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ABSTRACT 24 

Ceramic membranes have attracted widespread attention in industrial applications due 25 

to their excellent performance such as high flux, excellent stability and long lifetime. 26 

However, it is still a great challenge to prepare high-performance ceramic membranes 27 

with uniform pore size and high porosity using the existing manufacturing process. To 28 

this end, we have prepared hierarchical isoporous alumina ceramic membranes (IAMs) 29 

aided by the self-assembly of polystyrene-b-polyethylene oxide (PS-b-PEO) block 30 

copolymer in a sol-gel system. The packing and coalescence of spherical micelles self-31 

assembled by PS-b-PEO and aluminum oligomers promote the formation of Allihn 32 

condenser-like channels in the isoporous separation layer (ISL). Control over the pore 33 

structure of ISL is achieved by tailoring the PS segment of PS-b-PEO, leading to the 34 

pore window rise from 8.3 to 19.7 nm. The pure water permeability of the 35 

corresponding IAMs increases from 151.6 to 223.2 L m-2 h-1 bar-1. The selective 36 

separation performance of IAMs is evaluated using gold nanoparticles (5-37 nm) and 37 

proteins (lysozyme, ovalbumin, bovine albumin serum and human immunoglobulin). 38 

The practicability, tunability and versatility of the strategy provided in this work pave 39 

the way for high-performance isoporous ceramic membranes. 40 
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1. Introduction 45 

Membrane technology has been considered as one of the most effective separation 46 

processes, which has been widely applied in medical science, food processing, chemical 47 

industry and water purification [1-4]. Since ceramic membranes were introduced for 48 

commercial applications in the early 1970s, they have received much attention due to 49 

their chemical stability, mechanical strength and antifouling properties [5-8]. In order 50 

to meet market demand, a variety of ceramic membrane preparation technologies have 51 

been developed, such as solid particle sintering, phase inversion, sol-gel and atomic 52 

layer deposition [5, 9-11]. The ceramic powder or colloidal nanoparticles are sintered 53 

to create voids between the particles, resulting in the porous structure of the ceramic 54 

membrane[9]. Numerous studies have shown that the pore structure including pore size 55 

and porosity rules the selectivity and permeability of the membranes, which can further 56 

affect the operating efficiency and energy consumption of the membrane process [12-57 

15]. A densely arranged pore structure with a uniform pore diameter is the most ideal 58 

structure for the porous membrane. However, the pores of the ceramic membrane are 59 

often irregular shapes and uneven sizes due to the randomness of the shape and size of 60 

the ceramic particles. Also, the sintering of nano-scale colloids or particles tends to 61 

form a relatively dense layer with low porosity. Therefore, the preparation of ceramic 62 

membranes with identical pore sizes and high porosity is still a great challenge. In 63 

pursuit of better separation efficiency and lower energy consumption, scientists have 64 

made great efforts to find new synthetic routes for membranes with ideal pore structures. 65 

Over the last decade, block copolymers (BCPs) derived membranes have attracted 66 

great scientific interest [16-19]. BCPs (with incompatible blocks) brings the 67 

opportunity of ideal isoporous structure via self-assembly into well-defined 68 

microscopic supramolecular structures. In an early but important work, Peinemann et 69 

al [20]. firstly fabricated isoporous polystyrene-block poly(4-vinylpyridine) (PS-b-70 

P4VP) membrane by combining the self-assembly of block copolymer with phase 71 

inversion process, thus starting the era of isoporous polymer membrane. Compared 72 
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with the traditional ultrafiltration membrane, the ideal pore structure of the isoporous 73 

membrane endows the membrane with better selectivity and permeability. Yang et al 74 

