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ABSTRACT 16 

Conventional nanofiltration (NF) thin-film composite (TFC) membranes are strongly 17 

restricted by the trade-off between their water permeance and selectivity as well as the poor 18 

structural stability for desalination and wastewater treatment. Herein, we report an 19 

interlayer-based thin-film composite (i-TFC) NF membrane with high performance using 20 

amino-functionalized EMT zeolite (EMT-NH2) nanocrystals as the interlayer. By adjusting the 21 

distribution density of EMT-NH2 on the substrate, a thin and dense PA layer with 22 

heterogeneity multi-level morphology (nanosized nodules and nanoscale stripes) can be 23 

formed and regulated. The EMT-NH2 zeolite nanocrystals with numerous hydrophilic groups 24 

(hydroxy and amino groups) and internal cavities can provide an additional priority water 25 

channel, increase the amine monomer storage on the substrate, and slow down the diffusion of 26 

amine monomer, thereby leading to the construction of a dense PA layer with high 27 

performance. As a result, the i-TFC-15 membrane depicted a water permeability of 13.82 ± 28 

0.47 L m
-2

 h
-1⋅bar

-1
 (2.5 times that of the controlled one), while maintaining an excellent 29 

retention ability for divalent salts (98.55% for Na2SO4, 98.42% for MgSO4 and 97.40% for 30 

MgCl2). Additionally, the rigid hydrophilic interlayer containing zeolite nanocrystals endowed 31 

the i-TFC-15 membrane with excellent pressure resistance (up to 2.4 MPa), long-term 32 

operating stability, and antifouling propensity (flux-recovery ratio, 90.1%). This work 33 

provides an approach for fabricating a novel high-performance NF membrane and deepens 34 

our understanding of the role of porous interlayer affecting the formation of the PA layer. 35 
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1. Introduction 38 

Membrane-based separation, as a low-energy consumption technology, plays a vital role 39 

in solving the challenge of global water scarcity[1, 2]. Especially, the nanofiltration (NF) 40 

membrane with thin-film composite (TFC) structure has attracted much attention in municipal 41 

water, brackish water desalination, and drinking water treatment due to its high energy 42 

efficiency, low-cost effectiveness, and scalable operation[3, 4]. Although some improvements 43 

in the NF membrane’s performance have been achieved, the conventional TFC NF 44 

membranes are still constrained in the large-scale application by the trade-off between their 45 

water flux and the desalination rate[5]. In addition, the poor structural stability of NF TFC 46 

membranes also inhibits the further improvement of membrane performance. And it is well 47 

known that the performance of the TFC membrane is associated with the formation of 48 

polyamide (PA) separation layer fabricated by interfacial polymerization[6, 7]. Constructing 49 

thinner PA layer structures and nanostructure surface morphologies with internal voids for the 50 

PA layer have proven to be effective strategies to reduce water transfer resistance and promote 51 

membrane permeability[8]. In the regulation of the PA layer for NF TFC membrane structure, 52 

various strategies including monomer design[3, 9], additives additions to the aqueous or oil 53 

phase[10, 11], surface modification[12, 13], and interlayer construction on the substrate[14, 54 

15], have been employed to regulate the structure and morphology for PA layer. Among them, 55 

simply introducing interlayers on the substrate before the IP process has been proven to be an 56 

effective approach to tailoring the structure and morphology of the PA layer. The interlayer 57 

can modulate the hydrophobicity, porosity, and surface geometries of the substrate, thereby 58 
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regulating the IP process, which is promising to weaken the trade-off restriction and improve 59 

the membrane structural stability[14, 16]. 60 

Since Livingston fabricated a sub-10nm and defect-free PA layer with unprecedented 61 

performance via the construction of a sacrificial layer of Cd (OH)2 nanostrand[17], a slate of 62 

organic materials (e.g., polydopamine, tannic, and polymers) and crystal nanomaterials with 63 

O-D, 1-D, 2-D, and 3-D structure have been used to construct interlayers[18-21]. Among 64 

them, the organic material as interlayer due to the high hydrophobic and high density limited 65 

the membrane permeability. While the porous crystal nanomaterials as interlayers were 66 

identified as effective in regulating the storage and diffusion of amine monomer during the IP 67 

process to improve the performance of membrane[22-24]. In previous work, we fabricated a 68 

ZIF-8 interlayer on the surface of non-porous polypropylene to optimize the porosity of the 69 

substrate surface and improve the adsorption and storage of amine monomer, forming a 70 

defect-free PA layer through the IP process[25]. In addition, an HKUST-1 interlayer on a 71 

polyimide substrate was constructed by the in-situ growth. The HKUST-1 interlayer as a 72 

container for PIP monomer reduced the diffusion coefficient of the PIP monomer due to the 73 

linkage between HKUST-1 and PIP monomer, thereby forming a thinner PA layer with fewer 74 

defects[26]. However, these MOFs also possess some inherent restrictions and disadvantages. 75 

Firstly, the MOFs composed of toxic heavy metal ions and ligands in the TFC membrane are 76 

possible to leach in the filtration process, harming the environment and human health[27]. 77 

Secondly, the MOFs are generally prepared via complex and high-cost solvothermal methods, 78 

which restricts the practical application of the TFC membrane[28]. Zeolite nanocrystals, as 79 
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ultrasmall silica-aluminate crystalline materials, are increasingly explored for developing 80 

high-performance NF membranes due to their small pore sizes (0.3-1.0 nm), high specific 81 

surface areas, adjustable surface properties, and suitable large-scale production[16]. Recently, 82 

Zhang fabricated thin-film nanocomposite (TFN) membranes with hierarchical AFI molecular 83 

sieves (0.2-1.0 μm) by vacuum filtration[29]. The obtained TFN membrane exhibited 84 

excellent water permeability, nearly twice that of the controlled membrane. However, the 85 

agglomeration tendency and poor compatibility of nanosized zeolite in NF membrane were 86 

prone to cause an unfavorable separation performance and the detachment of the PA layer in 87 

practical application. Thus, constructing a porous zeolite interlayer in i-TFC membranes with 88 

excellent stability and suitability and exploring its effect on i-TFC membranes is necessary for 89 

practical applications. 90 

Herein, a novel i-TFC membrane with heterogeneity multi-level morphology was 91 

fabricated using amino-functionalized zeolite nanocrystals as interlayers. The ultrasmall-sized 92 

