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HIGHLIGHTS

e A high-performance i-TFC membrane
was fabricated by the IFIP on commer-
cial hydrophobic substrates (PP, PE and
PTFE).

e The i-TFC membrane showed high water
permeance up to 48.9 L-mZhl.bar?!
while maintaining high Na,SO,4 rejec-
tion of 98.6%.

e The presence of FeOOH nanorods
enhanced the water permeance, me-
chanical strength, and anti-fouling per-
formance of the i-TFC membranes.
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ABSTRACT

Customizing high-performance nanofiltration membranes that can break the trade-off effect is critical to the
development of membrane separation. Building an intermediate layer between the support and the selective
layer to accelerate water transport is considered to be an effective solution to this issue. However, the synthesis of
interlayered thin-film composite membranes (i-TFCs) on non-polar substrates with large pores and high porosity
remains challenging. Here, we report a high-performance i-TFC membrane with FeOOH nanorods as interlayers.
The porous and robust nanorods greatly increased the water transport paths and the mechanical strength of the
membrane. Under the high pressure of 20 bar, the i-TFC membrane still remained a high salt rejection above 96
% while showing a high pure water permeance up to 48.9 L-m~2h~l.bar ! Furthermore, the presence of
nanorods enhanced the hydrophilicity and compactness of the substrate, leading to the formation of a 23-nm
thick polyamide layer without nanorod structures. The versatility of the strategy was also demonstrated with
three different hydrophobic substrates. This work will thus provide further insights into the development of high-
performance membranes for molecular separations.
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1. Introduction

The global water crisis drives the development of energy-efficient
water treatment technologies [1,2]. Nanofiltration (NF) is an efficient
separation process that utilizes nanopores of 1-10 nm for various liquid
separations, such as water softening by repelling divalent ions [3,4]. The
commercialized NF membrane is typically thin-film composite (TFC)
consisting of a macroporous substrate as the support and a dense poly-
amide (PA) film as the selective layer. However, the TFC membrane
often suffers from a trade-off effect between permeability and selectivity
[5,6].

Recent breakthroughs in materials science have led to the develop-
ment of membranes to break the bottleneck [7-10]. An effective strategy
is to build a nanoporous interlayer between the support and the poly-
amide layer to accelerate water transport [11]. The interlayer can
modulate the surface chemistry and pore structure, thereby effectively
reducing the transport resistance and enabling fast transport of water
molecules [12-14]. Furthermore, it advances the interfacial polymeri-
zation process to form a continuous dense polyamide film that combines
high permeability and selectivity [15,16]. Meanwhile, the interlayer
also improved the structural stability in resulted TFC membranes
through the following two aspects. On the one hand, by strengthening
the adhesion between the interlayer and both the polyamide layer and
substrate. Wu et al. [17] deposited PDA coated COF as an interlayer for
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enhancement of structural stability simultaneously. The as-prepared
PA/PDA-COF/PAN membrane maintained excellent stability compared
with the control membrane in a 16-day solvent immersion experiment.
On the other hand, by constructing a rigid interlayer, the mechanical
properties of the skin layer of the support can be improved to enhance
the pressure resistance of the TFC membrane. Hoek et al. [18] intro-
duced nanoparticles of different sizes to increase the mechanical prop-
erties of the PSF, which in turn reduced the flux attenuation of the
composite membrane during high-pressure testing. These advantageous
characters have inspired numerous research on materials that can be
utilized for interlayer fabrication, such as metal-organic frameworks,
graphene oxide, covalent organic frameworks and carbon nanotubes
[19-21]. However, these materials are mostly produced by vacuum
filtration, which are difficult to scale up and also facing challenges of
nanomaterial agglomeration and stability issues. Alternatively, in-
terlayers such as Noria-polyethyleneimine and dendrimer that are
highly compatible with polyamide have been developed [22,23].
However, synthesizing the precursors for these materials is a challenging
step, and the stability of the polyamide layer is also sacrificed due to the
formation of rough folded structures. In addition, attempts have been
made to in-situ synthesize nanoparticles such as ZIF-8 interlayer on the
support layer [24], but the use of ZIF-8 nanocrystals is constrained by
their instability in water, especially for practical applications of high
flux NF membranes.
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Fig. 1. (a) Schematic illustration of the fabrication process of the i-TFC membrane. (b) ATR-FTIR spectra; (c) XPS spectra and (d) XRD patterns of various mem-
branes. SEM topography images of the (e) PP, (f) FeOOH/aPP (The inset picture (5 pm x 5 pm) is the EDS elemental map of Fe.) and (g) IFIP/FeOOH/aPP membranes
(The inset picture (2 pm x 2 pm) is the amplified SEM image, where nanorods morphology is marked in blue.).
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Particularly, porous FeOOH has attracted extensive attention thanks
to its nanoporous structure and ultra-high porosity (BET: 29.67 m%/g,
average pore size: 2.8 nm) [25,26], as well as its facile sysnthesis process
and physicochemical stability. Zhang et al. [27] constructed the inter-
layer by vacuum filtration of pre-synthesized a-FeOOH nanorods on PES
microfiltration membrane to improve the separation performance of
TFC membranes. The resulting TFC membranes exhibited a high water
permeability (34.1 L-m~2h~1-bar™!), high rejection for NaySO4 (95.0
%). In recent years, the nanoparticle interlayer constructed by in situ
synthesis method is considered to be an effective means to solve the
problem of agglomeration of nanomaterials during preparation and the
gradual disappearance of nanoparticles during use due to their
controllability, uniformity and stability [28]. At present, in-situ syn-
thesized FeOOH functionalized membranes were mainly used in the
removal of large molecular organics in the field of water treatment [29]
and the field of oil-water separation [30].

