had a higher flux recovery rate (FRR), indicating that
TFCi NF membrane has superior anti-fouling performance. In addition, the stacking of GO
nanosheets is also a barrier to its use as an interlayer because it increases the resistance of
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water passing through it. To reduce GO stacking, Wang et al. [70] inserted and crosslinked
dispersed sub-5 nanometer silica NPs in situ in the GO interlayers. The hydrophilic NPs
locally widened the interlayer channels, enhancing the permeability of solvents. This
method has the potential to solve the aggregation problem of GO as an interlayer.

MXene, an inorganic 2D nanomaterial produced by selective etching, has attracted
significant attention due to its hydrophilic end groups and mechanical flexibility [71].
Xu et al. [72] have fabricated a high-performance TFC NF membrane by utilizing the
2D sheet-like interlayer of MXene for IP. The MXene layer facilitated the absorption of
active monomers, and higher amine monomer concentrations promoted self-sealing and
self-termination of IP, resulting in thinner PA films with suppressed formation inside the
substrate pores. The resulting TFCi NF membrane exhibited over 96% rejection of Na2SO4
and an excellent permeability of 45.7 L m2− h−1 bar−1, which was nearly 4.5 times that of
the TFC0 NF membrane. However, the post-treatment process involving oxidants made
the obtained high-performance PA NF membrane difficult to scale up, and the ultra-thin
PA layer was transferred onto a PES support after dissolving the MXene layer, causing
instability of PA membranes and deterioration of membrane performance [73,74]. In order
to address this issue, Zhu et al. [75] prepared an efficient NF membrane by using MXene as
an interlayer in an assisted IP process (Figure 5). The presence of the MXene layer increased
the hydrophilicity of the original support and the adsorption of PIP, resulting in a faster IP
reaction. The resulting MXene-interlayer NF membrane exhibited a rougher surface, higher
hydrophilicity, higher electronegativity, and a denser skin layer. The MXene-interlayer NF
membrane achieved an excellent water permeability of 27.8 ± 2.1 L m2− h−1 bar−1 while
also achieving satisfactory selectivity, overcoming the trade-off between water permeability
and salt selectivity.
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The aforementioned examples illustrate the successful use of MXene as an interlayer
material for the preparation of high-flux TFC NF membranes. This is because the introduc-
tion of the interlayer generates a gutter effect [20], which reduces the total resistance of the
TFC nanofiltration membrane (sum of resistance in substrate, interlayer, and PA layer) [76],
resulting in an increase in membrane flux. When MXene 2D nanosheets are used as interlay-
ers, the excessive stacking of MXene functional groups and water molecules via hydrogen
bonding decreases the interlayer spacing and elevates the transport resistance of water
through the MXene interlayer itself. According to the resistance-in-series model of water
transport resistance [77], the interlayer of an ideal TFCi membrane itself should have low
transport resistance. Therefore, to address this issue, some researchers have investigated
the insertion of other nanomaterials between MXene interlayers to regulate the interlayer
spacing of the 2D channels, thus reducing the resistance of the MXene interlayer itself.
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For instance, Wang et al. [78] employed stacked MXene nanosheets as the interlayer and
embedded Fe3O4 NPs as a sacrificial template to adjust the interlayer spacing. However,
foreign insertions are inherently unstable for the long-term operation of the membrane.
Alternatively, Fu et al. [79] successfully grew TiO2 in situ on MXene nanosheets via PMS
oxidation. The TiO2 NPs can firmly bind to the MXene layer and enlarge the interlayer
spacing, thereby mitigating the additional transport resistance of water molecules. Fur-
thermore, the MXene-TiO2 heterostructure material exhibits a higher specific surface area
than MXene [80,81], which facilitates the collection of more amide monomers to form a
crumpled PA selective layer. This method has successfully produced high-performance
NF membranes.

