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Abstract 15 

Inorganic membranes have gained extensive attention due to their more uniform pore 16 

size, higher flux, and better chemical stability over traditional polymeric membranes. 17 

However, the development of inorganic membranes still faces substantial obstacles in 18 

the form of a difficult preparation procedure and the high cost of a large-scale 19 

synthesis. Herein, a facile interfacial assembly strategy is designed to prepare flexible 20 

silica membranes by the close and strong packing of ultra-small nanoparticles via 21 

crosslinking with trimesoyl chloride. Profiting from the extremely small size and tight 22 

packing of silica nanoparticles, the permeance of flexible silica membrane with a 23 

uniform pore size of 3.4 nm exceeds 210 L m
-2

 h
-1

 MPa
-1

, which is nearly 11 times 24 

higher than the polyamide membrane simultaneously ensuring the rejection effect. 25 

Meanwhile, the flexible silica membrane has no performance deterioration after 26 

exposure to 50000 ppm h of chlorine (NaOCl), indicating its excellent chlorine 27 

resistance. The facile interfacial assembly strategy applied for the synthesis of the 28 

membrane is highly reproducible and scalable (high-performance silica membrane 29 

with 100 cm
2
 has been obtained), which has overall flexibility after the curvature of 30 

100 m
-1

, paving the way for the development of future applications. 31 

Keywords: Silica Nanoparticles; Interfacial assembly; Nanofiltration; Chlorine 32 

Resistance. 33 
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1. Introduction 35 

Water contamination and shortage have evolved to be a global issue due to rapid 36 

population and economic growth. Increasing water supply by desalination of seawater 37 

and recycling wastewater are crucial for alleviating global water scarcity[1]. 38 

Nowadays, one of the primary contributors to the current water contamination is 39 

wastewater from the textile and dyeing industries[2-5]. The separation of dyes by 40 

traditional methods such as distillation, adsorption, and extraction often imposes the 41 

heaviest economic burden and the largest environmental footprint[6-9]. Fortunately, 42 

the energy consumption during these separation processes can be drastically 43 

decreased by using high-performance membranes instead of the phase change process 44 

[10-12].  45 

Currently, polymeric membranes are the most widely applied commercial membranes 46 

for water treatment due to their ease of processing, and low cost [1, 13]. Thin-film 47 

composite (TFC) membranes prepared by interfacial polymerization (IP) dominate the 48 

commercial market[14]. In the IP process, amine monomers diffuse from an aqueous 49 

solution into an organic solvent phase, reacting with acyl chlorides at the two-phase 50 

interface and generating a highly cross-linked polyamide network[15, 16]. However, 51 

the active layer based on the amide linkage is generally susceptible to chlorine attacks 52 

resulting in N-chloro derivatives[17]. Such reactions damage membrane integrity, 53 

leading to performance loss and hindering membrane lifetime. Besides, it has proven 54 

difficult to prepare a membrane with a permanent interconnected free volume and a 55 

narrow aperture-size distribution in a process far from thermodynamic 56 

equilibrium[15]. Therefore, it becomes challenging to overcome the trade-off 57 

restrictions between permeability and selectivity for TFC membranes[18, 19]. 58 

Consequently, it is extremely urgent to find new membrane materials with high flux 59 

and rejection while achieving high chlorine resistance.  60 

In contrast, inorganic membranes are competitive candidates for separation 61 

membranes due to their well-defined pore size, stronger chemical stability, and more 62 

extended membrane longevity[20-22]. However, the cost and energy consumption for 63 

the preparation process of metal oxide membranes is too large, which is not conducive 64 
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to large-scale production and practical application[23]. Especially, metal oxide 65 

membranes including Al2O3 and TiO2 require high sintering temperatures (1000 
o
C) 66 

and energy input, which are crucial for ceramic densification[24]. For example, in the 67 

process of fabricating γ-alumina ceramic membrane by coating boehmite sols 68 

followed by heat treatment, defects are inevitably formed resulting in a sharp decrease 69 

in the selectivity of the membrane and a significant reduction in the lifetime[25]. 70 