To overcome these challenges, here we developed a TFC membrane
with robust nanorod interlayer for ultrafast precision sieving. The high-
performance interlayer enhanced TFC (i-TFC) membrane was fabricated
by synthesizing a thin polyamide film on the rigid interlayer composed
of FeOOH nanorods. The water permeance, salt rejection, as well as the
pressure resistance and antifouling properties of the i-TFC membranes
were studied and compared with the state-of-the-art nanofiltration
membranes. Furthermore, the versatility of the fabrication route was
demonstrated with a variety of non-polar substrates (polyethylene (PE),
polypropylene (PP) and polytetrafluoroethylene (PTFE) membranes).

2. Methods
2.1. Fabrication of FeOOH functionalized interlayer

The synthesis process of FeOOH was shown in Fig. 1. Firstly, the
amine functionalized polypropylene membranes (0.14 m x 0.1 m) were
fabricated by coating the diazo salt solution. The preparation of the
diazo salt solution and the mechanism of the modification is shown in
Fig. S1. Subsequently, the modified PP membranes were thoroughly
rinsed with deionized water and designated as aPP stored in deionized
water. The synthesis process of FeEOOH was prepared as follows: in a
nutshell, 25 mL HCI (pH 2) solution and 0.57 g FeCl3 were dissolved into
50 mL deionized water forming a clear synthesis solution. Then the aPP
substrates were fixed by polymethyl methacrylate frames with the sur-
face layer up. Then aPP substrates were coated by the clear synthesis
solution. Finally, the above frames were sealed with a polymethyl
methacrylate plate and placed in the 60 °C ovens at various times (2 h, 6
h, 10 h and 14 h). The obtained modified substrates were thoroughly
rinsed with deionized water and marked as FeOOH-2h/aPP, FeOOH-6h/
aPP, FeOOH-10h/aPP and FeOOH-14h/aPP. In further brief, the
FeOOH-10h/aPP substrate was also abbreviated as FeOOH/aPP.

2.2. Fabrication of i-TFC membranes by the IFIP

The piperazine (PIP) monomer in the aqueous phase reacts with the
acyl chloride (TMC) monomer in the organic phase to form a homoge-
neous polyamide layer. The typical fabrication of i-TFC (IFIP/FeOOH/
aPP) membranes by the in-situ free interface polymerization (IFIP)
based on our previous work was as follows [31]. the modified substrates
were immersed into the 0.025 wt% PIP aqueous solutions for 1 min.
When the modified polypropylene substrates were taken out from the
aqueous solution, which can be wetted completely to make a continuous
water-course. Then, they were fixed by frames with the surface layer up
and put into the chamber full of organic solution microdroplets (0.05 %
wt% TMC/hexane solution) for 60 s (Fig. S5). Then, polymerization
reaction occurs at a uniform oil-water interface. Subsequently, the
resulting membrane was transferred to an oven at 60 °C to dry the sol-
vent and cure for 5 min. According to reports, the separation perfor-
mance of polyamide NF membranes can be enhanced by solvent
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activation [32,33]. The fabricated IFIP/FeOOH/aPP membranes were
immersed in DMSO at 20 °C for 20 min and then washed with deionized
water. NF membranes fabricated by conventional IP on different sub-
strates are marked as IP/FeOOH/aPP or IP/aPP.

