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Abstract: Thin film nanocomposite (TFN) polyamide (PA) membranes has drawn
increasing attention due to the improved physicochemical properties of the top layer for
versatile separation performance. However, the commonly used fabrication approach,
lacking a controllable loading of nanofillers, leads to a random and insufficient
distribution of nanofillers into the PA layer and generates interfacial defects that
deteriorate the membrane performance. Herein, a rational strategy for incorporating
metal-organic frameworks (i.e., ZIF-8) into the PA layer via electrophoretic deposition
(EPD) was proposed. Driven by an external direct current field, the ZIF-8 nanoparticles
were uniformly assembled onto a porous ultrafiltration (UF) substrate for fabrication of
high-performance TFN nanofiltration membranes by vacuum-assisted interfacial
polymerization (IP). The resultant TFN nanofiltration membrane yielded an enhanced
water permeability of 22.4+1.2 L-m?2.hl.barl, due to incorporation of ZIF-8
nanoparticles which created extra nano-channels for fast water permeation.
Additionally, such an EPD process effectively tailored the membrane surface properties
(e.g., zeta potential) and conferred a considerably high rejection for Na>SOs
(96.9+0.7%) but a low rejection for NaCl (18.9£2.5%), demonstrating an excellent
selectivity between SO42 and CI- ions. This study highlights the impressive efficacy of
the EPD process in precisely anchoring nanomaterials to design high-performance TFN
nanofiltration membranes for target separations.

Keywords: ZIF-8 nanoparticles; Electrophoretic deposition; Thin film nanocomposite;

Nanofiltration membrane; Enhanced permselectivity
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1. Introduction

The scarcity and contamination of freshwater has drawn attention as a global
systemic risk [1]. The increasing population with improved living standards and
escalating consumption patterns has led to inexorable water demands for agriculture
and supplying industries. The ‘business as usual’ model should be abandoned for a
sustainable future as the next generations deserve a high quality of life and wellbeing,
but would not carry the environmental cost [2]. Membrane separation technology,
especially pressure-driven membranes, has been emerging as a viable alternative to
alleviate the enormous challenges of water shortage and contamination due to its high
separation efficiency, cost-effectiveness, and environmentally friendliness [3, 4].
Nanofiltration (NF) membranes show an increasing promise to address these challenges.
Generally, most of the established commercial NF membranes are thin-film composite
(TFC) polyamide-based membranes that are fabricated via interfacial polymerization
(IP) [5, 6]. These membranes are capable of removing low-molecular-weight organics
(200~1000 Da) and multivalent ions, but the low permeation flux caused by the thick
and highly-crosslinked polyamide (PA) layer considerably hampers their cost-effective
application in processing large-volume liquid systems [7].

In this regard, thin-film nanocomposite (TFN) membranes are developed by
incorporation of nanoparticles in a dense PA layer to create sufficient water transport
pathways, thereby allowing for enhanced water permeation [8]. Inspired by this rational
design concept, nanoparticles (e.g., zeolite, titanium dioxide, and silicon dioxide) have

been extensively applied in preparing TFN membranes to facilitate the water transport
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[9-11]. However, the presence of interfacial defects within the PA layer, due to poor
affinity of nanoparticles to the polymer matrix and nanoparticle aggregation, inevitably
compromises the solute permselectivity of the fabricated TFN membranes.

Porous nanomaterials, e.g., metal-organic frameworks (MOFs), have been explored
as functionalized fillers to further intensify the solute permselectivity of TFN
membranes [12]. Particularly, MOFs are a typical class of hybrid crystalline materials
with an ultrahigh porosity and colossal internal surface areas [13]. The enormous
flexibility for organic ligands, metal atoms, and the growth conditions have endowed
MOFs with potential applications, e.g., in photoelectric conversion, gas storage,
catalysis, and water treatment [14, 15]. It is speculated that MOFs with unique organic
linkers have a better affinity with the polymeric matrix than inorganic nanofillers.
Therefore, the interfacial defects between MOFs and PA layer are supposed to be
significantly reduced, making MOFs to be an ideal candidate in enhancing the filtration
performance of the resultant TFN membranes. In addition, MOFs with regular cavities
incorporated in the polymer membrane can also serve as an alternative pathway to
enhance water permeation. In this context, diverse MOFs, such as ZIF-8, UiO-66, and
MIL-101, have been applied to develop advanced TFN membranes [9, 16-18].