Taking another example, zeolite and MOF membranes were usually obtained by 71 

hydrothermal or solvothermal synthesis at a laboratory scale[26-28]. In-situ growth 72 

has proven to be a demanding task due to the substrate's poor heterogeneous 73 

nucleation site of MOF. Increasing substrate nucleation site density through 74 

pre-seeding and substrate modification was suggested, while these additional 75 

procedures complicate the synthesis process[29, 30]. Overall, the high cost and 76 

complex preparation process of these inorganic membranes remain significant 77 

obstacles to their commercialization process[23]. 78 

Herein, the IP process, which has been highly recognized in TFC membranes, was 79 

adopted to prepare inorganic membranes. As shown in Scheme 1, we selected the 80 

ultra-small sized silica nanoparticles as the water monomer, and highly reactive TMC 81 

as the oil monomer, then a continuous and dense flexible silica membrane is obtained 82 

on the polyethersulfone (PES) substrate through a two-phase crosslinking reaction. 83 

Compared to inorganic membranes or TFC membranes described in the literature, the 84 

flexible silica membrane has the following advantages: Firstly, the interfacial 85 

assembly method and commercial polymer substrates bring ease of processing and 86 

potential for scale-up fabrication to the inorganic membrane. Second, a narrow pore 87 

size distribution is furnished to the membrane by tightly packed and strongly 88 

cross-linked silica nanoparticles for effective dye rejection. Thirdly, covalently 89 

cross-linked silica membranes possessed greatly improved chlorine resistance. 90 

2. Experiments 91 

2.1. Materials 92 

Methyl blue (C37H27N3Na2O9S3, 98%), methyl orange (C14H14N3SO3Na, 99%), Congo 93 

red (C32H22N6Na2O6S2, 99%), sodium chloride (NaCl, 99%), sodium sulfate (Na2SO4, 94 
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99%), magnesium chloride (MgCl2, 99%), M-phenylenediamine (MPD, C4H10N2, > 95 

99%) and sodium hypochlorite aqueous solution (NaOCI, 7 - 8%) were bought from 96 

Sinopharm Chemical Reagent Co., Ltd., China. PES membrane (GC-UF0202) as the 97 

substrate for TFC and flexible silica membranes was bought from Guochu 98 

Technology (Xiamen) Co., Ltd. Trimesoyl chloride (TMC, > 99.0%) and Colloidal 99 

silica (LUDOX® HS-30) were bought from Sigma-Aldrich. Cyclohexane (C6H12, 100 

99.5 %) was bought from Tian Jin Fuyu Fine Chemical Co., Ltd. The poly(ethylene 101 

glycol)s (PEGs, MW = 2000, 4000, 6000, 8000, 10000) were bought from Maclin 102 

Chemical Reagent Co., Ltd. 103 

2.2 Fabrication of PA TFC membrane 104 

The PES support was cleaned by immersing it in DI water for 12 hours. Firstly, 10 mL 105 

of MPD aqueous solution (1 %) was spread onto the PES support. The MPD aqueous 106 

solution on the support was removed by an air knife after impregnating for 5 mins. 107 

Then, 10 mL of TMC in cyclohexane solution (0.1 %) was spread onto the PES 108 

substrate and reacted for 1.5 mins. After the reaction is complete, the oil phase is 109 

poured out and the surface of the membrane is rinsed with cyclohexane. Eventually, 110 

the PA TFC membrane was baked for 5 minutes at 333 K. The obtained PA TFC 111 

membrane is named M-PA.  112 

2.3 Fabrication of flexible silica membrane 113 

The flexible silica membranes were prepared by an in-situ interfacial assembly 114 

method (Scheme 1). Firstly, 1 wt.% SiO2 solution was prepared by diluting 1 mL of 115 

colloidal silica (30 wt.% in H2O) with 30 mL DI water followed by ultrasonic 116 

treatment for 1 min. Then, the PES substrate was placed horizontally on a holder 117 

inside the homemade container. Subsequently, 30 mL of SiO2 dispersions was poured 118 

into the container until it exceeded the surface of the substrate. Then, 10 mL of a 119 

TMC (0.2 %) in organic (cyclohexane) solution was poured slowly onto the SiO2 120 

dispersion. After 2.5 - 10 mins (Table 1), the outlet at the bottom of the container is 121 

opened. As the solution flows out from the bottom of the container, the synthesized 122 

membrane slowly falls on the substrate surface of the PES. Ultimately, the prepared 123 

membrane was placed in an oven at 333 K for 5 mins. These membranes are named 124 

M-2.5, M-5, and M-10 respectively in accordance with the reaction time. The 125 
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preparation conditions of the enlarged membrane were consistent with M-2.5. The 126 

difference is the use of a larger PES substrate and mold. 127 

 128 

Scheme 1. The process of preparing flexible silica membranes through the interfacial 129 

assembly method. 130 

 131 

Table 1. Summary of the preparation conditions for different membranes.  132 

Membrane MPD 

(m/V) 