[21]. found that isoporous polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) 75 

membrane has high selectivity for the filtration of viruses, which provided an efficient 76 

way for drinking water safety assurance. Thanks to the pore size control in the BCP 77 

self-assembly process, the isoporous membrane can accurately separate biological 78 

macromolecules with similar molecular weights [22]. Based on the pore size and shape 79 

of the isoporous structure, the functionalized isoporous membrane can be used as a 80 

delivery platform for a variety of biomedical applications [23-25]. Since the isoporous 81 

copolymer membrane can be obtained in one step through the non-solvent phase 82 

inversion process, the BCP self-assembly method for isoporous membrane has great 83 

potential for large-scale application [19]. 84 

Despite that BCPs have been well documented for isoporous polymeric 85 

membranes, their application for isoporous ceramic membranes is still in the infancy. 86 

Zhou et al [26]. sculpted isoporous alumina ultrafiltration membrane from PS-b-PMMA 87 

templates by sequential infiltration synthesis. The well-preserved isoporous structure 88 

showed excellent selective separation of bovine serum albumin (BSA) and bovine 89 

hemoglobin (BHb). Yang et al [27]. synthesized thin isoporous silica layer on anodic 90 

aluminum oxide (AAO) support by the polymer interlayer method. The ultrathin 91 

isoporous separation layer (30 nm) promised high water permeability (1027 L m-2 h-1 92 

bar-1) and outstanding molecular-sieving ability. Although these studies have set 93 

valuable precedents for the preparation of high-performance isoporous inorganic 94 

membrane, the complex preparation processes are difficult to incorporate into the 95 

manufacturing process, limiting the large-scale production of isoporous ceramic 96 

membranes. Therefore, developing a facile synthesis route that can be easily integrated 97 

into the large-scale production of isoporous ceramic membranes is urgently needed. 98 

Recently, Zhao and coworkers [28] successfully synthesized a series of ordered 99 

mesoporous oxides, including SiO2 [29], WO3 [30], TiO2 [31] and Al2O3 [32] by 100 
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regulating the self-assembly of PS-b-PEO copolymer in the sol-gel system (evaporation 101 

induced self-assembly routes, EISA). This sol-gel-based method has great potential to 102 

be integrated into the existing ceramic membrane production procedure, which 103 

provides new opportunities for the large-scale production of isoporous ceramic 104 

membranes. However, the self-assembly of BCP is highly sensitive to the properties of 105 

the substrate [33]. The nature of the substrate is critical to the formation of the 106 

membrane and the mesostructure. To the best knowledge of the authors, successfully 107 

fabrication of crack-free isoporous ceramic membrane by self-assembly of BCP in sol-108 

gel system have not been reported.  109 

In this study, crack-free isoporous alumina membranes (IAMs) were prepared 110 

using a sol-gel-based BCP self-assembly method. The lab-made PS-b-PEO copolymer 111 

was used as the soft template in this route. The isoporous structure and channels formed 112 

in isoporous layer were characterized and analyzed systemically. The pore diameter 113 

was tailored by controlling the length of the PS segment. The influence of pore size on 114 

the selectivity of IAMs was evaluated by the filtration performance of gold 115 

nanoparticles and biologically relevant proteins. This sol-gel-based BCP self-assembly 116 

method could integrate with the existing ceramic membrane production process, paving 117 

the way to the large-scale production of isoporous ceramic membranes. 118 

2. Experimental methods 119 

2.1. Materials 120 

Monomethoxy poly(ethylene oxide) (PEO5000, molecular weight = 5000), 2-121 

bromoisobutyryl bromide, N, N, N’, N’, N’’-pentamethyldiethylenetriamine 122 

(PMDETA), lysozyme (Lys), ovalbumin (OVA), bovine serum albumin (BSA) and 123 

human immunoglobulin (IgG) were purchased from Sigma-Aldrich. Premixed protein 124 

marker, protein SDS PAGE loading buffer and Tris-Glycine-SDS buffer (TG-SDS) 125 

powder were obtained from Takara Biomedical Technology Co., Ltd. Aluminium 126 

acetylacetonate (Al(acac)3), pyridine, styrene, cuprous bromide (CuBr), petroleum 127 

ether (b.p. 60-90 °C), tetrahydrofuran (THF), N-methyl pyrrolidone (NMP), polyvinyl 128 
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pyrrolidone (PVP, molecular weight = 58000), acrylamide, N, N’-methylene 129 

bis(acrylamide), sodium dodecyl sulfate (SDS), ammonium persulfate, N, N, N’, N’-130 

tetramethylethylenediamine (TEMED), coomassie brilliant blue R250, sodium citrate, 131 

gold chloride trihydrate (HAuCl4·3H2O), ascorbic acid, hexadecyl trimethyl 132 

ammonium bromide (CTAB) were purchased from Aladdin. Ethyl ether and nitric acid 133 

were obtained from Tianjin Kemiou Chemical Reagent Co., Ltd. The -Al2O3 powder 134 