However, an inappropriate linkage between nanofiller materials and the PA layer may
lead to random distribution and aggregation of nanofillers, potentially resulting in
nonselective interfacial defects that can deteriorate the separation performance of TFN
membranes. In deposition-based IP, the nanofillers are randomly dispersed in the

aqueous or organic phase, followed by the IP reaction to entrap the scattered nanofillers.
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Due to a considerably low diffusivity of the nanofillers during the extremely fast IP
reaction, only a small fraction of the nanofillers would be successfully intercalated into
the PA layer, thus diminishing their functionality in elevating the membrane permeation
flux. Therefore, it is of great significance to augment the loading mass and promote an
even distribution of the incorporated nanofillers by a rational strategy for enhancing the
performance of TFN NF membranes.

Currently, substantial efforts have been made to optimize the loading strategy of the
nanofillers before the IP reaction for fabricating novel TEN membranes. For instance,
Navarro et al. developed an innovative strategy to transfer a monolayer of a Langmuir-
Schaefer film of hydrophilic MIL-101 (Cr) for fabrication of TFN membranes [19].
This methodology enables the use of a small quantity of MOFs in making a defect-free
PA composite membrane, thereby resulting in an elevated NF performance for organic
solvents. Van Goethem et al. reported the evaporation-controlled filler positioning
method to subtly pre-load ZIF-8 nanoparticles on a porous substrate, followed by IP
reaction, to construct TFN NF membranes [20]. The resultant TFN membrane enabled
by 0.005 w/v% ZIF-8 nanoparticle exhibited an enhanced permeation flux, compared
to the control TFC NF membrane. To overcome the aggregation of the nanofillers in
TFN membranes, Wang et al. proposed a new layer-by-layer fabrication of PA/ZIF-8
TFN membranes via a two-step synthesis, including in-situ growth of a ZIF-8 interlayer
and IP reaction [21]. Due to the larger amount of ZIF-8 nanoparticles and the fewer
aggregates that are formed, the obtained PA/ZIF-8 TFN membranes evinced an

enhanced permeability. Despite the high efficacy of these approaches, the time-
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consuming and complicated fabrication steps may impede the progress in developing
high-performance TFN NF membranes. Apart from the controlled filler loading
approaches, other strategies such as filtration and dip-coating assisted IP techniques are
rapidly emerging as promising alternatives to prepare highly permeable PA membranes
[22], but the aggregation of nanofillers in the PA layer is still a challenging impediment.

Recently, a strategy of patterned growth of MOFs by electrophoretic deposition (EPD)
has raised increasing interest as a potentially feasible alternative [23]. Specifically, an
external electric field is utilized to drive the charged nanoparticles, e.g., MOFs, in
suspension towards the relevant electrode to form a homogeneous deposition layer
without particle aggregation during the EPD process [24, 25]. By controlling the
suspension concentration, applied potential, and deposition time during the EPD
process, the mass of the deposited nanoparticles and the thickness of the deposition
layer can be readily manipulated [23]. In this study, an EPD approach was firstly
utilized to evenly immobilize the MOFs nanoparticles (i.e., ZIF-8) into a PA layer for
fabrication of advanced MOF-positioned TFN membranes. In this study, the transfer of
the ZIF-8 nuclei atop the UF substrate was firstly conducted through tuning the ageing
and deposition time. Subsequently, a vacuum-assisted IP reaction was performed using
piperazine (PIP) and trimesoyl chloride (TMC) as monomers for NF membrane
fabrication. The synthesized TFN membranes were systematically characterized by
scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Finally, the

effect of ageing and deposition time of the incorporated ZIF-8 nuclei on membrane
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separation performance was also studied in details.
2. Materials and methods
2.1 Chemicals and materials

Commercially available polyethersulfone (PES) UF membrane (molecular weight
cutoff (MWCO) = 80 kDa) with a pure water permeability of 362.2 L-m2-h1.bar * was
purchased from Beijing Separate Equipment Co., Ltd. (China) as support for fabrication
of TFN membranes. Zinc nitrate hexahydrate (Zn(NO3)2-6H20, 98.0% purity) and 2-
methylimidazole (HMIM, 99.0%) obtained from Sigma-Aldrich (Belgium) were
applied to synthesize the ZIF-8 nanoparticles. PIP (99.0% purity), TMC (98.0% purity)
and n-hexane acquired from Sigma-Aldrich (Belgium) were employed to perform the
IP reaction for fabrication of NF membranes. Sodium chloride (NaCl, 99.0% purity),
sodium sulfate (Na2SQ4, 99.0% purity), magnesium chloride (MgClz, 99.9% purity)
and magnesium sulfate (MgSOs4, 99.5% purity) purchased from Sigma-Aldrich
(Belgium) were applied to test the salt rejection of the resultant NF membranes. Unless
otherwise stated, all reagents and solvents were used as received. Deionized water was
used throughout the experiments.
2.2 Preparation of TEN membranes