(15-20 nm) amino-functionalized EMT-NH2 nanocrystals on an amino-modified substrate 93 

enhanced the compatibility and interfacial interactions of the zeolite interlayer in the TFC 94 

membrane. And the constructed EMT-NH2 nanocrystal interlayer improved the water 95 

permeability (almost 2.5 times that of the controlled one) and retention ability of divalent salts 96 

of the i-TFC membrane caused by the additional priority water channels and the regulated 97 

structure and morphology of the PA layer. Furthermore, the i-TFC membranes with rigid and 98 

hydrophilic zeolite nanocrystal interlayers possessed enhanced pressure resistance, long-term 99 
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stability, and antifouling propensity, which contributes to maximizing the water flux of i-TFC 100 

membranes in practical applications. 101 

2. Materials and methods 102 

2.1. Chemicals and materials 103 

Sodium hydroxide (NaOH, AR, ≥96%), Hydrochloric acid (HCl, AR, 36-38%), Sulfuric 104 

acid (H2SO4, AR, 95-98%), Sodium aluminate (NaAlO2, CP), Zinc powder (AR, ≥95%), 105 

ethanol (AR, ≥99.7%), Bovine Serum Albumin (BSA, BR), Polyethylene glycol (PEG, CP, 106 

molecular weight: 200, 300, 400, 600, 800, 10000, 20000, 40000, 70000, and 100000), and 107 

other chemicals including NaNO2 (AR, ≥99%), Na2SO4 (AR, ≥99%), MgSO4 (AR, ≥98%), 108 

MgCl2·6H2O (AR, ≥98%), CaCl2 (AR, ≥96%), NaCl (AR, ≥99.5%), LiCl (AR, ≥97%) were 109 

purchased from Sinopharm Chemical Reagent Co., Ltd (China). Sodium silicate (26.5% SiO2, 110 

8.3% Na2O) was acquired from Yousuo Chemical Technology Co., Ltd (China). Piperazine 111 

(PIP, GC, ≥98%), P-Phenylenediamine (PPD, GC, ≥98%), and Trimesoyl chloride (TMC, GC, 112 

≥98%) were purchased from TCI (Japan). The polysulfone (PSF) ultrafiltration membrane 113 

employed as the support substrate was obtained from OriginWater Technology Co., Ltd 114 

(Beijing, China). To remove the stains and pollutants in the PSF membrane hole, the PSF 115 

membranes were soaked in ethanol solution with a concentration of 50% for 1 h, and then 116 

transferred to the deionized (DI) water soaked for 6 h before use. The DI water used was 117 

provided by a secondary RO purification device.  118 
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2.2. Preparation of the NF membranes 119 

2.2.1. Preparation of EMT-NH2 zeolite nanocrystal 120 

According to the previous study[30], the EMT zeolite nanocrystal (diameter of 15-20 nm) 121 

was synthesized via low-temperature hydrothermal method without organic structural 122 

direction agent. The molar composition of zeolite gel was 7.86 SiO2: 1 Al2O3: 26.72 Na2O: 123 

389.97 H2O. And the synthesis procedure of EMT zeolite nanocrystal was performed as 124 

follows: 0.41 g of NaOH was added to 25.00 g of H2O with stirring for 5 min, together with 125 

2.05 g of NaAlO3 and stirred vigorously. Then, 11.12 g of NaOH was added to the above 126 

aqueous solution with stirring for 4 h to obtain the solution A. Solution B was prepared by 127 

dissolving 2.95 g of NaOH in 20.00 g of H2O followed by slow addition of 14.70 g of sodium 128 

silicate with stirring for 4 h. Subsequently, the solution A was added dropwise to the solution 129 

B under stirring and obtain the initial suspension. During the mixing, the solution A and B 130 

were kept in ice. After mixing, the resulting suspension was aged with stirring for 30 min at 131 

room temperature (~25℃). Finally, the obtained suspension was transferred into a water-bath 132 

at 35℃ for 36 h to crystallize. The crystallized products were separated through centrifugal 133 

and repeatedly washed with DI water until the solution was neutral. And the collected samples 134 

were denoted as EMT zeolite nanocrystal. The crystal structure and chemical structure for 135 

EMT zeolite with different crystal times were initial characterized through XRD and FT-IR 136 

(Fig. S1). And the EMT with 20 h crystallization was selected for constructing interlayer due 137 

to its better crystallization degree and greater content of silicon-hydroxyl groups. In addition, 138 
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it should be noted that the ultra-small EMT zeolite nanocrystal was dispersed by the wet 139 

method, which avoids its aggregation.  140 

According to the procedure reported by our group[12], the diazonium aqueous solution 141 

was prepared as follows (Fig. S2): 1.38 g of NaNO2 was added to 200 mL of H2O with 142 

stirring vigorously to dissolve completely. And 2.16 g of P-Phenylenediamine (PPD) was 143 

added to 200 mL of HCl aqueous solution (0.5 mol/L). Then, the NaNO2 aqueous solution 144 

was slowly added dropwise to the above PPD aqueous solution to obtain a mixed solution 145 

followed by slow addition of 4.00 g of Zn powder to transform aryldiazonium to aryl radicals. 146 

After adding Zn powder, the resulting mixed solution was filtered twice with 0.20 μm of 147 

microfiltration membrane. After filtering, the filtrate was separated by high-speed 148 

centrifugation (10000 rpm, 20 min) and obtained the diazonium solution. The chemical 149 

structure of diazonium solution (containing diazonium salt cationic radicals, aryl cationic 150 

radicals, and partial grafted aryl diazonium salts) was determined by FTIR spectra (Fig. S3). 151 

And the concentration of prepared diazonium solution was 0.05 mol/L.  152 

The amino-functionalized EMT (denoted as EMT-NH2) zeolite is prepared as follows: 100 153 

ml of fresh diazonium aqueous solution (0.05 mol/L) was mixed with 100 mL of EMT 154 

aqueous solutions (0.1wt%), followed by stirring at room temperature (25℃) for 5 h. Then, 155 

the solid products were separated and washed by high-speed centrifugation (10000 rpm, 20 156 

min) with ethanol repeatedly. Finally, the obtained product was dispersed in water to obtain 157 

the EMT-NH2 aqueous solution. The concentration of EMT-NH2 aqueous solution was 158 

determined by evaporating the solvent EMT-NH2 aqueous solution.  159 
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2.2.2. Preparation of zeolite interlayer on substrates 160 