SiO2 

(m/V) 

TMC 

(m/V) 

IP duration 

(min) 

PA(M-PA) 1% - 0.1% 1.5 

silica membrane (M-2.5) - 1% 0.2% 2.5 

silica membrane (M-5) - 1% 0.2% 5 

silica membrane (M-10) - 1% 0.2% 10 

 133 

2.4 Characterization 134 

The structures of the amorphous SiO2 nanoparticles were measured by X-ray 135 

diffraction (XRD, Ultima, XRD-6000, Japan) at the range of 5 - 65°. The particle size 136 

of the silica particles was analyzed by a nanoparticle analyzer (SZ-100Z, HORIBA, 137 

Japan) at 25 
o
C. The surface chemical functionality of membranes as prepared was 138 

examined using Fourier transform infrared spectroscopy (FTIR) spectra (Bruker 139 

Vertex 70V). The thermal stability of SiO2 and flexible silica membranes are tested 140 

with TG-DTA (NETZSCH SAT449 F5) under an air atmosphere. The surface 141 
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morphology of membranes was tested with atomic force microscopy (SHIMADZU, 142 

SMP-9700) in tapping mode. At a 200 kV acceleration voltage, TEM images of 143 

membrane morphology and SiO2 particle size were captured using an FEI Tecnai G20 144 

transmission electron microscope. A nanoparticle analyzer (SZ-100Z, HORIBA, Japan) 145 

was taken to test the zeta potential values of SiO2. The pore size distribution of the 146 

silica nanoparticles and flexible silica membranes were calculated according to the N2 147 

adsorption isotherms (Micromeritics ASAP 2020). The concentration of the filtrated 148 

water and feed solution was measured by a TOC analyzer (Shimadzu 149 

TOC-LCPH/CPN, Japan), and the rejection of the PEG was estimated according to 150 

that data. The concentration of organic dyes was assessed using the ultraviolet-visible 151 

(UV-vis) spectrometer (UV-2450, SHIMADZU, Japan). The conductivity meter (DDS 152 

-307, YUEPING, Shanghai) was used to test the concentration of the salt solution. 153 

The surface wettability of membranes was investigated using a contact angle 154 

goniometer (JC2000D). An electrokinetic analyzer (SurPASS, Anton Paar, Austria) 155 

was used to measure the surface charge properties of flexible silica membranes at 156 

various pH settings.  157 

2.5 Evaluation of the pore size of the flexible silica membrane 158 

The pore size of the flexible silica membrane was calculated by testing the rejection 159 

of PEGs with different molecular weights. The Stokes radius    (nm) of PEG was 160 

estimated according to Eq. (1): 161 

                                        (1) 162 

where M is PEG molecular weight. 163 

The pore size distribution of membrane can be estimated through the probability 164 

density function[31, 32], as shown in Eq. (2): 165 

      

   
 

 

         
     

           
 

       
                  (2) 166 

Where    denotes the pore size of membranes. The pore size (  ) was equal to   , 167 

which is the value corresponding to a solute with a Stokes diameter of 50% rejection. 168 

The geometrical standard deviation of the membrane (  ) was equal to   , which is 169 
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a ratio between the Stokes radius with a rejection of 84.13% to that with a rejection 170 

of 50%. 171 

2.6 Evaluation of membrane separation performance  172 

The separation capabilities were assessed using a dead-end unit with an effective 173 

membrane area of 1.77 cm
2
 under 0.2 MPa. The NF performance of the membranes 174 

was tested using 50 mL of methyl blue (MB), methyl orange (MO), and Congo red 175 

(CR) solution at a concentration of 50 ppm. The separation performance of the 176 

membrane was also tested by inorganic salts (Na2SO4, MgCl2, NaCl) and PEGs. The 177 

concentrations of salts and PEGs solutions were 1000 ppm and 100 ppm, respectively. 178 

The standard deviation was calculated using the average results of two measurements.  179 

The water permeance J (L m
-2

 h
-1

 MPa
-1

) was determined by the Eq. (3): 180 

  
 

       
                                (3) 181 

Where V (L) is the permeated water of dye or salt solution, A (m
2
) is the effective 182 

filtration area, Δt (h) is the operation time, and ΔP (MPa) is the applied 183 

trans-membrane pressure. The pure water flux F (L m
-2

 h
-1

) was determined by Eq. 184 

(4): 185 

  
 