2.3. Membrane characterization

The chemical components of various substrates and TFC membranes
were characterized through X-ray photoelectron spectroscopy (XPS,
Quanta200 spectrometer, USA) and Attenuated Total Reflectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR, Thermo-Fisher
Nicolet iS10, USA). The surface and cross-sectional images of the
various membranes were characterized by Scanning electron micro-
scope (SEM, JEOL 7900F, Japan). For cross-sectional studies, the
membranes were prepared by cracked in liquid nitrogen and freeze-
drying. Transmission electron microscopy (TEM, JEM 1200EX, JEOL,
Japan) was also conducted to analyse the cross-section morphology. The
energy dispersive spectrometer (EDS, FEI Quanta FEG 250, USA) was
used to analyse the surface element distribution of the FeFOOH/aPP. The
surface roughness, the Young's modulus and the surface area were
characterized by Atomic force microscopy (AFM, Shimadzu SPM-9700,
Japan). The membrane hydrophilicity was characterized by measuring
the water contact angle (DSA30, Kruss GmbH, Germany) of the supports
under room temperature (25 °C). The surface charge of various sub-
strates at different pH conditions (pH was adjusted from 3.0 to 10.0 by
using HCI and NaOH solution) was measured by using the ¢ potential
analyzer (SurPASSTEM3, AatonPaar, Austria). Crystal structures of the
aPP membrane and in situ-synthesized FeOOH nanocrystals were ac-
quired by X-ray diffraction patterns (XRD, PANalytical B.V.,
Netherlands). The electronic tensile tester was applied to measure the
tensile strength of the PP membranes (HY-0580, Shanghai Hengyi
Testing Instruments Co.LTD.).

2.4. Separation performance of the i-TFC membrane

The water flux and different inorganic salts rejections of various
membranes were tested in a cross-flow system under the pressure of 4
bar with the effective test area (A) of 18.5 cm? at 25 °C for 2000 ppm for
all feed concentrations. Before the test, all membranes were pre-
compacted for 1 h to ensure steady-state. The rejection of TFC mem-
brane can be obtained by the following equation:

Rejection (%) = (1—C,/Cy) x 100%. 1)

For inorganic salts, Cfand G, represent the concentrations of the feed
solution and permeate, which is determined by measuring the
conductivity.

The permeance (P) is calculated from the equation:

P (L'm>-h™"-bar™') = V/(AtAP). 2

where V is the solvents volume of permeate, AP is transmembrane
pressure and t represents the specified time.