The zeolite interlayer on the substrate (denoted as MPSF-EMT) was prepared as follows: 161 

Firstly, 30 mL of fresh diazonium solution was deposited on the PSF substrate fixed by a 162 

frame (40 cm
2
 of area) for 2 h to obtain the modified MPSF substrate. Then, the MPSF 163 

substrate was washed repeatedly with DI water and stored in DI water for 12 h before use. 164 

After that, 30 mL of EMT-NH2 zeolite aqueous solution (0.001 wt%) was deposited on the 165 

MPSF substrate mounted on a frame. After deposition for different times (5, 10, 15, and 20 h), 166 

the EMT-NH2 aqueous solution on MPSF substrate surface was poured off and the 167 

MPSF-EMT substrates with zeolite interlayer was obtained. And the obtained MPSF-EMT 168 

substrates were transferred into the DI water for 1 h to remove the unstable zeolite nanocrystal. 169 

The MPSF-EMT substrates of different deposition times (5, 10, 15, and 20 h) for interlayer 170 

were denoted as MPSF-EMT-5, MPSF-EMT-10, MPSF-EMT-15, and MPSF-EMT-20, 171 

respectively. 172 

2.2.3. Preparation of NF membranes with zeolite interlayers 173 

The i-TFC membranes with zeolite interlayers were prepared via the IP process on the 174 

MPSF-EMT substrate (Scheme 1)[31]. Firstly, the MPSF-EMT substrate was fixed in the 175 

plastic frame (area is 40 cm
2
) and then immersed in the 30 mL of PIP aqueous solution 176 

(1wt%). After immersing for 2 min, the residual solution on the substrate surface was 177 

removed using the roller. Then 30 mL of TMC n-hexane solution (0.1wt%) was poured on the 178 

surface of MPSF-EMT substrates to react with PIP monomer. After reacting for 30 s, the TMC 179 
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n-hexane solution was poured off and the obtained the PA layer was rinsed with pure 180 

n-hexane for 6 s. Subsequently, the obtained i-TFC membrane was transferred into an oven at 181 

60℃ for 2 min to facilitate the cross-linking of the PA layer. After drying, the fabricated 182 

membrane is transferred into DI water before use. The NF TFC membrane directly 183 

constructed on PSF and MPSF substrates via the IP process were denoted as TFC and MTFC, 184 

respectively. And the TFC NF membranes fabricated on MPSF-EMT-5, MPSF-EMT-10, 185 

MPSF-EMT-15, and MPSF-EMT-20 substrates were denoted as i-TFC-5, i-TFC-10, i-TFC-15, 186 

and i-TFC-20, respectively.  187 

2.3. Evaluation of NF performance  188 

The performance tests of membranes were performed in a crossflow filtration system with 189 

eight filtration units (each unit area is 28.5 cm
2
). The operating pressure and temperature were 190 

controlled at 1 MPa and 25℃. The concentration of all salt solutions (Na2SO4, MgSO4, MgCl2, 191 

CaCl2, NaCl, and LiCl) was 2000 μg/g[32]. To obtain accurate results, the membrane was 192 

pre-compacted at 1 MPa before testing. After compaction for 1 h, the permeate water was 193 

collected three times and the average value was recorded. The concentration of the salt 194 

solution was obtained by using the conductivity meter (Mettler Toledo FiveEasy Plus, 195 

Switzerland). The water permeance (J, L·m
-2

·h
-1

·bar
-1

) of NF membranes is calculated by 196 

equation (1).  197 

Jw=V/(A·∆t·∆P)                              (1) 198 

Of which V (L) is the permeate volume, A (m
2
) is the effective membrane area, Δt (h) and 199 



 

 12 / 43 

ΔP (bar) are the operating time and pressure, respectively. The salt rejection for NF 200 

membranes was calculated by equation (2). 201 

R=(1–Cp/Cf)×100%                            (2) 202 

Here, R represents the salt rejection. Cp and Cf are the solute concentrations in permeate 203 

and feed, respectively.  204 

The PEG rejection curves of the membranes and substrates were determined via solute 205 

transport method[33]. The 200 μg/g of PEG (MW: 200, 300, 400, 600, and 800) solutions as 206 

feedstock solutions were filtrated at 0.6 MPa to explore the pore structure of NF 207 

membranes[33]. And the 200 μg/g of PEG (MW: 10000, 20000, 40000, 70000, and 100000) 208 

solutions as feedstock solutions were filtrated at 0.6 MPa to explore the pore structure of 209 

modified PSF substrates. The concentrations of PEG solutions were obtained using total 210 

organic carbon analyzer (Shimadzu, TOCL CPH), and the PEG rejection was calculated on 211 

equation (3). The molecular weight corresponding to the 90% rejection is defined as 212 

molecular weight cut-off (MWCO). In addition, the Stokes radius ds (nm) of PEG was 213 

calculated according to equation (4). And the Stokes radius corresponding to MWCO is 214 

defined as the effective pore size of the membranes and substrates. 215 

R=(1-TOCp/TOCf)×100%                          (3) 216 

Of which, R represents the PEG rejection, TOCp and TOCf represent the solute 217 

concentration in the permeate and feedstock solutions, respectively. 218 

ds=33.46×10
-3

×M
0.557

                           (4) 219 

Of which, M represents the PEG molecular weight.  220 
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2.4. Antifouling filtration and chemical stability test 221 