    
                                  (4) 186 

The solute rejection (R) is determined by the Eq. (5): 187 

     
  

  
                               (5) 188 

Where Cp is the solute concentrations of the solution after permeation, Cf represents 189 

the concentrations of the feed solution. 190 

2.7 Chlorine-resistance test of membranes 191 

Chlorine resistance was detected by the static method. In brief, a membrane sample 192 

was immersed in NaOCl solution initially. During the chlorination process, the 193 

concentration of the NaOCl solution was maintained at 200 ppm. To avoid the 194 

decomposition of active chlorine, the NaOCl solution was also stored in the dark. The 195 

NaOCl solution was renovated every 72 hours to maintain a stable concentration of 196 

active chlorine. At intervals of 5 hours, took out the membrane sample from the 197 

solution and washed it with DI water three times, then placed it into a dead-end unit. 198 

Finally, the device was operated with 50 mL dye solution under 0.2 MPa. 199 
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 200 

Fig. 1 (a) SEM and (b) TEM picture of SiO2. 201 

 202 

 203 

Fig. 2 (a) FTIR spectra of SiO2 nanoparticles and M-2.5 at 673 K; (b) FTIR spectra 204 

for SiO2 nanoparticles and M-2.5 at room temperature. 205 

 206 

 207 

Fig. 3 The top-view SEM images of M-PA (a), M-2.5 (b), M-5 (c), and M-10 (d); the 208 

cross-section SEM images of M-PA (e), M-2.5 (f), M-5 (g), and M-10 (h). 209 

 210 
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 211 

Fig. 4 AFM images and roughness of (a) M-2.5, (b) M-5, (c) M-10. 212 

 213 

 214 

Fig. 5 SEM image for the flexible silica membrane with interfacial assembly times of 215 

1, 1.5, and 2.5 mins respectively. 216 

 217 

3. Results and discussion 218 

3.1 Characterization of SiO2 nanoparticles  219 

As shown in Fig. S1, the XRD pattern shows a high-intensity and wide diffraction 220 

peak around the diffraction angle 2θ = 24°, indicating that the silica nanoparticles are 221 

amorphous. Observed from the SEM and TEM images in Fig. 1, the spherical SiO2 222 

nanoparticles have good dispersibility and uniform size (about 20 nm). The particle 223 

size distribution for SiO2 deduced by the nanoparticle analyzer shows that the average 224 

particle size of the SiO2 is around 18.5 nm (Fig. S2), which is in accordance with the 225 

results obtained from the TEM image. The ultra-small particle size of silica is one of 226 

the key factors to achieve tight interfacial assembly of continuous membranes. The 227 

zeta potential of the suspension containing SiO2 was measured. The results (Fig. S3) 228 

showed that the zeta potential values of the silica nanoparticles were -25.2, -32.6, and 229 

-39.1 mV at pH = 4, 7, and 9, respectively, due to the presence of abundant silanol 230 

group (Si-OH, Fig. 2). More importantly, Si-OH can also act as a functional group, 231 

providing reactive sites for the interfacial assembly of silica nanoparticles with TMC. 232 

3.2 The composition and morphology of flexible silica membrane 233 

The FTIR was applied to characterize the silanol group at 673 K to avoid the effects 234 

of adsorbed water in SiO2 nanoparticles. From Fig. 2a, it can be seen that the M-2.5 235 
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and pure SiO2 have similar main absorption peaks at wavenumbers of 3730 cm
-1

 236 

which are assigned to the silanol stretching vibration[33]. Silica and M-2.5 were also 237 

characterized by FTIR at room temperature to demonstrate crosslinking between SiO2 238 

and TMC. To avoid the effect of free TMC hydrolysis on the absorption peak, the 239 

prepared M-2.5 was washed sequentially with cyclohexane, ethanol, and water twice 240 

respectively. Finally, M-2.5 was dried at 373 K for 2 hours for infrared 241 

characterization. As shown in Fig. 2b, the flexible silica membrane exhibits a weak 242 

stretching vibration peak at 1720 cm
-1

, which confirms the formation of the ester bond 243 

and the crosslinking between the TMC and SiO2 nanoparticles[34]. What’s more, Fig. 244 

2b shows that the strong absorption peak located at 1109 cm
-1

 corresponds to the 245 

asymmetric vibration of Si-O-Si, and the absorption peak located at 812 cm
-1

 and 476 246 

cm
-1

 corresponds to the stretching and the bending vibration of Si-O respectively in 247 