Recently, MoS2 has garnered significant attention as a promising inorganic 2D nanoma-
terial for membrane separation due to its exceptional mechanical stability, robust interlayer
forces, and simple synthesis process. Cao et al. [76] fabricated a high-performance TFC NF
membrane on a PSF substrate coated with MoS2. The MoS2-interlayer TFC NF membrane
demonstrated superior roughness and crosslinking compared to the control group TFC
NF membrane, owing to the enhanced confinement effect of interfacial degassing and the
improved adsorption of amine monomers by the MoS2- interlayer. Additionally, the PA
layer thickness of the MoS2-interlayer TFC membrane, which ranged from 60 to 85 nm,
could be finely tuned by altering the thickness of the MoS2 interlayer. The optimized TFCi
NF membrane exhibited a remarkable rejection rate of 96.8% for Na2SO4 and a desirable
permeability of approximately 15.9 L m2− h−1 bar−1, which was approximately 2.4 times
greater than that of the TFC0 NF membrane.

3.3.2. Organic 2D Nanomaterials

In addition to inorganic 2D nanomaterials, organic 2D nanomaterials have also at-
tracted the interest of researchers. COFs are a class of organic 2D nanomaterials known for
their remarkable porosity and strong covalent bonding within the all-organic skeleton [82].
Most COFs exhibit a highly ordered honeycomb-like structure with tunable pore sizes
and layered structures [83], which makes them well-suited for selective small molecule
separation through size exclusion. The exceptional water stability, high adsorption capacity,
and well-defined structure make COFs promising candidates for storing amine monomers,
thus making them suitable as interlayer materials. For example, Wu et al. utilized [84]
a PDA-COF interlayer to mediate IP, resulting in ultra-thin composite membranes with
enhanced NF performance. The PDA-COF interlayer with specific surface hydrophilicity
and high porosity was able to control the adsorption/diffusion of amine monomers, leading
to the formation of an ultra-thin and dense PA layer that reduced the thickness from 79 nm
to 11 nm. The optimized TFCi NF membrane showed excellent desalination rate and dye
rejection with outstanding water permeability of 20.7 L m2− h−1 bar−1. Additionally, the
PDA-COF interlayer significantly enhanced the interfacial interaction between the PA layer
and PAN substrate, providing the composite membrane with excellent structural stability.
Another example is Yuan et al. [85] developed a composite substrate using COF nanosheets
(CONs) deposited on an MF membrane through vacuum-assisted assembly, which allowed
for the regulation of IP and produced a highly porous and super hydrophilic ultra-thin PA
skin layer. The high porosity and superhydrophilicity of CONs in the composite substrate
allowed for high storage capacity and uniform distribution of amine monomers, and by
varying the loading amount of CONs, it was possible to regulate the monomer storage
capacity, accelerate self-sealing and self-termination of IP, and produce ultra-thin PA skin
layers ranging from 70 nm to below 10 nm. Moreover, due to the highly porous struc-
ture of CONs, the composite substrate exhibited almost no additional resistance to water
transport. The optimized TFCi NF membrane exhibited outstanding water permeability of
53.55 L m2− h−1 bar−1, with a rejection rate of 94.3% for Na2SO4.
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3.3.3. Inorganic-Organic 2D Nanomaterials

In a recent study, inorganic-organic 2D nanomaterials were also applied to prepare
interlayer materials. For example, Cheng et al. [86] have developed a TFC NF membrane
by incorporating MOFs as an interlayer in a PSF-based substrate. Through controlling the
thickness of the MOFs (copper-tetrakis(4-carboxyphenyl) porphyrin, Cu-TCPP) interlayer,
the structural parameters, such as effective filtration area, selective layer thickness and pore
size, as well as the physicochemical properties of the membrane could be precisely adjusted.
The experimental results indicate that the MOFs nanosheets with appropriate deposition
density as interlayers could effectively increase the crosslinking degree by adsorbing
PIP monomers while simultaneously reducing the thickness of the PA layer, resulting
in enhanced intrinsic permeability. The optimized TFCi NF membrane demonstrates
exceptional water permeability of 32.7 L m2− h−1 bar−1, as well as a high selectivity of
271.7 for NaCl/Na2SO4.