The antifouling properties of fabricated membranes were studied by filtrating BSA 222 

solution[34]. All membranes were pre-compacted at 1 MPa for 1 h before testing to obtain a 223 

stable pure water flux (labeled as J0, L·m
-2

·h
-1

). Then, the feedstock solution was changed to 224 

500 μg/g of BSA solution for 6 hours of filtrating at 1 MPa (The final water flux was denoted 225 

as J1 (L·m
-2

·h
-1

)). After 6-hour filtrating, the membrane was rinsed using DI water. After 3 226 

hours of rinsing, the membranes were filtrated with DI water for 2 h to obtain a stable water 227 

flux of J2 (L·m
-2

·h
-1

). Based on equations (5) and (6), the flux-decline ratio (FDR) and the 228 

flux-recovery ratio (FRR) were obtained[35]. 229 

FDR=(1-J1/J0)×100%                          (5) 230 

FRR=J2/J0×100%                            (6) 231 

The chemical stability test of fabricated membranes was investigated via immersing 232 

membranes in H2SO4 aqueous solution (pH=3), pure aqueous solution (pH=7), and NaOH 233 

aqueous solution (pH=10) for 24 h, respectively. Before performance evaluation, all immersed 234 

membranes must be rinsed completely using DI water. 235 

2.5. Characterization of NF membranes 236 

The chemical properties and crystal structure of the zeolite nanocrystal were analyzed by 237 

Fourier transform infrared spectroscopy spectra (FTIR, Bruker Vertex, USA) and X-ray 238 

diffraction (XRD, Bruker D8 Advance, USA). The morphologies and size of zeolites were 239 

measured using a TEM (FEI Tecnai F20, USA). The pore structure of the zeolite nanocrystal 240 
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was analyzed by the N2 adsorption isotherms (Micromeritics ASAP 2020). The surface charge 241 

properties of zeolites were determined by a nanoparticle analyzer (Zeta, SZ-100-Z, HORIBA, 242 

Japan). The chemical structures and cross-linking structure of NF membranes were analyzed 243 

by ATR-FTIR (Thermo Fisher Scientific, Nicolet iS20, USA) and XPS (Thermo Fisher 244 

Scientific, USA). The surface morphology of substrates and membranes were analyzed on a 245 

Field-emission SEM (JEOL-7900F, Japan). Energy dispersive spectroscopy (EDS) of zeolite 246 

nanocrystal was performed on an EDAX XM2-30T apparatus. The surface roughness of NF 247 

membranes was analyzed on AFM (Shimadzu SPM-9700, Japan). The relative content of 248 

piperazine in hexane solution was measured by a UV-visible spectrophotometer (UV-vis, 249 

Shimadzu UV-2450, Japan). The surface charges and surface wettability of substrates and NF 250 

membranes were investigated on the streaming potential analyzer (Aaton-Paar SurPASS3, 251 

Austria) and a drop shape analyzer (Krüss DSA25, Germany), respectively. 252 
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 253 

Scheme 1. Schematical illustration regarding the fabrication process of i-TFC membranes 254 

with zeolite nanocrystal interlayer 255 

3. Results and discussions 256 

3.1. Characterization of EMT-NH2 zeolite nanocrystal interlayers 257 

The ultra-small EMT zeolite was synthesized via a low-temperature hydrothermal method 258 

and was further modified with diazonium reaction (Fig. 1a-b). The FTIR spectra (Fig. 1c) of 259 

EMT-NH2 contains the characteristic absorption peaks of aniline groups (ν(-Ar) 1515 cm
-1

; 260 

ν(N-H) 3370 cm
-1

), determining the existence of amino group[36, 37]. XPS analysis (Fig. 1d 261 

and Fig. S4) shows the peaks of -NH2 (at 399.8 eV, 35.4%) and -N=N- (at 402.1 eV, 64.6%) in 262 

fitting results of N1s XPS spectra for EMT-NH2, further confirming that the amino group was 263 
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introduced successfully in EMT-NH2 nanocrystals[29]. In addition, the color variation (from 264 

colorless to brown) of the zeolite solution and zeolite powder also prove the successful 265 

preparation of amino-functionalized EMT nanocrystals (Fig. S5). The excellent hydrophilicity 266 

of zeolite nanocrystals was demonstrated by the fact that the zeolite solution remained 267 

homogeneous after 24 hours of standing. The introduced amino groups partially destroyed the 268 

crystal structure of EMT-NH2 nanocrystals, whereas the EMT-NH2 still maintains part of the 269 

EMT-type zeolite structure, as evidenced by the three characteristic peaks (5.86°, 6.20°, and 270 

6.68°) in the enlarged areas of the XRD patterns of EMT-NH2 (Fig. S6). Besides, the crystals 271 

structure with lattice fringes in TEM images of EMT-NH2 and double-6-ring species (D6R) in 272 

the FTIR spectra of EMT-NH2 further demonstrate the partial EMT-type crystal skeletal 273 

structure for EMT-NH2 (Fig. S7)[38]. Both EMT and EMT-NH2 exhibit a combination of type 274 

I and type IV isotherms due to their micropores and textural mesopores(Fig. S8)[38]. 275 

Compared with that of EMT, the BET surface area of EMT-NH2 nanocrystal deceased to 276 

381.12 m
2
 g

-1
, whereas EMT-NH2 nanocrystal possesses a large and homogeneous 277 

inter-crystalline mesopore [39]. Despite the introduction of amino groups can disrupt the 278 

crystal structure of partial EMT-NH2 zeolite nanocrystals to some extent, the EMT-NH2 279 

zeolite still maintains the structural characteristics of EMT-type zeolite. In addition, the zeta 280 

potentials of EMT and EMT-NH2 solution at pH=7 are -33.8 mV and -21.3 mV, respectively, 281 

meaning that the diazonium reaction weakens the electronegativity (Fig. 1f). Compared with 282 

that of EMT nanocrystal, the peak strength of Na element at 1071 eV in the EMT-NH2 283 

nanocrystal weakened significantly (Fig. S9), which is consistent with the EDS results (Fig. 284 
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S10). In addition, the N elemental as a marker for the diazonium cation can be clearly seen in 285 

EMT-NH2 nanocrystal. The decrease of Na element content and presence of N element in 286 

EMT-NH2 nanocrystal demonstrate that the successful preparation of EMT-NH2 nanocrystal is 287 

carried out by ion exchange between aromatic-base cation and Na
+
 ions of zeolites[40]. 288 

 289 

Fig. 1. (a) Schematic diagram of the diazonium reaction; (b) Mechanism of EMT zeolite 290 

modified by diazonium solution via ions exchanges; (c) FT-IR spectra of EMT and EMT-NH2 291 

zeolites; (d) N1s XPS spectra of EMT-NH2 (e) XRD patterns of EMT and EMT-NH2 zeolites; 292 

(f) Zeta potential curves of EMT and EMT-NH2 solution 293 



 