M-2.5 sample. It confirmed that the silica crosslinked by TMC tightly constitutes the 248 

main structure of the membrane.  249 

Thermogravimetric tests were performed on M-2.5 and SiO2 nanoparticles to further 250 

characterize the ratio of silica to TMC in the flexible silica membrane (Fig. S4). For 251 

the flexible silica membrane, two weight-loss platforms are shown. The first platform 252 

is from room temperature to ~140 °C, which could be attributed to the evaporation of 253 

absorbed water molecules. The weight loss in the second stage ranging from 140 to 254 

800 °C is 4.78 %, which is higher than that of pure SiO2 nanoparticles (~1.95 %). It 255 

indicates that TMC accounts for ~2.83 % of the total mass in the flexible silica 256 

membrane. This result suggests that the silica nanoparticles act as the main building 257 

blocks of the membrane with the assistance of the TMC crosslinkers.  258 

The surface features of the flexible silica membrane were characterized with SEM 259 

(Fig. 3) and AFM (Fig. 4). The flexible silica membrane exhibits a uniform and 260 

smooth surface topography without obvious void defects. It indicates that the 261 

interfacial assembly method can quickly realize the uniform and ordered arrangement 262 

of silica nanoparticles, which is of great importance for the scale-up preparation of 263 

inorganic membranes. The cross-sectional SEM images show that the flexible silica 264 

membranes are composed of tightly packed silica nanoparticles (Fig. 3f-h). In 265 

addition, the M-2.5 has a minimum thickness of about 100 nm. With the extension of 266 

reaction time, the thickness of the flexible silica membranes increases from ~100 nm 267 

(M-2.5) to ~240 nm (M-10). The silica nanoparticles on the PES substrate are 268 
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distributed uniformly throughout the flexible silica membranes according to the EDS 269 

mapping results (Fig. S5). The surface topography and roughness of the membrane 270 

were also detected by AFM (Fig. 4). M-2.5 has the highest surface roughness, and the 271 

average roughness decreases gradually as the reaction time increases. With the 272 

prolongation of the reaction time, the TMC monomer needs to diffuse through the 273 

nascent membrane to further assemble. Therefore, the TMC monomer diffusion rate is 274 

faster in regions with more voids, which means the assembling rate of SiO2 275 

nanoparticles is relatively higher. Therefore, as the reaction progresses, the membrane 276 

surface becomes more uniform and smoother. 277 

To further explore the assembly process of flexible silica membranes, the 278 

morphologies of the membrane surfaces after different reaction times were observed 279 

and compared in the SEM images. Fig.5a shows that silica nanoparticles reacting with 280 

acid chloride monomers form primary clusters or aggregates in a disordered 281 

distribution state at a reaction time of 1 min. As the reaction progresses, the silica 282 

spheres connect to form a nascent membrane that continues to assemble along the 283 

edges of the membrane (Fig. 5b). When the reaction time is further prolonged, the 284 

stacking of silica nanoparticles became more compact with the assistance of TMC 285 

(Fig. 5c). Besides, the degree of dispersion of the particles determines whether a 286 

continuous dense surface structure can be synthesized. As shown in Fig. S6a, the 287 

membrane prepared using uniform dispersed silica nanoparticles has a uniformly 288 

smooth and defect-free membrane surface. In contrast, poorly scattered silica 289 

nanoparticles are assembled at the interface to form clusters with several hundred 290 

nanometers in size (Fig. S6b).  291 

 292 

Fig. 6 Water contact angle (CA) of PES, M-PA, and M-2.5, M-5, M-10. 293 
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 294 

Fig. 7 Pore size distribution of M-2.5 (a) and SiO2 nanoparticles (b) according to N2 295 

adsorption isothermal curves; (c) Rejection curve of PEG with various molecular 296 

weights on the M-2.5 membrane; (d) the probability density function and rejection 297 

curve-based calculation of the pore size distribution. 298 

 299 

 300 

Fig. 8 SEM image (a) and TEM image (b) of regularly arranged SiO2 nanoparticles in 301 

the flexible silica membranes; (c) the computed pore size distribution using a particle 302 

packing model. 303 

3.3 The surface properties and pore size of flexible silica membrane  304 

The hydrophilicity of M-2.5 is assessed by the water contact angle (CA). As shown in 305 