3. Results and discussion

3.1. Fabrication and characterization of FeOOH nanorod interlayered
TFC membranes

The fabrication of i-TFC membrane is schematically shown in Fig. 1a.
The commercial non-polar polypropylene (PP) was selected as the sup-
port because of its high solvent resistance, excellent mechanical
strength, high porosity and low cost. To enhance the adhesive force
between the FeOOH nanorods and the PP support, we functionalized the
PP substrate with amino groups (named as aPP) by grafting a poly-
aminophenylene (PAP) layer on top, since —NH; can act as ligands for
binding Fe (Fig. S1) [24,29]. Compared with the pristine PP, two new
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Fig. 2. Cross-sectional SEM (a) and TEM (b) images of the IFIP/FeOOH/aPP membrane. (c) The in-situ free interface polymerization (IFIP) scheme for preparing an i-
TFC membrane. (d) Schematic illustration of the home-made permeation cell (test area up to 18.5 cm?) and the separation mechanism of the membrane. (e) Diagram
of the cross-flow filtration apparatus composed of six permeation cells (operation pressure = 4.0 bar, cross-flow rate = 4.5 L-min~1). (f) NF performance of IFIP/
FeOOH/aPP membrane toward different inorganic salts.
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Fig. 3. (a) SEM topography images of IFIP/aPP, IFIP/FeOOH-2h/aPP, IFIP/FeOOH-6h/aPP and IFIP/FeOOH-14h/aPP. (b) Effect of introducing FeOOH interlayer
with different synthesis times on nanofiltration performance. (c) The pressure resistance of the IFIP/aPP and IFIP/FeOOH/aPP (IFIP/FeOOH-10h/aPP) membranes.
(d) Schematic diagrams of water transport path and micro-deformation (dotted line) of polyamide layer of IFIP/aPP and IFIP/FeOOH/aPP membrane under pressure.
(e) Schematic illustration of the traditional interfacial polymerization (IP) preparation process and SEM topography images of IP/aPP and IP/FeOOH/aPP mem-
branes. (f) The Na2SO4 rejection and the permeance of IP/aPP and IP/FeOOH/aPP membranes.
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peaks were detected at 1622 cm™! and 1515 cm ™! in the ATR-FTIR
spectra for the aPP substrate, assigned to the —NHjy groups and ben-
zene ring stretching vibrations (Fig. 1b). XPS analysis also confirmed the
presence of —N—N— and —NH,; functional groups on the aPP surface
(Figs. 1c and S2).

The FeOOH was then grown on the aPP substrate by dipping the
substrate into the precursor solution and annealing it at 60 °C. Two
typical vibration peaks at 841 cm ™! (Fe—0) and 690 cm ! (Fe—O—TFe),
as well as a broad peak ranging from 3000 to 3600 cm ™! attributed to
the stretching vibration of —OH, were observed for the FeOOH coated
substrate (Fig. 1b). The presence of FeOOH also induced a red shift of the
—NH;, peaks [28]. XPS analysis also demonstrated the existence of Fe 2p
and Ols (Figs. 1c and S3). The diffraction peaks located at 12°, 26.9°,
34.1°, 35.3°, 39.4°, 46.6° and 56.2° correspond to the (110), (310),
(400), (211), (301), (411) and (521) crystal planes of f-FeOOH (JCPDS
No. 34-1266) (Fig. 1d) [34], indicating the crystalline structure of the
interlayer. According to the SEM imaging, the FeOOH crystals were
grown in the form of nanorods and were evenly distributed on the
porous aPP substrate (Fig. 1e-f). We found that the areal density of the
FeOOH nanorods increased with the growth time and achieved a com-
plete surface coverage after 10 h reactions (Fig. S4). The energy
dispersive spectrum demonstrated a uniform distribution of the Fe
element on the substrate (Fig. 1f).

Eventually, a 23-nm-thick polyamide film was fabricated on the
FeOOH nanorod interlayer by in-situ free interface polymerization
(IFIP) which can avoid the manual transfer step and enable a reduction
of the film thickness (Figs. 1g and 2a-b) [31]. The microcopy imaging
showed that the polyamide film followed the topography of the under-
lying nanorods, indicating a strong adhesion between the polyamide
film and the nanorode interlayer. The strong interaction between the
nanorod interlayer and the polyamide layer originates from two sources.
On the one hand this may be due to the increased surface roughness after
the formation of FeOOH nanorods to increase the adhesion area and
physical adhesion between the support and the active layer [35]. In
addition, the abundance of hydroxyl groups on the surface of the FeOOH
nanorods and the amine groups on the surface of the support increased
the covalent or ionic bonding interaction with the active layer [36]. In
the IFIP process, an ultrasonic atomizing device was utilized to generate
organic phase microdroplets to prevent the formation of defects (Fig. S5
and Fig. 2¢). A characteristic peak of amide group at 1630 cm ™! was
observed in the ATR-FTIR spectra, demonstrating the formation of
polyamide on the substrates (Fig. S6).