(0.3 m) was supplied by Changsha Xinhui Electronic Technology Co., Ltd. The 135 

polyethersulfone (PES, molecular weight = 80000) was purchased from BASF SE. 136 

Sodium borohydride (NaBH4) was obtained from Shanghai Hongrui Chemical Co., Ltd. 137 

The gold nanoparticle mixed solution (Au NP, 3-100 nm) was purchased from Suzhou 138 

Huize Chemical Co., Ltd. The styrene was purified with an Al2O3 column. All other 139 

chemicals were used as received and without further purification. 140 

2.2. Preparation of PS-b-PEO block copolymers 141 

Three kinds of PS-b-PEO block copolymers were synthesized using the atom-142 

transfer radical polymerization (ATRP) method [29]. In the typical process, 10.0 g of 143 

PEO 5000, 20 mL of pyridine and 20 mL of super dry THF were added into a 250 mL 144 

flask. The homogeneous solution was cooled in an ice-water bath. Then, 1.50 g of 2-145 

bromoisobutyryl bromide was dissolved in 10 mL of THF and added into the flask 146 

dropwise under stirring for 30 min. The resultant solution was further stirred at 30 oC 147 

for 12 h. After cooling to room temperature, 150 mL of cold ether was added to the 148 

solution to precipitate PEO-Br. Then, the PEO-Br was washed with cold ether 3 times 149 

and further dried in a vacuum. 3.00 g of PEO-Br, 0.08 g of CuBr and 15.0 g of styrene 150 

were added in a 100 mL three-necked round-bottomed flask. After three freeze-pump-151 

thaw cycles, the flask was filled with high-purity nitrogen and injected with 0.16 g of 152 

PMDETA. The flask was subsequently immersed in a thermostated oil bath at 110 oC 153 

under stirring to allow polymerization of styrene. The molecular weight of PS-b-PEO 154 

was tailored by controlling the reaction time (1h, 3h and 5h). The gel-like product was 155 

dissolved with 50 mL of THF and filtered through an Al2O3 column to remove the Cu 156 
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complex. Petroleum ether (200 mL) was poured into the solution to precipitate PEO-b-157 

PS block copolymer. The copolymer was then dried in a vacuum. The chemical 158 

structure and composition of synthesized templates were confirmed by 1H-NMR 159 

spectroscopy and FTIR (Fig. S1-S4). 160 

2.3. Preparation of macroporous -Al2O3 support 161 

The macroporous -Al2O3 support was fabricated by the phase inversion method 162 

[34]. In a typical experiment, 3.8 g of PES and 0.2 g of PVP were dissolved in 20 g of 163 

NMP. Then, 37 g of -Al2O3 powder was added into the solution and ball-milling for 164 

48 h to form a homogenous solution. The casting solution was cast on a plate by a 165 

doctor blade with a casting speed of 3 cm s-1 (room temperature, and relative humidity 166 

≤ 30%). Then the casted film was immersed into DI water for 10 min. The ceramic 167 

membrane was calcined at 800 oC for 3 h and at 1500 oC for another 5 h. The flexural 168 

strength (σbb) of the ceramic support is 19 MPa (Fig. S8). 169 

2.4. Preparation of isoporous alumina membrane (IAM) 170 

The procedures for preparation of an isoporous membrane preparation are shown 171 

in Fig. 1, with additional details given in Supporting Information. The Al precursor sol 172 

was prepared based on a previous report [32]. In a typical experiment, Al(acac)3 (0.6g), 173 