The growth of ZIF-8 nanoparticle on PES membrane substrate with an effective area
of 19.6 cm? was conducted by an EPD method with a lab-made apparatus at room
temperature (Fig. 1). The PES substrate mounted on a stainless steel was served as
cathode while another bare stainless steel on the other side was used as anode. An

aqueous solution (100 mL) containing 0.138 g Zn(NOs3), and 2.838 g HMIM was
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freshly prepared and homogeneously mixed for synthesis of the ZIF-8 nanoparticles.
After a certain period for ageing (i.e., from 0.5 to 2 min) by stirring, the solution was
poured between two electrodes. And then, the EPD was performed at a direct current
density of 0.72 mA-cm. The EPD process was applied for a duration ranging from 0.5
to 2 min. The obtained membranes deposited by the ZIF-8 nuclei were completely
rinsed to remove the unreacted reagents from the membrane surface through vacuum
filtration of deionized water.

2-methylimidazole
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Fig. 1 Fabrication of TFN membranes by constructing ZIF-8 layer via an EPD method

and PA layer via a vacuum filtration-assisted IP process

The TFN membranes were constructed through a vacuum filtration-assisted IP
method. In detail, an aliquot of the PIP aqueous solution (10 mL, 2 mg-mL™) was
filtrated through the UF substrate coated by ZIF-8 nuclei to enable the positioning of
PIP in the pore structure of the substrate. The vacuum pump was powered off

immediately after the residual liquid was removed by filtration. Afterwards, an aliquot



170

171

172

173

174

175

176

177

178

179

180

of the TMC/n-hexane solution (10 mL, 1.5 mg-mL™?) was poured on the substrate
surface to conduct the IP reaction for 1 min. After the organic liquid was removed, the
resultant TFN membranes were placed in an oven at 60 °C for 3 min. All the synthesized
TFN membranes were rinsed and stored in deionized water before use. The parameters
for functionalization of membranes and their corresponding labels used in this work are
summarized in Table 1.

Table 1 Surface functionalization parameters corresponding to the assigned

membranes

Membrane Ageing time (min) EPD time (min) IP time (min)

PES - - -
ZIF-8@PES 2 2 /
TFC - - 1
TFN-0.5/2 0.5 2 1
TFN-1/2 1 2 1
TFN-1.5/2 15 2 1
TFN-2/2 2 2 1
TFN-2/0.5 2 05 1
TFN-2/1 2 1 1
TFN-2/1.5 2 15 1

2.3 Membrane characterization

The surface morphology of the fabricated TFN membranes was visualized by



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

scanning electron microscopy (SEM, XL30 FEG, The Netherlands). Specifically, the
dried TFN membranes were sputter-coated with platinum and their SEM images were
taken at an accelerating voltage of 10 kV. The surface roughness of the membranes was
investigated by atomic force microscopy (AFM, Bruker, USA). Root mean squared
roughness (Rrms) was recorded to identify the change of membrane surface roughness.
The nanostructure of the PA layer was inspected by transmission electron microscopy
(TEM, JEOL 1230) at an accelerating voltage of 80 kV using Gatan CCD cameras.

The measurement of Fourier transform infrared (FTIR) spectra were conducted to
analyze the functional groups of the fabricated membranes by a Nicolet 6700 FTIR
spectrometer at the range of 500-4000 cm™. The elemental composition of membrane
surfaces was quantified by an X-ray photoelectron spectroscopy (XPS, Kratos AXIS
Ultra DLD, Japan), where an AlKa (1486.6 eV) monochro-matic X-ray source was
applied at 200 W. The electron emission angle was fixed at 45° with a sampling depth
of 10 nm.