A thorough analysis was conducted to compare the structural parameters and filtra-
tion performance of TFC NF membranes with nano-material interlayers, as outlined in
Table 2. The results demonstrate that 1D and 2D nanomaterial interlayers have been exten-
sively studied for the development of new TFC NF membranes compared to nanoparticle
interlayers. To enhance the stability of TFC NF membranes, PDA and nanomaterials are
commonly combined. PDA is a bio-adhesive with a polyphenolic structure that interacts
with various surfaces and has good biocompatibility and biodegradability. Therefore, the
inclusion of PDA in NF membrane preparation improves the stability of TFC membranes.
A variety of porous substrates such as PES, PSF, PMIA, PAN, Nylon, and PVDF have been
used as substrates for nanomaterial interlayers. While both MF and UF substrates have
been widely used for interlayer materials, NF membranes with ultrahigh permeate flux
(>40 L m2− h−1 bar−1) have been obtained using MF substrates, which may be attributed
to the high permeability of the MF substrate itself. Table 2 highlights that there is no
obvious correlation between monomer concentration and PA thickness, emphasizing the
critical role of nanomaterial interlayers in creating an optimal thin PA layer. Following
the addition of nanomaterial interlayers, the flux range of all TFCi NF membranes falls
between 9.48–53.55 L m2− h−1 bar−1, while the Na2SO4 retention range is between 91%
and 99.9%. When compared to organic materials, nanomaterials exhibit higher permeability
but equivalent salt rejection performance as interlayers. This may be due to the generally
higher porosity of nanomaterials, which results in lower resistance as an interlayer in
comparison to organic materials.

Table 2. Structure and performance of TFC NF membranes with nanomaterial interlayer.

Category Nanomaterial
Used

Porous
Substrate

IP Condition
(Optimum)

Polyamide
Thickness

(nm)
Water Flux

(L m−2 h−1 bar−1)
Salt

Rejection
Year
[Ref]

NPs ZIF-8-PSS
PES MF

substrate
(0.22 µm)

2 w/v% PIP/water,
0.13 w/v%

TMC/n-hexane
1 min reaction

235 9.6 91%
Na2SO4

2021
[49]

NPs SiO2

PSF UF
substrate

(Mw 30,000)

0.2 w/v%
PIP/water,
0.1 w/v%

TMC/n-hexane
30 s reaction

15 14.5 98.7% Na2SO4
2021
[46]

NPs COF PSF UF
substrate

0.1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
1 min reaction

44 35.7 98.9% Na2SO4
2022
[48]

NPs PDA@SiO2
PMIA

substrate

1 wt% PIP/water,
0.1 w/v%

TMC/n-hexane
30 s reaction

20.9 31.37 97% Na2SO4
2022
[47]
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Table 2. Cont.

Category Nanomaterial
Used

Porous
Substrate

IP Condition
(Optimum)

Polyamide
Thickness

(nm)
Water Flux

(L m−2 h−1 bar−1)
Salt

Rejection
Year
[Ref]

1D
PDA/SWCNT
(5–30 µm × Φ

< 2 nm)

PES MF
substrate
(0.4 µm)

0.025 w/v%
PIP/water,
0.02 w/v%

TMC/n-hexane
30 s reaction

12 32 95.9% Na2SO4
2016
[54]

1D
MWCNTs

(50 µm × Φ
8–15 nm)

PSF UF
substrate

(Mw 30,000)

0.15 w/v%
PIP/water,
0.02 w/v%

TMC/n-hexane
30 s reaction

NA 17.57 95% Na2SO4
2016
[16]

1D

Cellulose
nanocrystal

(0.2–0.5 µm ×
Φ 20–50 nm)

PES MF
substrate
(0.22 µm)

0.5 mg/mL
PIP/water
0.5 mg/mL

TMC/n hexane
2 min reaction

45 34 97.7% Na2SO4
2017
[53]

1D PDA@ZIF-
8/PDA@SWCNTs

PES MF
substrate

2.5 mg/mL
PIP/water
2 mg/mL

TMC/n-hexane
30 s reaction

NA 53.5 95%
Na2SO4

2018
[55]

1D
SWCNT

(5~30 µm ×
Φ 1–2 nm)

PES MF
substrate
(0.45 µm)

0.125 w/v%
PIP/water,
0.1 w/v%

TMC/n-hexane
30 s reaction

15 40 96.5% Na2SO4
2019
[51]