 18 / 43 

Firstly, the substrates were modified through the diazonium reaction to enhance their 294 

hydrophilicity[12]. Subsequently, the EMT-NH2 solution was deposited on the modified 295 

substrate to obtain a stable assembled zeolite interlayer. As depicted in Fig. 2a, two additional 296 

peaks (ν(N-H), 3379 cm
-1

; ν(-NH2), 1540 cm
-1

) appeared in the FT-IR spectra of MPSF-EMT 297 

substrates, indicating that the amino group is successfully introduced on the MPSF-EMT 298 

substrates. The surface negative charges of the MPSF-EMT substrates decrease as confirmed 299 

by the increased zeta potential (Fig. 2b). Meanwhile, the isoelectric point of PSF, MPSF, and 300 

MPSF-EMT-15 substrate are pH=3.61, pH=4.85, and pH=5.12, respectively (Fig. 2b and Fig. 301 

S11), further confirming that the interlayer can weaken the electronegativity of the substrate. 302 

Furthermore, the surface hydrophilicity of the MPSF-EMT substrate was acquired via water 303 

contact angles (CA) and pure water fluxes in Fig. 2c and Fig. 2d, respectively. For PSF and 304 

MPSF-EMT-15, the water contact angles are 70° and 42°, respectively, which verifies that the 305 

amino groups and hydrophilic interlayer improve the substrate’s hydrophilicity. However, the 306 

pure water flux of MPSF-EMT decrease due to the reduction of holes on the surface of the 307 

substrate, which is in accordance with the previous literature[12]. The molecular weight 308 

cut-offs (MWCO, also known as molecular weight) and effective pore size of the PSF and 309 

MPSF-EMT substrates were measured by solute transport method and given in Fig. S12[33]. 310 

After inserting EMT-NH2 interlayer, the MWCO and effective pore size of MPSF-EMT 311 

substrates tend to be smaller, indicating that the introduced EMT-NH2 nanocrystal can blocks 312 

the surface pores of the substrate. Furthermore, the surface morphology for PSF and 313 

MPSF-EMT substrates was analyzed by SEM (Fig. S13). The PSF substrate exhibits a flat 314 
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morphology with abundant holes, while the zeolite nanocrystals can be seen on the 315 

MPSF-EMT substrate surface. With the prolongation of deposition time, the zeolite interlayer 316 

on the PSF surface becomes denser and the visible surface pores of the MPSF-EMT substrate 317 

gradually disappear. Herein, the introduction of the zeolite EMT-NH2 interlayer can reduce 318 

the electronegativity, enhance the hydrophilicity, and optimize the pore distribution for the 319 

substrate. More importantly, the enhanced hydrophilicity and the enriched pore structure of 320 

the substrate surface facilitate the storage of amine monomers, thereby effectively optimizing 321 

the IP process. 322 

 323 

Fig. 2. (a) ATR-FTIR spectra; (b) Surface zeta potential; (c) Water contact angles; and (d) 324 

Water fluxes for PSF and MPSF-EMT substrates  325 
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3.2. Structural characteristics and surface properties of NF membranes  326 

The ATR-FTIR and XPS analysis for NF membranes with/without interlayer were 327 

performed for investigating the functional groups and cross-linking degree of NF membranes. 328 

The ATR-FTIR spectra of i-TFC membranes (Fig. 3a) show that there are two distinct 329 

absorption peaks at 1622 and 3200-3600 cm
-1

 appeared, which are contributed by the 330 

stretching vibration of -C=O and N-H of the amide groups[41]. Such results verify the 331 

fabrication of the PA layer on substrate. Interestingly, compared with that of the controlled 332 

one, the peak intensity of amide groups for i-TFC membranes enhanced evidently, suggesting 333 

that i-TFC membranes possess more amide groups. In addition, the fitting curves (Fig. 3c-f) 334 

of the O1s for TFC and i-TFC membranes show that two peaks are observed at 530.2 and 335 

532.5 eV, representing the N-C=O bond of the amide groups and O-C=O bond of the carboxyl 336 

groups, respectively[17, 42]. The N-C=O bond content of the i-TFC membrane is higher than 337 

that of the controlled one, which further indicates that the i-TFC membrane possesses more 338 

amide groups. Thus, it can be reasonably inferred that the MPSF-EMT substrates can supply 339 

more PIP monomers to react with TMC, reducing the hydrolysis of TMC and forming more 340 

amide groups[42]. Usually, the abundant amide groups are accompanied by a higher 341 

cross-linking degree for the PA layer[12]. Table 1 shows that the O/N ratio of i-TFC 342 

membranes decreases from 1.70 of TFC to 1.59 of i-TFC-5, 1.43 of i-TFC-10, and 1.42 of 343 

i-TFC-15[43]. Furthermore, the cross-linking degrees of i-TFC-5, i-TFC-10, and i-TFC-15 are 344 

31.67%, 46.91%, and 47.94%, respectively, which are higher than that of the controlled 345 

membrane (22.22%)[17]. Compared with the PSF substrate, the modified PSF substrates with 346 
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interlayer can provide more PIP monomers to participate in the IP process, which leads to the 347 

IP reaction between PIP and TMC more completely. 348 

 349 

Fig. 3. (a) ATR-FTIR spectra and (b) XPS survey spectra of NF membranes with/without 350 

interlayer; XPS spectra of O1s corresponding fitting curves for (c) TFC, (d) i-TFC-5, (e) 351 

i-TFC-10, and (f) i-TFC-15 352 

Table 1. Elemental composition of constructed membranes 353 

Membranes 

Atomic composition from XPS (%) 

O/N 

Degree of Network 

Crosslinking (%) C N O -COOH -N-C=O 
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TFC 69.84 11.19 18.97 27.02 72.98 1.70 22.22% 

i-TFC-5 71.82 10.89 17.29 19.76 80.24 1.59 31.67% 

i-TFC-10 71.89 11.57 16.54 17.73 82.23 1.43 46.91% 

i-TFC-15 71.37 11.85 16.78 17.82 82.18 1.42 47.94% 

All TFC and i-TFC membranes exhibit negative surface charges because of the acryl 354 

chloride groups hydrolysis of unreacted TMC. The isoelectric point (IEP) of TFC membrane 355 

is pH=4.39, while the IEP for MTFC, i-TFC-5, i-TFC-10, and i-TFC-15 are pH=4.85, 356 

pH=4.88, pH=4.92, and pH=5.08, respectively (Fig. 4a and Fig. S14). The insertion of 357 

amino-containing interlayer weakens the membrane electronegativity, resulting in an increase 358 

of isoelectric point for the i-TFC membrane. The weakened electronegativity of i-TFC 359 

membranes is conducive to improving the separation selectivity of cations. It can be seen 360 

from Fig. 4b that the water contact angle values of TFC, i-TFC-5, i-TFC-10, and i-TFC-15 are 361 