The surface charge of the membranes was measured by an electrokinetic analyzer
(Surpass 3, Anton Paar GmbH, Austria). Specifically, a 1.0 mM KCI solution was used
as electrolyte solution at pH = 6.0 +0.2 during zeta potential measurement. The water
contact angle of the membranes was performed by the optical surface analyzer (DSA
10 Mk2, KRUSS GmbH Germany) at room temperature with 5 pL DI water and the
final value was calculated based on an average of five randomly selected locations.
Fourier transform infrared (FTIR) spectra of the membranes were obtained on a Nicolet
6700 FTIR spectrometer in the range of 500-4000 cm™. The MWCO of the obtained

10
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membranes were determined by the separation of a 200 mg/L polyethylene glycol (PEG,
molecular weight of 200, 300, 400 and 600 Da) solutions.
2.4 Water permeability and salt rejection

Water permeability and salt rejection were determined to evaluate the membrane
permeation performance by employing a dead-end cell (HP4750 stirred cell, Sterlitech
Crop., USA). A membrane coupon with an effective surface area of 14.6 cm? (diameter
of 4.31 cm) was pre-pressurized until a steady water permeation was achieved. The
filtration of 250 mL salt solutions (NaCl, MgClz, Na;SOs4, and MgSQO4) with a
concentration of 1.0 g-L™ was conducted separately to investigate the separation
performance of the fabricated TFN membranes at room temperature and 4 bar. The
membrane permeability (J) and salt rejection (R) were calculated based on the

following equations:

1%
AXAtXP

J = (1)
R=< —C—P)xmoo/o @)
r

where A is the effective surface area of the tested membranes, P is the operation pressure,
At is the time for permeation, and V is the volume of the permeate. Ct and Cp are the
salt concentration of the feed and permeate, respectively.
3. Results and discussion
3.1 Membrane surface morphologies

An even and sufficient distribution of the ZIF-8 nanoparticles onto the PES UF
support before IP reaction is crucial as it can potentially facilitate the effective

formation of extra nano-channels within the PA layer for enhancing the membrane
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performance. Fig. 2 displays the surface morphology of the PES UF substrate before

and after deposition of the ZIF-8 nanoparticles by EPD.
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Fig. 2 SEM images of the PES UF support. (A) Pristine; (B) deposited by ZIF-8 via
EPD

As evinced in Fig. 2A, the PES support shows a uniform and smooth surface. In
contrast, a large number of particle-like spots with size ranging ca. 75 nm was observed
on the PES support after the EPD process (Fig. 2B), indicating the sufficient and even
coverage of ZIF-8 nanoparticles on the PES substrate surface without the aggregation
of ZIF-8 nanoparticles. This also strongly demonstrates the excellent efficacy of the
EPD process for nanoparticle deposition within a very short time (i.e., within 2 minutes).
Fig. 3 shows the effect of the ageing time of the incorporated ZIF-8 nuclei on the surface
morphology of the fabricated NF membranes. Specifically, the TFC membrane without
the loading of the ZIF-8 nanoparticles exhibits an irregular nodule structure on the
surface (Fig. 3A), due to the diffusion-driven instability caused by vacuum-assisted IP
[26]. However, the TFC membrane still shows a considerably smooth surface with a
roughness of 2.71+0.14 nm (Fig. 4A). This is consistent with the surface characteristics
of the poly(piperazine)amide layer [27]. As indicated in Fig. 3B-3E, the presence of the

12
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ZIF-8 nuclei in the PA layer plays a significant role in the morphology of the fabricated
TFN membranes [21, 28]. The nodular structures originating from the control PA layer
started to disappear, whereas some particle-like spots were observed on the surface of
these TEN membranes, which would result in an increase of the surface roughness (Fig.
4B-4E) [29]. In addition, increasing ageing time from 0.5 to 2.0 min not only distinctly
enhanced the loading content of ZIF-8 nanoparticles, but also expanded the size of the
ZIF-8 nanoparticles. This result conforms to the growth of the ZIF-8 nuclei with

increasing ageing times.
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Fig. 3 SEM images of the fabricated NF membranes loaded with the ZIF-8

nanoparticle at different ageing times. (A) TFC; (B) TFN-0.5/2; (C) TFN-1/2; (D)

TFN-1.5/2;

(E) TFN-2/2
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Fig. 4 3D AFM images of the fabricated NF membranes loaded with the ZIF-8

nanoparticles at different ageing times. (A) TFC; (B) TFN-0.5/2; (C) TFN-1/2; (D)

TFN-1.5/2;