Fig. 6, the CA of M-2.5 is reduced from 60.17
o
 to 29.60

o
 in comparison with M-PA. 306 

It can impute to the presence of silanol groups (Si-OH) on SiO2, which enhances the 307 

hydrophilicity of the flexible silica membranes. In addition, as the roughness 308 
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decreased, the CA increased from 29.6
o
 (M-2.5) to 45.2

o
 (M-10). Since the wettability 309 

of the solid substance is proportional to the roughness of the surface being wetted [35]. 310 

The surface charge properties of M-2.5 is detected by zeta potential. As depicted in 311 

Fig. S7, the zeta potential gradually decreases with the increase in pH, which is 312 

caused by the adsorption and dissociation of protons from the silica surface groups 313 

(Si-OH). Besides, the isoelectric point (IEP) of M-2.5 occurs at pH~3.0, and the 314 

surface of the membrane is strongly negatively charged (~ -50 mV) when the pH is 315 

approximately neutral, which facilitates efficient screening of negative dyes through 316 

electrostatic repulsion effect. 317 

We have applied three different methods to evaluate the pore size of flexible silica 318 

membranes. (1) The average pore size of the flexible silica membrane was calculated 319 

according to N2 adsorption isothermal curves (Fig. S8). As shown in Fig. 7a, the 320 

interfacial assembled flexible silica membrane exhibited a uniform pore size of 3.4 321 

nm, which results from the uniform and close packing of the silica nanoparticles (Fig. 322 

S6a). In contrast, the intergranular voids have a wide distribution from 4 to 8 nm (Fig. 323 

7b) due to the disordered and loosely packing of silica nanoparticles (Fig. S6b). (2) 324 

The pore size of the flexible silica membrane was also evaluated according to its 325 

rejection for PEGs. As illustrated in Fig. 7c-d, a log-normal model of pore size 326 

distribution is created using the rejection curve and a probability density function 327 

between rejection and Stokes radius. It reveals that the pore size of the flexible silica 328 

membrane is 3.6 nm, which is consistent with the results obtained from the N2 329 

adsorption. (3) The pore size of flexible silica membranes can also be estimated by 330 

mathematical models. According to the measurement results of the nanoparticle size 331 

analyzer, the average particle size of silica is 18.5 nm, and the minimum particle size 332 

is about 6.34 nm (Fig. S2). Assuming that silica nanoparticles are rigid balls and 333 

arranged regularly (Fig. 8), the calculated theoretical pore size distribution is 6.77 nm 334 

by the formulas of trigonometric functions, which is larger than the results obtained 335 

from the N2 adsorption (3.4 nm) and measurement data of PEG (3.6 nm). The reason 336 

for the narrowing of the pore size of the silica layer is as follows: (1) The filling effect 337 

of small-sized silica nanoparticles (6.34 nm) for the pores packed by the large 338 

particles (18.5 nm). (2) The cross-linking effect of TMC tightly connects the adjacent 339 

silica nanoparticles. The shrinking pore size facilitates the effective separation of 340 

dyes. 341 
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 342 

Fig. 9 (a) Influence of interfacial assembly time on flexible silica membranes 343 

separation performance, (b) CR dye separation properties of M-2.5 and M-PA, (c) 344 

comparison of separation performance of M-2.5 for different dyes. The permeance 345 

refers to Congo red solution. 346 

 347 

 348 

Fig. 10 (a) The NF performance for salt solutions (1000 ppm) on M-2.5, the 349 

permeance refers to Congo red solution; (b) NF performance of the M-2.5 towards 350 

CR/salt mixed aqueous solution. Operate pressure: 0.2 MPa; CR and salt 351 

concentration: 50 ppm and 1000 ppm.  352 

 353 

 354 

Fig. 11 (a) The M-2.5 with a large area of 100 square centimeters; (b) the separation 355 

performance for CR of regions a-e in (a); (c) bending resistance test of M-2.5. The 356 

permeance refers to Congo red solution. 357 

 358 
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3.4 Separation performance of flexible silica membrane 359 

Encouraged by the successful preparation of flexible silica membranes, the dye 360 

nanofiltration performance was estimated using a dead-end unit under 0.2 MPa. The 361 

effect of interfacial assembly time (2.5 to 10 mins) on the separation performance is 362 

shown in Fig. 9a. As the lengthening interface assembly time, the water permeance of 363 

flexible silica membranes is reduced from 218.68 (M-2.5) to 61.78 (M-10) L m
-2

 h
-1

 364 

MPa
-1

, due to the decrease of membrane hydrophilicity and the increase of membrane 365 

thickness. In addition, three flexible membranes exhibited nearly 100 % rejection of 366 