50.4° to 49.3°, 48.1°, and 39.1°, respectively, suggesting that i-TFC membranes have 362 

enhanced hydrophilicity due to the insertion of highly hydrophilic zeolite interlayer. 363 

 364 

Fig. 4. (a) Surface zeta potential and (b) water contact angle for TFC, i-TFC-5, i-TFC-10, and 365 
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i-TFC-15 membranes 366 

3.3. Morphological characteristics and surface roughness of NF membranes 367 

Fig. 5a shows that the surface of pristine TFC membrane displays a large number of 368 

nanosized nodules, which is consistent with the typical NF membranes in the literature[10, 369 

44]. After introducing the zeolite interlayers, some large-sized (about 1 μm) nodules can be 370 

observed in the morphology of the i-TFC-5 membrane, and partial large nodules are 371 

connected (Fig. 5b). Different from the i-TFC-5 membrane, the nanoscale stripes of the 372 

i-TFC-10 and i-TFC-15 membrane surfaces become thicker and rougher (Fig. 5c, d). 373 

Especially, it is found that these nanoscale stripes are composed of a large number of small 374 

nodules, forming a unique multi-level morphology. Particularly, the multi-level morphologies 375 

consisting of nanoscale stripes increase the actual filtration area of the i-TFC membrane and 376 

provide a low-resistance channel for water transport, enhancing the water permeability[10, 377 

45]. SEM-Mapping results (Fig. 5e-h) demonstrate that there is no Si or Al element on the 378 

i-TFC-15 membrane surface, suggesting that the zeolite nanocrystals stably exist on the 379 

bottom surface of the PA layer. In addition, the increase of zeolite density on the substrate 380 

contributes to an increase in the density of nanoscale stripes and ordered voids in bottom 381 

surface of the PA layer, which is excellently consistent with the top surface morphology of the 382 

PA layer (Fig. 6a-d). The ordered voids within the heterogeneity structures of the PA layer can 383 

serve as a priority water channel and low-resistance transport path for water transport[10, 45, 384 

46]. The formed multi-level heterogeneity morphology of top surface and the ordered voids of 385 
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bottom surface for the PA layer facilitate the improvement of i-TFC membrane’s water 386 

permeance.  387 

The regular variation of the top surface and bottom surface morphology for the PA layer 388 

can be explained by the aqueous template theory and diffusion variation of amine 389 

monomer(Fig. 5i)[47, 48]. The amine monomer stored on the pores of the substrate without 390 

interlayer can diffuse uniformly towards the organic phase, forming a homogeneous nodular 391 

morphology. The enhanced interaction between the substrate and the aqueous phase due to the 392 

hydrophilic zeolite interlayer makes it difficult to completely remove the aqueous phase on 393 

substrate by a rubber roller. The uneven residual aqueous solution as a soft-template on the 394 

substrate can induce the generation and evolution of 3D surface nanostructure morphology for 395 

the PA layer[47]. Meanwhile, the enhanced interaction (hydrogen bonding) caused by zeolite 396 

interlayer inhibits the diffusion of PIP monomer and creates diffusion-driven instability, 397 

which also contributes to the formation of the PA layer with 3D nanostructure surface[31]. In 398 

the short period of deposition for zeolite interlayer, amine monomer enriched in the vicinity of 399 

the discrete zeolite nanocrystal on substrates firstly reacted with TMC monomer to form the 400 

initial PA tufts. Subsequently, the slower diffusion of PIP monomer stored at the zeolite 401 

nanocrystal interface leads to a unique nanostructure in that the large-sized PA tufts are 402 

connected[49, 50]. Whereas the interlayer obtained by long-time deposition can adsorb more 403 

PIP monomers on the surface and the pore of zeolite due to the enhanced affinity of the 404 

interlayer-enhanced substrate (Fig. 2). Especially, the diffusion rate of amine monomers 405 

stored inside the pore channel is significantly lower than that of the outer surface of the 406 
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zeolite and substrates, facilitating a multilevel diffusion of amine monomers and forming a 407 

multi-level morphology NF membranes[51, 52]. 408 

 409 

Fig. 5. Top surface SEM image of (a) TFC, (b) i-TFC-5, (c) i-TFC-10, and (d) i-TFC-15 410 

membrane; SEM-Mapping of elemental distribution of (e) TFC and (g) i-TFC-15; EDS result 411 

of (f) TFC and (h) i-TFC-15; (i) schematic diagram of the interfacial polymerization 412 

without/with zeolite interlayer 413 

The thickness of PA layer for the pristine TFC membrane is about 89 nm, while that of 414 

i-TFC-15 membrane with zeolite interlayer decreases to 64 nm. Constructing zeolite 415 

interlayer decreases the PA layer’s thickness, which may be due to the generation of an 416 

intensive initial PA layer. The uniform distribution and increased storage for amine monomers 417 

on the MPSF-EMT substrates are prone to generating an intensive and uniform initial PA 418 

layer early in the IP process. The formed initial PA layer can restrict the further diffusion of 419 
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the amine monomer, thereby inhibiting the growth of the PA layer[42, 53]. Generally, the 420 

decreased thickness of the PA layer can shorten the water transport path and reduce the water 421 

transfer resistance, thereby improving the permeability of membrane[54]. The increased 422 

storage capacity of amine monomer on MPSF-EMT substrates was demonstrated by the 423 

UV-vis method (Fig. S15) [53]. Importantly, the relationship between PA layer thickness (δ) 424 

and the monomers diffusivity (D) was obtained in equation (7) based on the Freger 425 

model[55]. 426 

δ=[L·D/k(Ca·fa+Cb·fb)]
1/3

                           (7) 427 

Where Ca and fa are the PIP’s concentration at the n-Hexane phase side of the interface and 428 

functionality of PIP, respectively. And Cb and fb are the TMC’s concentration in the organic 429 

phase and functionality of TMC, respectively. The L and k are the thickness of the diffusion 430 

boundary and the bimolecular reaction rate constant between the two monomers, respectively. 431 