(E) TFN-2/2
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Fig. 5 shows the effect of the EPD duration on the surface morphology of the
fabricated TFN membranes. With the extension of the EPD time, more ZIF-8
nanoparticles were deposited into the TFN membranes, as evidenced by the particle-
like spots in SEM measurement [30]. Specifically, the ZIF-8 nanoparticles were
sufficiently and uniformly incorporated into the poly(piperazine)amide layer after a 2-
min EPD process. Such a morphology not only elevates the surface roughness of the
TFN membranes (Fig. 6) for increasing effective permeable area, but also potentially
creates more pathways based on the nano-channels of ZIF-8 nanoparticles with
increasing loading for promoting the water permeation [31]. The increasing loading of
the ZIF-8 nanoparticles into the TFN membranes reconfirms the outstanding efficacy

of the EPD process in tailoring the surface morphology of the TEFN membranes.
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278 Fig. 5 SEM images of the fabricated NF membranes loaded with the ZIF-8
279  nanoparticles at variable EPD times. (A) TFC; (B) TFN-2/0.5; (C) TFN-2/1; (D) TFN-
280 2/1.5; (E) TFN-2/2

281

Rine=2.71£0.14 nm

Rims=4.27+0.34 nm

282 fad

Rims=15.47+1.21 nm

283
. Rins=22.1£0.76 nn
284 il
285 Fig. 6 3D AFM images of the fabricated NF membranes loaded with the ZIF-8

286  nanoparticles at variable EPD times. (A) TFC; (B) TFN-2/0.5; (C) TFN-2/1; (D) TFN-

287 2/1.5; (E) TEN-2/2
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To further investigate the formation process of the TFN membranes loaded with the
ZIF-8 nanoparticles via the EPD process, the cross-section of the TFN membrane
surface was analyzed by TEM (Fig. 7). The thickness of the established dense PA top
layer is around 130 nm, which is a typical thickness of a functional layer on a TFC NF
membrane [32, 33]. Specifically, a dark and continuous region was observed on TEM
images of the PES substrate membrane after modification. For ZIF-8 nanoparticles, a
higher mass-contrast led to a darker appearance while the PA layer and PES substrate
were much lighter. However, no obvious boundary between the dark and light area was
found, suggesting that the ZIF-8 nanoparticles were well anchored onto the PA layer.
The sufficient and uniform layout of the ZIF-8 nanoparticles into the membrane surface
contributes to the regular nanoporous structure of the TFN membranes, which can
potentially enhance the membrane permeability. Apart from the in-situ generated ZIF-
8 nanoparticles, the abundance of organic ligand within them can also confer a benign
compatibility between the ZIF-8 nanoparticles and PA layer [34]. Thus, a consistently

stable functional layer was constructed on the TFN membranes.

Fig. 7 TEM images of the TFN-2/2 NF membrane after the loading of the ZIF-8

nanoparticles through EDP
17



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

3.2 Chemical composition
The FTIR and XPS analysis were further conducted to verify the surface elemental

composition of the fabricated TFN membranes (Fig. 8).
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Fig. 8 FTIR (A) and XPS (B) analysis of pristine PES substrate, ZIF-8@PES, TFC,

and TFEN-2/2 membrane

As shown in Fig. 8A, the ZIF-8@PES substrate has extra absorption bands at 1583
cm?, 1311 cm™, 1180 cm?, 1148 cm™, 758 cm™®, 694 cm™ and 423 cm™, compared to
the pristine PES substrate. Specifically, the absorption band at 423 cm™ and 1583 cm'?
corresponded to the Zn-N stretch, respectively [35]. The absorption bands at 1180 cm’
1 and 1148 cm™ were assigned to the stretching vibration of the C-N group [35].
Meanwhile, the absorption bands at 1311 cm™, 995 cm™, 758 cm™ and 694 cm™® were
mainly associated to the stretching vibration of the C-H group from imidazole [36-38].
These absorption bands, which were identical with the fabricated ZIF-8 nanoparticles,
suggested that the pristine PES substrate was sufficiently covered by the ZIF-8 nuclei.
Furthermore, the XPS measurement shows that the pristine PES substrate has the