The performance of the i-TFC membrane was tested in a cross-flow
permeation cell for filtration of different inorganic salts (Fig. 2d-e).
According to Zeta potential measurements, the membrane displayed an
isoelectric point at pH of 3.5, suggesting that negative charges are
dominant on the membrane surface in neutral solutions (Fig. S7). The
permeation experiments showed that the membrane suppressed the
passage of salts with divalent anions (SO3 ) more strongly than mono-
valent ones (Cl7), which was thus assigned to the combined effects of
steric exclusion and electrostatic repulsion (Fig. 2f). Since the charges
and valences of ions both contribute to ionic sieving, the salt rejection of
the i-TFC membrane follow the order of Na;SO4 > MgSO4 > MgCly >
NaCl, in agreement with the sieving behavior observed by other nega-
tively charged NF membranes [37,38]. In addition, the membrane
showed a high water permeance up to 36-42 L-m~2-h~!-bar!, which
varied slightly among different salts that likely affected the diffusion
coefficient.

3.2. Understanding the role of nanorod interlayer in separation
performance

To understand the role of the nanorod interlayer in membrane sep-
aration, we prepared conventional TFC membranes using the same IFIP
procedure, but without the interlayer (Fig. 3a), i.e., forming the poly-
amide layer directly on the pristine aPP substrate. The resulting
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polyamide film was neither uniform nor continuous, while the structure
of the underlying PP was still clearly visible in many spots. By intro-
ducing an intermediate layer of FeEOOH nanorods, the integrity and
homogeneity of the film was both enhanced with the increase in the
amount of nanorods. This enhancement was ascribed to the improved
hydrophilicity and compactness of the substrate surface by the inter-
layer (Figs. S4 and S8). As the FeOOH growth time increased, more
FeOOH nanorods were anchored on the support until the non-porous
fibers of the support were completely covered. Compared with the
pristine support with non-uniform surface porosity, the surface of the
FeOOH/aPP membrane becomes more uniform and dense after the
introduction of the nanorod interlayer. The water contact angle was
reduced from 67.9° to 45.8° due to the introduction of —OH groups from
FeOOH, which will facilitate the uniform spreading of the aqueous
monomer solution in the synthesis procedure of polyamide layers,
resulting in smooth and defect-free thin films.

The NF experiments showed that the water permeance increased
significantly with the amount of FeOOH, and started to saturate when
the nanorods were grown for 10 h, reaching up to 36.4 L-m*h~!.bar1,
which is about 3.6 times that of the pristine IFIP/aPP membrane
(Fig. 3b). Meanwhile, these membranes remained a high rejection of
NaySO4 above 96 %. These results suggested that the porous interlayer
provides efficient transport channels for the composite membrane,
enabling the rapid transport of water molecules between the support and
the polyamide layer [24]. Besides, the nanorod morphology also in-
creases the effective mass transport area of the composite membrane.
Furthermore, the mechanical strength of the nanocomposite membrane
was also greatly enhanced by the nanorods, based on the pressure
resistance experiments (Fig. 3c). The rejection rate of the IFIP/aPP
membrane dropped instantly when the applied pressure was above 8
bar, likely due to the deformation and cracking of the polyamide layer
caused by the high pressure (Fig. S9). In contrast, the IFIP/FeOOH/aPP
membrane remained high salt rejection rates at pressures up to 15 bar,
indicating that the FeOOH nanorods function as a robust interlayer to
protect the thin polyamide film (Fig. 3d). The tensile strength (Table S1)
and Young's modulus (Fig. S10) of the membranes were significantly
increased by the introduction of FeOOH compared to the pristine
membrane, and the Young's modulus of the prepared IFIP/FeOOH/aPP
membrane was also significantly increased due to the enhanced rigidity
of the support layer. Combined with mechanical characterization and
pressure resistance experiments, it was shown that the mechanical
properties of TFC membranes were significantly improved after the
introduction of FeOOH. There are two potential reasons for this opti-
mized mechanism. On the one hand, the introduction of the FeOOH
interlayer optimized the pore structure on the surface of the base film,
resulting in a better pressure resistance of the TFC membrane compared
to the large pore structure on the surface of the original membrane,
which caused the top polyamide layer to undergo destructive defor-
mation when subjected to high pressure [39]. On the other hand, after
the introduction of the FeOOH interlayer, the mechanical stability of the
polymer is maintained due to the chemical bonds and spatial stabilizing
force between the support and the FeOOH interlayer [40]. A large
number of studies have shown that the “membrane compaction” effect
of the TFC membrane can be improved by improving the mechanical
properties of the skin layer of the support, thereby enhancing the me-
chanical strength of the composite membrane [18]. As shown in
Fig. S11, the membrane depicted good long-term stability during the
test. It can also be seen from Fig. S12 that the tested IFIP/FeOOH/aPP
film still has a stable nanorod interlayer as well as a defect-free poly-
amide layer.