Obviously, slowing down the diffusivity (D) of the monomer can reduce the thickness (δ) of 432 

PA layer. The increased storage capacity of amine monomer and the reduced diffusion jointly 433 

result in the construction of a thinner and dense PA layer. The unique multi-level morphology 434 

of the surface, ordered voids of the bottom surface, and the reduction of thickness for the PA 435 

layer jointly lead to enhanced water permeability (Fig. 6i). 436 
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 437 

Fig. 6. SEM image of bottom surface morphologies for (a) TFC, (b) i-TFC-5, (c) i-TFC-10, 438 

and (d) i-TFC-15 membrane; SEM image of cross-section morphologies for (e) TFC, (f) 439 

i-TFC-5, (g) i-TFC-10, and (h) i-TFC-15 membrane; (i) Schematic of water transport path in 440 

NF membranes without/with zeolite interlayer. 441 

As seen from Fig. 7, the surface AFM image of the TFC membrane exhibits a small nodular 442 

structure, while the morphologies of the i-TFC-5, i-TFC-10, and i-TFC-15 membranes depict 443 

large-size nodules and nanoscale stripes, which is consistent with the SEM results. The 444 

arithmetic average roughness (Ra) of the pristine TFC membrane is 10.37 nm, which indicates 445 

the formation of TFC membrane with smooth flat morphology. After inserting zeolite 446 

interlayer, the Ra of the i-TFC-5, i-TFC-10, and i-TFC-15 increase to 25.00, 45.40, and 45.62 447 

nm, respectively. These variations demonstrated that the formed nanostructure morphology 448 

caused by zeolite interlayer can enhance the roughness of membrane surface. And the 449 

gradually increased roughness for the PA layer may be due to (a) the generation of large-size 450 
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nodules and nanoscale stripes in the i-TFC morphology, and (b) the existence of zeolite 451 

nanocrystals with physical sizes on substrates. 452 

 453 

Fig. 7. AFM height 2D images of (a) TFC, (b) i-TFC-5, (c) i-TFC-10, and (d) i-TFC-15; AFM 454 

height 3D images of (a) TFC, (b) i-TFC-5, (c) i-TFC-10, and (d) i-TFC-15. 455 

3.4 Separation performance of NF membranes 456 

The pristine TFC membrane depicts a pure water permeance of 5.54 ± 0.26 L·m
-2

·h
-1

·bar
-1

 457 

with a rejection of 97.75 ± 0.14% for Na2SO4 (Fig. 8a). The fabricated zeolite interlayer 458 

increases the water permeability of the i-TFC membrane, which continuously rose from 7.65 459 

± 0.28 to 13.82 ± 0.47 L·m
-2

·h
-1

·bar
-1

 with increasing interlayer deposition time from 5 h to 460 

15 h. Such excellent performance for i-TFC membranes is mainly ascribed to the increased 461 

efficient filtration area, the reduced thickness of the PA layer, and the additional priority water 462 

channel caused by the zeolite interlayer. As seen from Fig. 8b, the i-TFC membranes with 463 

zeolite interlayer also exhibit excellent retention of divalent salts. The retentions of Na2SO4, 464 
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MgSO4, MgCl2, and CaCl2 for the i-TFC-15 membrane are 98.55%, 98.42%, 97.40%, and 465 

95.02%, respectively, which are higher than that of the controlled membrane. Fig. 8c shows 466 

that the MWCO of the TFC membrane is 266 Da, while the MWCO for the i-TFC-5, 467 

i-TFC-10, and i-TFC-15 membranes are 244, 225, and 223 Da, respectively. Compared with 468 

the controlled TFC membrane (0.375 nm), the effective pore sizes of the i-TFC-5, i-TFC-10, 469 

and i-TFC-15 membranes decrease to 0.341, 0.342, and 0.340 nm. The increased 470 

cross-linking degree of PA layer determined by XPS analysis leads to a decrease in the 471 

MWCO value and effective pore size of the i-TFC membranes[42]. The increased divalent 472 

cation selectivity for i-TFC membranes can be attributed to multiple factors. Firstly, the 473 

amino-modified substrate and insertion of the EMT-NH2 interlayer can weaken the surface 474 

electronegativity and increases the cross-linking degree for the NF membranes, leading to 475 

higher retention ability for divalent cation. Secondly, the formed zeolite interlayer reduces the 476 

pore size of the i-TFC membrane, which further increases the retention of divalent salt (Fig. 477 

8c)[33]. 478 
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 479 

Fig. 8. (a) Water permeance and Na2SO4 retention of TFC and i-TFC membranes; (b) 480 

Rejection of various salts of TFC and i-TFC membranes; (c) PEG rejection curves of the 481 

various NF membranes; (d) Permeance and Na2SO4 retention of various NF membranes with 482 

different interlayer. 483 

Furthermore, the relationship between the interfacial interaction of zeolite interlayer and 484 

separation performance was explored by the comparative experiments (Fig. 8d). The pure 485 

EMT-NH2 nanocrystal on PSF substrate alone as interlayer (EMT-NH2 on PSF) in i-TFC 486 

membrane sacrificed its permeance and selectivity, whereas the EMT nanocrystal alone as 487 

interlayer (EMT on PSF) on amino-modified PSF (MPSF) substrate in i-TFC membrane 488 

slightly improve its permeance and selectivity. It can be concluded that singly modifying 489 
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zeolite nanocrystal (or substrate surface) with amino groups tends to cause inhomogeneous 490 

interfacial forces and nanocrystal aggregation, resulting in an undesirable separation 491 

performance. The introduced amino-modified EMT-NH2 and amino groups (EMT-NH2 on 492 

MPSF) on the substrate surface resulted in a uniform and strong interfacial force (hydrogen 493 

bonding and covalent bonding), leading to enhanced permeance and selectivity. The better 494 

wettability of the substrate surface is usually accompanied by higher surface energy[3]. Fig. 495 