typically intrinsic peaks of C 1s, O 1s, and S 2p at the binding energy of 284.5, 531.6,
18
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and 167.2 eV, respectively (Fig. 8B). After the deposition of the ZIF-8 nanoparticles by
the EPD process, two extra intensities at the peaks of 1021.2 and 1044.8 eV were
detected in the ZIF-8@PES substrate, which are assigned to Zn 2p. Furthermore, a
lower intensity of the peak of S 2p was observed as well. In particular, the atomic
percentage of Zn element in the ZIF-8@PES membrane deposited by the ZIF-8
nanoparticles increased to 4.52% (Table 2), while the atomic percentage of S element
was reduced from 4.35% to 1.71%. Therefore, the XPS analysis further confirmed the
presence of the ZIF-8 nanoparticles onto the pristine PES substrate. In addition, the
TFN-2/2 membrane also has extra absorption bands at 1583 cm™, 1311 cm™, 1180 cm
11148 cm®, 758 cm™, 694 cm™ and 423 cm?, compared to the TFC membrane without
the loading of the ZIF-8 nanoparticles. This strongly demonstrates the presence of the
ZIF-8 nanoparticle in the TFN membranes which were fabricated through IP reaction
using the ZIF-8@PES substrate, which is consistent with the SEM observation in Fig.
3 and Fig. 5.

On the other hand, after the IP reaction, the PA layer was strongly attached onto the
PES substrate, which resulted in the disappearance of the S 2p peak for the TFC
membrane. Similarly, a reduced intensity in the peak of Zn 2p was also observed for
the TFN-2/2 membrane incorporated with the ZIF-8 nanoparticles. As reflected by the
reduced atomic percentage of Zn element in the TEN-2/2 membrane (Table 2), the PA

layer was well interconnected with the ZIF-8 nanoparticle layer.
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Table 2 Atomic percentage of different elements for membrane surface

Element composition (wt.%)

Membrane type
C N @) S Zn

PES substrate 73.67 2.95 19.03 4.35 -

ZIF-8@PES 72.67 12.36 8.74 1.71  4.52

TFN-2/2 73.94 1072 1398 041 0.95

3.3 Filtration performance

Various salts (i.e., NaCl, MgCl,, Na2SOs, and MgSOa) were applied to evaluate the
filtration performance of the resultant TFN NF membranes (Fig. 9). The PES substrate
with a high MWCO (80 kDa) showed a free salt passage. After IP without the
incorporation of the ZIF-8 nanoparticles, the TFC NF membrane possessed a dense and
compact surface structure (MWCO of 382 Da, see Supplementary Fig. S1), enabling
a Na>SOs rejection of 98.4+0.2% with a reduced pure water permeability of 9.9+0.5
L-m2-h'-bar?. The dense surface structure of the TFC NF membrane with highly
negative charges led to a higher resistance to ions due to the synergistic effect of size

exclusion and electrostatic repulsion, thus hindering the permeation of Na>SOa.
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Fig. 9 Filtration performance of the fabricated TFN NF membrane with various (A)
ageing times and (B) EPD times; (C) permeation flux and salt rejection of TFN-2/2

membrane in different salt solutions.

Aiming at enhancing the membrane performance, attempts have been made to
control the growth of the ZIF-8 nanoparticles through manipulating the ageing time and
EPD time. The ageing time and EPD time dominate the crystal structure of the ZIF-8
nanoparticles and their loading into the PA layer, which consequently affected the
filtration performance (i.e., salt rejection and permeation flux) of the fabricated TFN
membranes. The influence of the ageing time on the membrane performance was
detected by varying the ageing time from 0.5 to 2 min while the EPD time was fixed at
2 min. As shown in Fig. 9A, the slight reduction in rejection of Na>SO4 for the
fabricated TFN membranes was observed during the incorporation of the ZIF-8
nanoparticles into the PA layer. In particular, the extension of the ageing time could
stimulate the growth of the ZIF-8 nanoparticles, allowing for an increasingly positive
charge density on the ZIF-8 nanoparticles. Therefore, the incorporation of the ZIF-8
nanoparticles carrying positive charges into the PA layer would diminish the negative
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charge density of the TFN membranes, which can also be confirmed by the reduction
of negative charge on the PES (i.e., ZIF-8@PES) substrate deposited with the ZIF-8
nanoparticles (Fig. 10). This could reduce the electrostatic repulsion to the ions to some
extent for enhanced salt permeation.