1D
PDA/SWCNTs
(5–30 µm × Φ

< 2 nm)

PES MF
substrate
(0.22 µm)

0.05 wt%
PIP/water,
0.02 wt%

TMC/n-hexane
30 s reaction

29 21 98.5% Na2SO4
2019
[56]

1D
SWCNT

(1~3 µm ×
Φ 1–2 nm)

PES MF
substrate
(0.22 µm)

0.15 wt%
PIP/water,

0.1 wt%
TMC/n-hexane

30 s reaction

42.6 18.24 97.88%
Na2SO4

2021
[52]

1D Polyaniline
nanofibers

PES MF
substrate
(0.45 µm)

1 w/v% PIP/water,
0.15 w/v%

TMC/n-hexane
30 s reaction

11 49.7 98.7% Na2SO4
2022
[60]

1D

sulfonated
polyaniline
nanofibers

(0.58 µm × Φ
80 nm)

PES MF
substrate
(0.45 µm)

1 w/v% PIP/water,
0.15 w/v%

TMC/n-hexane
30 s reaction

48 29.35 98.92%
Na2SO4

2022
[61]

1D Cellulose
nanofibers

PSF UF (Mw
50,000)

0.3 w/v%
PEI/water,
0.1 w/v%

TMC/n-hexane
1min reaction

105.4 13.3 96.8%MgCl2
2022
[59]

1D MWCNTs
PES UF

substrate (Mw
20,000)

0.2 wt% PIP/water,
0.1 wt%

TMC/n-hexane
2 min reaction

NA 13 NA 2022
[21]

1D
Microporous

organic
nanotubes

PSF substrate
0.1 wt% PIP/water,

0.1 wt%
TMC/n-hexane
1 min reaction

15 41.7 98.7% Na2SO4
2022
[63]

1D sulfonated
polyaniline

PES MF
substrate
(0.45 µm)

1 wt% PIP/water,
0.15 wt%

TMC/n-hexane
30 s reaction

43 35.35 98.95%
Na2SO4

2023
[62]

2D
PDA-COF
nanosheets
(lateral size
60–130 nm)

PAN UF
substrate

(Mw100,000)

0.1 w/v%
PIP/water,
0.1 w/v%

TMC/n-hexane
2 min reaction

11 20.71 93.4% Na2SO4
2019
[84]

2D
COF

nanosheets
(lateral size

250 nm)

PES MF
substrate
(0.10 µm)

0.15 wt%
PIP/water,
0.15 wt%

TMC/n-hexane
2 min reaction

7 53.55 94.3% Na2SO4
2019
[85]

2D GO nanosheets
Nylon MF
substrate
(0.22 µm)

0.5 w/v%
PIP/water,
0.5 w/v%

TMC/n-hexane
2 min reaction

NA 30.3 93.56%
Na2SO4

2020
[87]
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Table 2. Cont.

Category Nanomaterial
Used

Porous
Substrate

IP Condition
(Optimum)

Polyamide
Thickness

(nm)
Water Flux

(L m−2 h−1 bar−1)
Salt

Rejection
Year
[Ref]

2D MXene
nanosheets

PES UF
substrate

1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

15 27.8 99.9% Na2SO4
2021
[75]

2D MXene
nanosheets

PES MF
substrate
(0.22 µm)

0.2 wt% PIP/water,
0.1 wt%

TMC/n-hexane
30 s reaction

20 45.7 96% Na2SO4
2021
[72]

2D GO@PVA/GA PSF substrate
0.3 wt% PIP/water,

0.06 wt%
TMC/n-hexane

30 s reaction
15 15.8 99.7% Na2SO4

2021
[69]

2D MOFs
nanosheets

PES UF
substrate (Mw

20,000)

0.15 wt%
PIP/water,

0.1 wt%
TMC/n-hexane
1 min reaction

23.5 32.7 99.7% Na2SO4
2022
[86]

2D MoS2 (average
size of 2 µm)

PES UF
substrate (Mw

150,000)

1 wt% PIP/water,
0.15 wt%

TMC/n-hexane
1 min reaction

72.7 15.9 96.8% Na2SO4
2022
[76]