S16 depicts the wettability properties of the different interlayers. The “EMT-NH2 on MPSF” 496 

interlayer possesses the lowest water contact angles (43.7±1.1°), which initially demonstrates 497 

that the “EMT-NH2 on MPSF” interlayer has the best wettability and higher surface energy. 498 

Thus, it can be concluded that the excellent interfacial interaction of the zeolite nanocrystal 499 

interlayer is crucial for improving membrane performance. 500 

As depicted in Fig. 9a, the i-TFC-15 membrane with zeolite interlayer exhibits a stable 501 

permeability and Na2SO4 rejection under operation conditions of 1.0 MPa and 36 h. Moreover, 502 

it can be seen from Fig. 9b that there is an approximately linear relationship between the 503 

permeability and operation pressure for all NF membranes under the operating pressure of 2.4 504 

MPa. With the continuously increasing operating pressure, the i-TFC membranes still 505 

maintain a good linear relationship between the permeability and operation pressure (up to 2.4 506 

MPa), which is different from that of the controlled TFC membrane. The zeolite interlayer 507 

consisting of porous and rigid zeolite can enhance the mechanical stability of the interface in 508 

the composite structure and alleviate the compression at the interface, thereby endowing the 509 

i-TFC membranes with enhanced pressure resistance[56, 57].  510 
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 511 

Fig. 9. (a) The performance stability of i-TFC-15 membrane (under an operating pressure of 512 

1.0 MPa); (b) The variation of water fluxes as increased pressure for TFC, i-TFC-5, and 513 

i-TFC-15 membranes 514 

Fig. 10 a, b depicts the water flux variation of TFC and i-TFC membranes with different 515 

depositing time interlayers by filtrating BSA solution (500 μg/g). The water fluxes of all 516 

membranes decreased to different extents with the increasing testing time. After the 517 

antifouling test with 6-h BSA, the i-TFC-15 membrane depicts a residual water flux of 60.1% 518 

(flux-decline ratio, FDR) of the initial value. The decreased water flux for the NF membrane 519 

was mainly due to the contaminants accumulation on the membrane surface and concentration 520 

polarization[58]. However, the reduced permeate can be recovered to some extent by washing 521 

the membrane surface with clean water. The flux-recovery ratio (FRR) of the i-TFC-15 522 

membrane was 90.1%. The high FRR of i-TFC-15 membrane agreed with its structural 523 

properties. The nanoscale stripes structure of PA layer for i-TFC-15 membrane can provide a 524 

decreased fouling coverage and an optimized water transport pathway, thereby enhancing the 525 

antifouling ability of membrane, despite the fact that such nanoscale stripes would contribute 526 
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to greater surface roughness [59-61]. 527 

 528 

Fig. 10. (a) the water flux variation of TFC, i-TFC-5, and i-TFC-15 membranes by filtrating 529 

BSA solution; (b) FDR and FRR of TFC, i-TFC-5, and i-TFC-15 membranes. 530 

The chemical stability of TFC and i-TFC membranes after soaking both H2SO4 and NaOH 531 

aqueous solutions were investigated and given in Fig. S18 and Fig. 11. After immersion in 532 

H2SO4 and NaOH aqueous solutions for 24 h, the i-TFC membranes maintain their unique 533 

multi-level nanostructure morphology (Fig. S17). Fig. 11 depicts that the water permeance of 534 

TFC and i-TFC membranes increased significantly with increasing immersion time in H2SO4 535 

and NaOH aqueous solutions, which was due to the poor chemical stability of 536 

piperazine-based amide [62-63]. Whereas the Na2SO4 rejection of TFC and i-TFC membranes 537 

decreased slightly as increasing immersion time. Interestingly, the i-TFC with zeolite 538 

interlayer have a slower tendency of selectivity decline compared to TFC membrane, 539 

suggesting that the zeolite interlayer can endow the i-TFC membranes with enhanced 540 

chemical stability. 541 
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 542 

Fig. 11. Water permeance and Na2SO4 rejection of TFC, i-TFC-5, and i-TFC-15 membranes 543 

after immersing in different pHs (3, 7, and 10) aqueous solutions for 24 h. The pH was 544 

regulated by H2SO4 and NaOH. 545 

Furthermore, the performance of the i-TFC-15 membrane with EMT-NH2 nanocrystals 546 

interlayer was compared with other advanced NF membranes with crystalline porous 547 

materials (Fig. 12). The comparative results show that the divalent cation and divalent anion 548 

selectivity of the i-TFC-15 membrane are superior to most other TFC NF membranes 549 

composed of crystalline porous materials (MOFs, COFs, and Zeolites). Although the 550 

permeability of the i-TFC membrane is not the most desirable in the comparative membranes, 551 

its excellent pressure resistance can effectively maximize its flux in practical applications. 552 

This strategy enriches the way for enhancing the performance of NF membranes and provides 553 

more options for NF membranes in water treatment. 554 
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 555 

Fig. 12. Comparison of the separation performance of i-TFC membranes and other NF 556 

membranes with crystalline porous material (MOFs, COFs, and Zeolite) reported in literature 557 

(The references were listed in Tables S1). 558 

4. Conclusions 559 

Herein, a novel i-TFC NF membrane with excellent performance was constructed by 560 

using amino-functionalized EMT-NH2 zeolite nanocrystals as interlayers. The hydrophilic and 561 

porous EMT-NH2 nanocrystals optimizes the surface properties of the substrates and regulates 562 

the storage and distribution of amine monomer, facilitating the formation of a thin and dense 563 

PA layer. In addition, the residual aqueous phase as an aqueous template on substrates and the 564 

diffusion variability of amine monomer caused by the zeolite nanocrystal interlayer leads to 565 

the generation of a multi-level morphology (nanosized nodules and nanoscale stripes) for the 566 

PA layer. Compared with the controlled one, the i-TFC membrane with EMT-NH2 interlayer 567 

exhibited a superior water permeability (2.5 times that of the controlled one) and an excellent 568 

rejection of divalent salt. Meanwhile, the rigid hydrophilic zeolite interlayer endowed the 569 

i-TFC membrane with excellent pressure resistances (up to 2.4 MPa), long-term operation 570 
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stability, and antifouling propensity (flux-recovery-ratio, 90.1%). This study provides an 571 

effective strategy to construct a novel NF membrane with excellent separation performance. 572 
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