CR. It is demonstrated that a continuous and defect-free flexible silica membrane can 367 

be prepared in a short time (2.5 mins) by the interfacial assembly of SiO2 368 

nanoparticles.  369 

The NF properties of M-PA and flexible silica membranes were compared using CR 370 

feed solution (50 ppm), and the results are shown in Fig. 9b. In comparison with the 371 

M-PA membrane, M-2.5 shows enhanced water permeance from 18.37 to 218.68 L 372 

m
-2

 h
-1

 MPa
-1

 without the sacrifice of rejection (99.99 %). The better surface 373 

hydrophilicity of flexible silica membranes and the uniform accumulation pores (3.4 374 

nm) facilitates the rapid transport of H2O molecules while hindering large dye 375 

molecules, which boosts the performance of flexible silica membranes. 376 

Three different dyes with varieties of sizes (MB, MO, and CR in Table S1) have been 377 

used to determine the main separation mechanism of the membrane. From Fig. 9c, it 378 

can be seen that M-2.5 has the highest rejection for CR (~100 %), while the rejection 379 

for MB (96.65 %) and MO (78.53 %) decreases gradually. It indicates that the flexible 380 

silica membrane has a synergistic sieving mechanism with electrostatic repulsion as 381 

the primary effect and size sieving as the complementary effect. The rejection of 382 

negatively charged dyes with small sizes (MB, MO) relies mainly on the electrostatic 383 

repulsion effect between the negatively charged dye and the membrane surface (Fig. 384 

S7). As the size of the dye gradually increases, the size-sieving effect begins to 385 

emerge, thus achieving nearly complete rejection of CR dye. The M-2.5 was also used 386 

to sieve ionic salt solutions (NaCl, Na2SO4, and MgCl2). As depicted in Fig. 10a, the 387 

M-2.5 membrane exhibits extremely low rejection for both monovalent and divalent 388 

salt solutions (6.55 % for MgCl2, 3.90 % for Na2SO4, 3.45 % for NaCl), as the sizes 389 

of the hydrated ions are much smaller than the aperture of the membrane (ca. 3.4 nm). 390 

The filtration results of dye and ions indicate the potential use of flexible silica 391 
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membranes for the purification of dye sewage containing salts. Three different 392 

dye/salt mixtures including CR/NaCl, CR/Na2SO4, and CR/MgCl2 were adopted to 393 

evaluate the dye/salt separation performance of M-2.5. It can be seen from Fig. 10b 394 

that when filtrated the mixture solutions, the rejection of the dye was slightly lower 395 

than the rejection measured by filtering a single dye solution (e.g., 99.99 % vs 96.50 % 396 

for CR), which may be due to the charge shielding effect of the salt[36, 37]. 397 

Nonetheless, M-2.5 still possessed a relatively high rejection for CR (~96.50 %) and 398 

retained very low salt rejection (~2.65 % for NaCl, ~3.05 % for Na2SO4, ~5.90 % for 399 

MgCl2). The appropriate pore size enables the rapid transport of ions and screen dye 400 

molecules effectively. 401 

3.5 Scale-up preparation and stability of flexible silica membrane  402 

To demonstrate the scalable production of M-2.5, the membrane with an area of 100 403 

square centimeters was prepared through the interface assembly method in 2.5 mins 404 

(Fig. 11a). Five different regions (a-e in Fig. 11a) were selected for separation 405 

performance testing, achieving a rejection nearly 100 % for CR (Fig. 11b), which 406 

demonstrated that the enlarged membrane maintained excellent nanofiltration 407 

performance. The interface assembly method enables the scale-up preparation of 408 

inorganic membrane materials in a short time under room temperature. Meanwhile, 409 

the cross-linking effect of TMC between silica nanoparticles improves the flexibility 410 

of the membrane. As demonstrated in Fig. 11c, M-2.5 has no morphological changes 411 

on the surface and section after the curvature of 100 m
-1

 is rolled, proving the overall 412 

flexibility of the membrane. The curvature of bending is the reciprocal of the radius 413 

(curvature      ).  414 

 415 
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Fig. 12 Separation performance of (a) M-PA and (b) M-2.5 exposed to 200 ppm 416 

NaOCl aqueous solution. The insert in (a) and (b) are the SEM images of the M-PA 417 

membrane and M-2.5 membrane after immersion in 200 ppm NaOCl solution for 418 

0 hours, 25 hours, and 50 hours. The permeance refers to Congo red solution. 419 

 420 

Table 2. NF performance of M-2.5 and other reference membranes 421 

Membrane Dye 
Chlorine 

resistance 

Permeance 

(L m
-2

 h
-1

MPa
-1

) 

Rejection 

(%) 
Ref. 