Simultaneously, extending the EPD duration can yield an increasing amount of the
ZIF-8 nanoparticles incorporated into the PA layer of the TFN membranes, which also
reduces the negative charges of the TFN membrane surfaces (Fig. 10) and thus
promotes the salt permeation (Fig. 9B). On the other hand, the intercalation of the ZIF-
8 interlayer into the PA layer results in a slight reduction in membrane pore size (slight
reduction in MWCO of the TFN-2/2 membrane, Supplementary Fig. S1), which would
reduce the size exclusion effect to the ions to some extent for salt permeation. However,
an acceptably high Na>SOas retention (above 96.9%) can be obtained for all the
fabricated TFN membranes within an ageing time of 2 min and an EPD duration of 2

min.
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Fig. 10 Zeta potential of the TFN membrane after loading the ZIF-8 nanoparticles by

EPD process.
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On the other hand, the growth of the ZIF-8 nanoparticles with the ageing time and
the increasing amount of the ZIF-8 nanoparticles deposited into the PA layer with the
EPD duration would significantly enhance the permeation flux of the TFN membranes.
Specifically, the permeation flux for the fabricated TFN membranes after the loading
of ZIF-8 nanoparticles was remarkably elevated by a factor of 2.24, i.e., from 9.9+£0.5
to 22.4+1.2 L-m2-h"1.bar?, within the ageing time of 2 min and EPD duration of 2 min
(i.e., TEN-2/2). Generally, the enhancement in permeation flux of NF membrane is
strongly related to the expansion of pore size and increase in surface hydrophilicity.
However, in this case, the TFN membrane (i.e., TFN-2/2) has the nearly identical pore
size and surface hydrophilicity with the TFC membrane, which can be demonstrated by
the MWCO and water contact angle of these two membranes (Supplementary Fig. S1
and Table S1). Therefore, such a significant enhancement in permeation flux of the
TFN membrane (TFEN-2/2) is mainly attributed to the fact that the loading of the ZIF-8
nanoparticles would create extra nano-channels and effective permeable area in the PA
layer for enhanced water permeation.

In addition, the salt permeation properties of the TFN-2/2 NF membrane in the NaCl,
MgCl, and MgSOs solutions were also investigated to reveal its desalination
performance (Fig. 9C). As indicated in Fig. 9C, the TFN-2/2 membrane yielded a
rejection of 90.3+£1.1%, 30.4+2.0%, and 18.9+2.5% for MgSQO4, MgCl>, and NaCl,
respectively. The rejection order of different salts is Na;SO4 > MgSO4 > MgCl> > NaCl
for the TFN-2/2 NF membrane incorporated by the ZIF-8 nanoparticles. Such a salt
rejection order is mainly due to the negatively-charged surface of the TFN-2/2
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membrane which can effectively repulse the multivalent anion via Donnan effect [39].
On the other hand, the observed rejection of MgCl> was higher than that of NaCl for
TFN-2/2 membrane, due to the fact that the hydrated radius of Mg?* ion is larger than
that of Na* ion, which can be effectively retained by the TFN membranes through
enhanced size exclusion effect [40-42]. Specifically, the TFN-2/2 NF membrane shows
a separation factor of 26.0 between Na>SO4 and NaCl, as reflected from the salt
rejection order. This demonstrates a great potential of the TFN NF membrane
incorporated with the ZIF-8 nanoparticles in separation of bivalent ions and monovalent
ions. On the other hand, the permeation flux of the TFN membrane in all the salt (i.e.,
NaxSO4, MgSO4, MgCl> and NaCl) solutions is slightly lower than that of the TFN
membrane in the pure water. This is due to the osmotic pressure difference between
feed side and permeate side of the TFN-2/2 membrane when filtrating the salt solutions.
However, the permeation flux of the TFN-2/2 membrane (>19.5 L-m2-h™.bar?) is still
acceptably high for potential application.

Table 3 summaries the filtration performance of the state-of-the-art NF membranes
reported in literature and the TFN NF membrane in this study. As indicated in Table 3,
the deposition of the ZIF-8 nanoparticles by the EPD process could potentially endow
the fabricated TFN NF membrane (i.e., TEN-2/2) with a superior permeability and an
enhanced selectivity between monovalent and divalent salts, outperforming the state-
of-the-art NF membranes reported in the literature and breaking through the tradeoff

between permeability and solute selectivity.
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437 Table 3 Comparison of the state-of-the-art NF membranes reported in literature and

438 TFN nanofiltration membrane in this study

Salt rejection (%) Pure water

Pressure S .
Membrane NezSOANaC permeability Ref.

(bar)  NaCl Na;SOs MgCl MgSO4 ! (L-m2-h*-bar?)