2D

TiO2
nanosheets
(lateral size

0.6–1.2
µm)/TiO2 NPs

PVDF MF
substrate (0.45

µm)

1 wt% PIP/water,
0.1 wt%

TMC/n-hexane
15 s reaction

30 36.3 NA 2023
[88]

2D MXene-TiO2

PSF UF
substrate

(Mw 20,000)

0.75 wt%
PIP/water,
0.038 wt%

TMC/n-hexane
2 min reaction

30.25 11.10 98.29% MgSO4
2023
[79]

2D
MXene

Nanosheets/
Fe3O4 NPs

PSF UF
substrate

(Mw 20,000)

0.75 wt%
PIP/water,
0.038 wt%

TMC/n-hexane
2 min reaction

22 9.48 >97% MgSO4
2023
[78]

4. Comparison of Performance of TFCi NF Membranes
4.1. Comparison of Performance of TFCi NF Membranes with TFC0 NF Membranes

The present study provides a comprehensive review of the separation performance
of interlayer TFC N membranes based on existing literature. The results indicate that the
TFCi NF membrane exhibits significantly improved separation performance compared
to the TFC0 NF membrane. Specifically, the average flux of the TFCi NF membrane
increased from 9.92 L m2− h−1 bar−1 to 27.968 L m2− h−1 bar−1, representing an increase
of 182%, as demonstrated in Figure 6a. Additionally, the average rejection rate of Na2SO4
for the TFCi NF membrane increased from 96.58% to 98.31%, as illustrated in Figure 6b,
which suggests that the introduction of an interlayer has the potential to enhance flux
without compromising the selectivity of the membrane. The observed improvements in
separation performance can be attributed to the formation of a thin, dense, and crumpled
TFC NF membrane after the incorporation of an interlayer. These findings demonstrate the
promising potential of the interlayer strategy in overcoming the permeability-selectivity
trade-offs of TFC membranes.



Membranes 2023, 13, 497 19 of 25
Membranes 2023, 13, x FOR PEER REVIEW 19 of 26 
 

 

 
Figure 6. Statistical analysis of (a) water permeability and (b) Na2SO4 rejection of TFC0 and TFCi NF 
membranes [27,35,40,41,46,52,60,63,75,86]. Statistical analysis of (c) water permeability and (d) 
Na2SO4 rejection based on NPs [46–49] 1D [51–56,60,61,63], 2D nanomaterials [69,72,75,76,84–87], 
and Organic interlayers [25,27,31,34–36,38–45]. This is a rough comparison as the substrates used in 
these publications are not similar, and the substrate has an impact on the formation of PA mem-
branes by IP. Moreover, the IP conditions are different, which also affects the separation perfor-
mance of the membranes. 

4.2. Comparison of Performance of TFCi NF Membranes Prepared Using Different  
Interlayer Materials 

Figure 6 provides a comparison of the permeability and salt rejection rates of various 
materials. Specifically, Figure 6c demonstrates that the NF membrane incorporating a 1D 
nanomaterial as an interlayer exhibits the highest flux in terms of permeability. This can 
be attributed to the high aspect ratio, internal porosity, and uniform pore size distribution 
of 1D nanomaterials, which contribute to a reduction in PA layer thickness and the attain-
ment of a crumpled morphology, ultimately resulting in higher permeability. Similarly, 
the NF membrane created with 2D nanomaterial as the interlayer also demonstrates a high 
flux due to the high surface area and unique physical and chemical properties of 2D na-
nomaterials, enabling them to establish a layered structure in two dimensions. This lay-
ered structure forms water channels that can be assembled into water channels by stacking 
nanosheets. However, 2D nanomaterials produce resistance to TFCi NF membranes, thus 
impeding membrane permeability improvement. By contrast, the organic interlayer ex-
hibits the lowest flux because organic interlayers primarily consist of polymer materials 
with high molecular weight and large molecular size, leading to blockage of the NF mem-
brane’s pore structure, thereby hampering the quantity and velocity of water molecules 

Figure 6. Statistical analysis of (a) water permeability and (b) Na2SO4 rejection of TFC0 and TFCi
NF membranes [27,35,40,41,46,52,60,63,75,86]. Statistical analysis of (c) water permeability and
(d) Na2SO4 rejection based on NPs [46–49] 1D [51–56,60,61,63], 2D nanomaterials [69,72,75,76,84–87],
and Organic interlayers [25,27,31,34–36,38–45]. This is a rough comparison as the substrates used in
these publications are not similar, and the substrate has an impact on the formation of PA membranes
by IP. Moreover, the IP conditions are different, which also affects the separation performance of
the membranes.