Flexible silica 

membrane 

Methyl blue 
50000 ppm h 218.68 

96.74 % 
This 

work 
Congo red 99.99 % 

M-PA Congo red Poor 18.04 99.99 % 

TEPA/TMC Orange GII 14400 ppm h 150 90 % [38] 

DST/TMC Rose Bengal 24000 ppm h 152.7 98.26 % [39] 

GO Congo red - 82 98.97% [40] 

rGO Congo red - 160 99 % [41] 

PA/Fe-Cage Congo red Poor 52.66 96 % [42] 

PA/ZIF-8 RB2 Poor 149 99.2 % [43] 

PA-EDC-BS4 Congo red Poor 125 99.8 % [44] 

 422 

Unlike traditional amide structures, flexible silica membranes based on ester linkages 423 

exhibit improved chlorine resistance. The chlorine resistance of the M-PA and 424 

flexible silica membrane were compared through the active chlorine immersion 425 

method. As anticipated, the permeance of the M-PA began to gradually increase after 426 

soaking in an active chlorine solution (200 ppm) for 5 hours, while the rejection of 427 

CR gradually decreased, which should be due to the deterioration of the polyamide 428 

active layer proved by SEM (Fig.12a). In contrast, the flexible silica membrane 429 

(M-2.5) maintains its uniform and smooth surface topography after immersing in the 430 

active chlorine solution for 50 hours (Fig. 12b). The rejection for CR after a total free 431 

chlorine exposure of 50000 ppm h (200 ppm for 250 hours) was maintained, 432 

suggesting the potential of M-2.5 for treating chlorine-rich water. Long-term stability 433 

(250 hours) of the water permeance and dye rejection also proves the sieving effect of 434 

the silica layer rather than adsorption. Because the adsorption-induced separation 435 

effect will be gradually weakened after reaching the adsorption saturation point. The 436 

pure water flux at various pressures was evaluated to verify the strong structural 437 
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stability of the membrane. As observed in Fig. S9, the water flux of M-2.5 rose 438 

linearly with pressure in the range of 0.2 to 1 MPa. The structural stability of silica 439 

nanoparticles is conducive to maintaining the NF performance of the membrane under 440 

high pressure.  441 

In contrast with other reported NF membranes, the membrane demonstrated superior 442 

NF performance (Table 2). It is noticeable that the flexible silica membrane has 443 

higher water permeance than traditional TFC membranes (MPD/TMC, TEPA/TMC, 444 

DST/TMC), GO membranes, and thin-film nanocomposite (TFN) membranes 445 

(PA/Fe-Cage, PA/ZIF-8, and PA-EDC-BS4). In addition, the membrane can maintain 446 

excellent dye separation performance under the long-term high concentration of active 447 

chlorine, showing high stability. 448 

 449 

4. Conclusion 450 

In summary, the facile interfacial assembly method was adopted to prepare a flexible 451 

silica membrane. The ultra-small sized silica nanoparticles and highly reactive TMC 452 

were selected as the water monomers and the oil monomers respectively. Through 453 

precise control of reactant concentration and dispersion state, a continuous flexible 454 

silica membrane was obtained on the PES substrate. The flexible PES substrate and 455 

the cross-linking effect of TMC endow the membrane with good flexibility, which 456 

could keep the structure after bending to 100 m
-1

 curvature. Due to the uniform pore 457 

size (3.4 nm) and excellent hydrophilicity of the membrane as well as negative 458 

surface zeta potential, the water permeance of the flexible silica membrane exceeds 459 

210 L m
-2

 h
-1

 MPa
-1

, which was enhanced by 1112.2 % from the M-PA membrane, 460 

simultaneously with a 99.99 % dye rejection. Meanwhile, the cross-linking structure 461 

based on ester bonds guarantees the membrane excellent chlorine resistance, the 462 

membrane can maintain its separation performance after being immersed in active 463 

chlorine at 200 ppm for 250 hours. The results show that the interfacial assembly 464 

strategy may be an alternative method to fabricate flexible inorganic membranes. 465 
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