The antifouling performance of the IFIP/FeOOH/aPP membrane was
also improved after the introduction of FeOOH (Fig. S13). This can be
rationalized by characterizing surface charge and surface hydrophilici-
ty. It can be seen from Fig. S14 (a) that the isoelectric point of the IFIP/
FeOOH/aPP film (3.52) is lower than that of the initial TFC film (4.12)
due to the introduction of hydroxyl-rich FeOOH. This causes the
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Fig. 4. SEM topography images of (a) aPE, (b) IFIP/FeOOH/aPE, (c) aPTFE and (d) IFIP/FeOOH/aPTFE membranes. (e) The Na;SO,4 rejection of various NF
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on various non-polar substrates reported in the literature.

membrane surface to exhibit a stronger negative charge, which will
enhance the electrostatic repulsion of the negatively charged contami-
nant BSA. At the same time, the IFIP/FeOOH/aPP membrane has a
smaller contact angle, which will further reduce the adsorption of
pollutants.

In addition, we also prepared and tested the IP/aPP and IP/FeOOH/
aPP membranes by conventional interfacial polymerization (IP)
(Fig. 3e). Similarly, the presence of the nanorod interlayer reduced the
formation of defects in the polyamide layer (Fig. 3e), and enhanced the
water permeance and NaySO4 rejection (Fig. 3f). Compared with the
IFIP/FeOOH/aPP membrane fabricated by IFIP, the water permeance of
the conventional IP membrane (IP/FeOOH/aPP) was reduced by half
due to the increased thickness (34.7 nm) of the polyamide layer
(Fig. S10).

3.3. The versatility of the interlayer and comparison with state-of-the-art

The versatility of the fabrication scheme was demonstrated by
fabricating the i-TFC membranes on different non-polar polymer sub-
strates, such as PE and PTFE (Fig. 4a-d). The rejection of NapSO4 by i-
TFC membranes all exceeds 98 %. Among these membranes, the i-TFC-
PE membrane showed the highest water permeance, up to 48.94
L-m~2h~l.bar~! (Fig. $21), which was ascribed to the higher porosity
and larger pores of the PE support (Table S2). In addition, the i-TFC
membranes can always withstand higher pressures than the TFC mem-
branes prepared without the interlayer, regardless of the support type
(Fig. 4e). When the applied pressure was increased to 20 bar, the
rejection of NapSO4 remained above 96 % for i-TFC membranes, while
the rejection for TFC membranes dropped instantly below 80 %. In
particular, the rejection of TFC-PE membrane was reduced to only 50 %
at 20 bar, because the bigger pores and higher porosity of PE cannot
provide sufficient mechanical strength for the polyamide membrane
under high pressures. The i-TFC membranes obtained from this work
were also compared with other state-of-the-art interlayer enhanced TFC
membranes that were prepared on non-polar substrates (Fig. 4f)
[32,41-50]. We found that the nanorod interlayered-TFC membranes
outperform the other reported i-TFC membranes with regards to water
permeance and salt rejection, which can be attributed to the high
porosity of the FeOOH nanorods and the intactness of the thin poly-
amide film.

4. Conclusions

In summary, high-performance nanorod interlayered i-TFC mem-
branes were fabricated on commercial hydrophobic substrates (PP, PE
and PTFE) by in-situ free interfacial polymerization. These i-TFC
membranes outperform the conventional TFC membranes in terms of
water permeance, mechanical strength, and anti-fouling performance,
attributed to the presence of the porous, robust and hydrophilic FeFOOH
nanorods. The resulting i-TFC membranes showed high water per-
meance up to 48.9 L-m~2h~l.bar~! while maintaining high NaySO4
rejection of 98.6 %, which effectively overcome the typical trade-off
effect. The fabrication strategy of the nanorod i-TFC membrane pro-
vides an effective means to develop high-performance NF membranes
with broad application prospects, such as organic solvent nanofiltration
in harsh organic media.
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