4.2. Comparison of Performance of TFCi NF Membranes Prepared Using Different
Interlayer Materials

Figure 6 provides a comparison of the permeability and salt rejection rates of various
materials. Specifically, Figure 6c demonstrates that the NF membrane incorporating a 1D
nanomaterial as an interlayer exhibits the highest flux in terms of permeability. This can be
attributed to the high aspect ratio, internal porosity, and uniform pore size distribution of
1D nanomaterials, which contribute to a reduction in PA layer thickness and the attainment
of a crumpled morphology, ultimately resulting in higher permeability. Similarly, the NF
membrane created with 2D nanomaterial as the interlayer also demonstrates a high flux due
to the high surface area and unique physical and chemical properties of 2D nanomaterials,
enabling them to establish a layered structure in two dimensions. This layered structure
forms water channels that can be assembled into water channels by stacking nanosheets.
However, 2D nanomaterials produce resistance to TFCi NF membranes, thus impeding
membrane permeability improvement. By contrast, the organic interlayer exhibits the
lowest flux because organic interlayers primarily consist of polymer materials with high
molecular weight and large molecular size, leading to blockage of the NF membrane’s
pore structure, thereby hampering the quantity and velocity of water molecules passing
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through the membrane. Additionally, the organic interlayer might form an extra resistance
on the membrane’s surface and have adverse interactions with the active layer, reducing
the NF membrane’s permeability. Figure 6d illustrates that the mean salt rejection rate of 2D
materials is lower than that of 1D materials for sodium sulfate, which might be attributed
to the fewer samples, the greater data fluctuations occur. Nevertheless, the maximum
salt rejection rate of 2D materials surpasses that of 1D materials since 2D nanosheets
inherently exhibit a blocking effect on salt. Finally, the NF membrane produced with
an organic interlayer presents the highest mean salt rejection rate, potentially due to
the abundant functional groups such as hydroxyl, carboxyl, and sulfonic acid groups in
organic interlayers, which enhance membrane negative charge and facilitate the retention
of negatively charged sodium sulfate.

5. Concluding Remarks and Future Perspectives

The incorporation of interlayers onto the substrate during the preparation of NF
membranes has been demonstrated to effectively enhance their performance. Various
materials, including NPs, organic polymers, 1D nanomaterials, and 2D nanomaterials, have
been investigated as interlayers for TFC NF membrane preparation (Tables 1 and 2). TFC NF
membranes with high salt rejection and permeability have been developed using all types
of interlayer materials. Among them, 1D nanomaterials exhibit better flux improvement,
while organic and 2D nanomaterials demonstrate superior salt rejection ability. However,
TFC NF membranes utilizing interlayers are still in the early stages of development. To
advance the development of high-performance TFC NF membranes using interlayers, it is
necessary to address several issues.