PS-b-PEO (0.12g), and concentrated HNO3 (0.5g) were added into 10 mL of THF under 174 

vigorous stirring. After forming a homogeneous solution, the solvent was evaporated at 175 

40 °C for 1.5 h. The resulting sol was spin-coated on the macroporous -Al2O3 support 176 

by using KW-4BC spin coater (SETCAS Electronics Co., Ltd) with a spinning speed 177 

of 4000 rpm for 20 s (room temperature, relative humidity ≤ 45%). The sample then 178 

dried at 50 oC for 12 h and at 110 oC for another 12 h. The dried sample was calcined 179 

at 600 oC for 3 h under N2 atmosphere and further treated at 900 °C for 2 h in the air to 180 

remove residue carbon. This coating process was repeated at least two times to prepare 181 

a crack-free isoporous membrane.  182 
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2.5. Au nanoparticles preparation 183 

The 5-37 nm Au nanoparticles were synthesized by the seeding growth method 184 

[35]. The details of the synthesis process are shown in Supporting Information. After 185 

the synthesis, the obtained solutions were cooled and centrifuged to remove the excess 186 

CTAB. 187 

2.6. Characterization 188 

1H NMR spectra of PS-b-PEO block copolymers were recorded at 25 °C on a 189 

DMX 500-MHz spectrometer (Bruker, Germany) using CDCl3 as the solvent. The 190 

molecular weight distribution (MWD) of the copolymers was tested on a gel permeation 191 

chromatographer (GPC, LC20AD RID20A) using THF as eluent (1 mL min-1, 35 oC). 192 

Fourier-transform infrared spectra (FTIR) of the copolymers were recorded at room 193 

temperature on a Nicolet Fourier spectrophotometer (Nicolet 6700) using KBr pellets. 194 

The surface structure and roughness of isoporous ceramic membranes were observed 195 

using field emission scanning electron microscope (FESEM, ZEISS SUPRA 55 196 

SAPPHIRE) and atomic force microscope (AFM, Bruker Dimension® Icon™ with 197 

scan asyst), respectively. The sample was ultrasonic cleaned in ethanol for 2 min and 198 

dried at 80 °C overnight prior to SEM and AFM testing. The cross-section structure of 199 

isoporous separation layer (ISL) was characterized by transmission electron 200 

microscopy (TEM, JEOL 2100F). The cross-section sample was milled using a focused 201 

ion beam instrument (FIB, Tescan Gaia 3). The N2 adsorption/desorption isotherms 202 

were obtained using Quanta chrome NOVA touchTM analyzer. By using the Barrett-203 

Joyner-Halenda (BJH) model, the pore volumes and pore size distributions were 204 

derived from the adsorption and desorption branches of isotherms. Auto Pore IV 9500 205 

automatic mercury porosimeter was used to analyze the porosity. The crystalline 206 

structures of the ISL and macroporous substrate were examined by an X-ray 207 

diffractometer (XRD, D8 ADVANCE). Grazing incidence small-angle X-ray scattering 208 

(GISAXS) was performed on Bruker-Axs NanoSTAR equipped with a VÅNTEC-2000 209 

2D detector. The samples were mounted on a z-axis goniometer with an incident angle 210 
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of 0.2°. The zeta potential and particle size of Au nanoparticles and proteins were 211 

determined by a Malvern Zetasizer Nano ZS90. The wettability of isoporous alumina 212 

membrane was analyzed by a contact angle goniometer (VCA Optima XE). The 213 

mechanical properties of the ceramic support were tested by WSM-30 KN (Changchun 214 

Intelligent Instrument Equipment Co., Ltd.). 215 

2.7. Membrane filtration 216 

Pressure-driven membrane filtration was performed in a lab-made membrane 217 

filtration system (Fig. S5). The effective permeation area of the membrane cell was 3.8 218 

cm2. The pure water flux J (L m-2 h-1) was tested under 0.5 bar at room temperature and 219 

calculated according to the following equation [27]:  220 

V
J

S T


  (1) 221 

where S is the effective filtration area (m2), V represents the volume of filtered water 222 