NFM-4 6.0 34.0 97.6 - 92.7 27.5 13.2 [43]
TFNppA-sinps 6.0 35.0 97.0 68.0 94.0 21.7 13.3 [44]
GO-TFN 4.0 - 96.6 - 90.5 - 15.6 [45]
CS 6.0 32.2 90.8 - 73.7 7.4 5.7 [46]
TFN-PDP 6.0 441 98.1 43.1 97.9 28.0 9.9 [47]
PS/PES TFC 4.0 39.8 95.9 89.2 96.2 14.7 11.9 [48]
LBL 4.0 22.6 86.8 80.9 - 5.9 16.4 [41]
TFEN-f0.02 8.0 47.1 95.8 90.0 97.7 12.6 49 [49]
TFNM with
- 38.2 94.7 - 93.4 11.7 10.5 [50]
HZNcs
20.0- 90.0-
TFN 6.0 98.0 - 14.6 [51]
30.0 98.0
ZIF-8
5.0 64.7 92.2 46.9 815 45 3.6 [52]
membrane
IISERP-COOH-
2.0 82.9 97.2 90.6 99.6 6.1 0.5 [53]
COF1
TFN 0.3 5.0 77.6 96.6 - 95.0 6.6 2.4 [54]
ZIF-8/(TA-
5.0 55.2 93.6 52.6 85.9 7.0 5.1 [55]
Zn**),/PES
PA-flower (0.3
wt% MIL- 75 324 88.2 36.1 97.1 5.7 8.5 [56]
101(Cr))
MSH@UiO-66-
15.0 36.4 82.9 - 94.4 3.7 5.3 [57]
NH, TFN
UiO-66-
10.0 22.0 97.4 - 91.0 30.0 9.4 [58]
NH>@PA
TFN-300 4.0 29.0 95.0 65.0 94.0 14.2 8.5 [59]
TFN-4H 6.0 47.4 95.2 - - 11.0 - [60]
PDA/ZIF-8 6.0 16.4 83.4 - - 5.0 4.8 [61]
This
TEN-2/2 4.0 18.9 96.9 30.4 90.3 26.2 22.4
work
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Moreover, the stability of the TFN membrane is of significance for its practical
application. The long-term operation of the TFN-2/2 membrane in the Na>SO4 solution
in a cross-flow mode was investigated (Fig. 11). As indicated in Fig. 11A, the TFN
membrane yielded the almost constant permeation flux (permeation flux of 19.3~19.5
L-m2-ht-bar?l) and salt rejection (Na.SOs rejection of 96.8~97.1%) in the Na2SO4
solution during a 36-h operation, indicating the long-term stability of the TFN
membrane for potential in practical applications. As expected, the slight release of Zn?*
ion can be observed in the long-term operation (Fig. 11B). However, such a light release
of Zn?* ion has no pronounced impact on the membrane performance, since the
interlayer of the ZIF-8 nanoparticles was well covered and intercalated into the PA layer
of the TFN membranes, which can maintain the integrity of the PA layer. This result
further demonstrates the superiority of the EPD process in intercalation of the ZIF-8

nanoparticles for fabrication of stable TFN membranes.
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Fig. 11 (A) Long-time stability of the TFN-2/2 membrane; (B) release of Zn?* ion
from the TFN-2/2 membrane
4. Conclusions
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In this study, a strategy of integration of the EPD process with vacuum filtration-
assisted IP was proposed to design a high-performance ZIF-8 based TFN membrane.
Through the EPD process, the ZIF-8 nanoparticles can be uniformly and sufficiently
anchored into the PA layer to significantly tailor the surface structure and properties of
the fabricated TFN nanofiltration membranes. At the condition of ageing time of 2 min
and EPD duration of 2 min, the resultant TFN NF membrane (i.e., TFN-2/2) yielded an
enhanced permeability of 22.4+1.2 L-m™-h't-bar?, which was 2.24 folds higher than
the pristine TFC NF membrane without loading of the ZIF-8 nanoparticles.
Simultaneously, a considerably high rejection of 96.9+0.7% for Na>SO4 was obtained,
breaking through the tradeoff between permeability and solute selectivity for the ZIF-
8 incorporated TFN NF membrane. In addition, due to the less negative charge of the
TFN NF membrane which was tailored by anchoring the ZIF-8 nanoparticles with
positive charge, a very low rejection for NaCl was observed, which conferred the TFN
nanofiltration membrane with a high selectivity between SO4%* and CI". Based on these
results, this study provides a useful guideline for precisely anchoring the nanomaterials

into the PA layer to design the advanced NF membranes for target separations.
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