1. Interlayer materials. Considering that 1D nanomaterials are most effective in im-
proving membrane flux, and organic polymers and 2D nanomaterials are good at
improving salt rejection ability, composite materials such as organic/1D nanoma-
terials and 2D/1D nanomaterials may be candidate materials for preparing high-
performance NF membranes. Some researchers have introduced PDA/CNT as an
interlayer for the preparation of NF membranes [54–56]. In addition to enhancing the
selectivity of the NF membrane, the function of PDA can also serve as an adhesive to
encapsulate CNTs, thereby improving the stability of the TFC NF membrane. Some
other researchers have directly used organic 1D nanomaterials (such as Polyaniline
nanofibers [60] and microporous organic nanotubes [63]) as interlayers to prepare NF
membranes with not only extremely high flux (>40 L m2− h−1 bar−1) but also high salt
rejection ability (rejection of Na2SO4 > 98%) (see Table 2). Organic 1D nanomaterials
have more hydrophilic functional groups and better chemical stability than inorganic
1D nanomaterials (such as CNTs), combining the advantages of both inorganic 1D
nanomaterials and organic polymers. Moreover, to date, there have been no reports
on 2D/1D nanomaterials used as interlayer materials for preparing NF membranes,
although 2D/1D nanomaterials (such as MXene/CNTs [89]) have been reported to be
used for preparing high-performance 2D membranes. Given the effectiveness of these
materials as interlayers, it is necessary to further explore the possibility of using other
composite materials (such as organic polymer/1D nanomaterials, 2D/1D nanomate-
rials) and organic 1D nanomaterials as interlayers for preparing high-performance
NF membranes. The selection of interlayer materials must also consider factors such
as compatibility with the substrate, preparation difficulty, stability under operating
conditions, and cost-effectiveness.

2. Current studies in membrane technology have largely focused on enhancing perme-
ability, but there is also a pressing need for membranes that exhibit high selectivity
towards specific solutes. Interlayers have shown promise in addressing this need by
allowing for the customization of membrane properties to selectively adsorb or repel
certain solutes, thereby enhancing selectivity. Notably, Zhu et al. [38] introduced posi-
tively charged quaternized cross-linked microgels (PNI6) as an interlayer to improve
Mg2+ removal, demonstrating the ability of interlayers to significantly impact the
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selectivity of PA membranes. An exciting avenue for future research is exploring how
the unique chemical properties of interlayer materials can be harnessed to enhance
selectivity towards specific pollutants [90–92].

3. Another important aspect of developing interlayer-based TFC NF membranes is the
need for scalable and cost-effective manufacturing methods. While many promising
results have been reported in the literature, most of these methods are still confined
to the laboratory scale and may not be suitable for large-scale production. Therefore,
further research is necessary to develop scalable methods that can be seamlessly
integrated into existing membrane manufacturing processes.

4. Moreover, it is crucial to conduct comprehensive investigations into the long-term
stability and durability of interlayer-based TFC NF membranes under diverse operat-
ing conditions. Although several studies have reported positive outcomes in terms of
membrane performance, few have explored the impact of contamination, chemical
degradation, and other factors on membrane performance over extended periods
of use. Hence, more extensive research is necessary to evaluate the effects of these
factors on membrane performance over time.

5. Current studies on the preparation of nanofiltration membranes with an interlayer pri-
marily focus on achieving a balance between permeability and selectivity, and there is
limited research on the interlayer’s impact on anti-pollution properties. However, the
impact of the interlayer on anti-fouling performance is essential in the development
of nanofiltration membranes. Moving forward, we expect that further research in this
area will lead to the development of novel interlayer materials and strategies that can
improve both permeability/selectivity and pollution resistance simultaneously.

6. During the preparation of TFC NF membranes, controlling the dispersion of nano-
materials is crucial to avoid aggregation and ensure optimal performance. Existing
literature has used various methods such as surface modification (carboxylation treat-
ment of MWCNTs [16]), dispersion in solutions such as PDA [54,56], polyvinyl alcohol
sodium [69], dodecyl benzene sulfonate [51], sodium dodecylbenzene sulfonate [56],
Tris-HCl buffer [47], and ultrasound treatment [21,47,51–54,56,69,72,75,87] to prevent
the agglomeration of nanomaterials. While there are many methods available to
avoid the agglomeration of nanomaterials, there is always room for improvement
and the development of new methods. This is because the properties and behavior
of nanomaterials can be complex and difficult to predict, and different applications
may require different strategies for preventing agglomeration. Additionally, as new
types of nanomaterials are developed and used in various applications, new methods
for avoiding agglomeration may need to be developed as well. Therefore, continued
research and development in this area is necessary to optimize the performance of
nanomaterials in various applications.

7. In conclusion, while there are significant challenges in the application of interlayer
materials in the preparation of TFC PA NF membranes, this field holds enormous po-
tential for enhancing membrane performance and extending its scope of applications.
Through sustained research and development in this area, we may witness substantial
progress in membrane technology in the forthcoming years.
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