(L) and T is the filtration time (h). 223 

The pure water permeability A (L m-2 h-1 bar-1) was calculated according to the 224 

following equation: 225 

J
A

P

  (2) 226 

where ΔP represents the transmembrane pressure (bar). 227 

According to the Darcy model [27], the resistance of ISL can be calculated by 228 

equation (3) and (4): 229 

1
/

( / )S I

J P
R R 

 
 

 (3) 230 

=I s

P
R R

J





 


（ ）

 (4) 231 

where the RS represents the resistance of macroporous -Al2O3 substrate, RI is the 232 

resistance of ISL, ε represents the porosity of the substrate, and  is the viscosity of 233 

water (8.910-4 Pa·s).  234 

Ultrafiltration experiments of Au nanoparticles and proteins were performed using 235 
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the dead-end filtration device as mentioned above under 0.5 bar at room temperature. 236 

In order to avoid protein deformation and reduce the effect of surface charge-induced 237 

adsorption between the protein and the IAMs, the pH value of the protein feed solution 238 

was adjusted to pH 5. A 50 mL of feed solution (Au nanoparticles 10 mg L-1, proteins 239 

0.5 mg mL-1) was placed into a filtration device equipped with a membrane cell. The 240 

permeate solution was collected after filtering 10 mL of the solution to avoid the 241 

influence of adsorption. The concentration changes in the Au solutions before and after 242 

filtration were determined by UV-vis absorption spectroscopy (JENA Specord® 200 243 

plus). The concentrations of the feed solution and filtrate in single protein system were 244 

determined by a total organic carbon (TOC) analyzer (Multi N/C 2100). The 245 

transmission rate τ and rejection rate R was calculated using the following equation [36]:  246 

2

1

100%
f

f

C

C
  

 (5) 247 

(1 ) 100%R     (6) 248 

where Cf1 (mg L-1) and Cf2 (mg L-1) are the solute concentration of feed solution and 249 

filtrate, respectively. 250 

The selectivity of the membranes towards proteins was calculated using equation 251 

(7): 252 

Selectivity ( )A

B






 (7) 253 

where τA and τB are the transmission rate of two different proteins, respectively. 254 

The protein separation performance of the isoporous membrane was evaluated by 255 

mixed protein systems. Six mixed protein systems such as Lys-OVA, Lys-BSA, Lys-256 

IgG, OVA-BSA, OVA-IgG and BSA-IgG were used as the feed solution. The 257 

concentration of each protein in the feed solution was prepared at 0.5 mg mL-1. The 258 

collected permeate solution was then analyzed by the SDS-PAGE method in a Mini-259 

PROTEAN Tetra Cell (Bio-Rad). The details of the experimental procedures are 260 

provided in Supporting Information. 261 
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3. Results and discussion 262 

3.1. IAM preparation and characterization 263 

The preparation steps of IAMs are shown in Fig. 1. The macroporous -Al2O3 264 

substrate prepared by the phase inversion method formed a compact porous skin layer 265 

(Fig. 2a and Fig. S6), which provided an excellent interface for precursor sol coating. 266 

The sol was spin-coated on the support to form a thin layer. During the spin coating, 267 

the strong air convection caused rapid evaporation of THF, which induced assembly of 268 

PS-b-PEO and aluminum oligomers into spherical micelles and further aggregated into 269 

close-packed mesostructure. After spin coating, the membrane was dried at 50 °C for 270 

12 h to remove the remaining solvent. During the annealing stage at 110 °C, the 271 

evaporation of acetylacetone molecules accelerated the crosslinking of aluminum 272 

oligomers, forming a solidified gel layer. To prevent the collapse of the mesostructure, 273 

the gel-coated sample was first calcined under N2 at 600 oC to create the carbon scaffold 274 

inside the pore channels [28, 31, 32]. The PS segment with the aromatic ring structure 275 

developed as a rigid carbon hard template that prevents the porous structure from 276 

collapsing when the temperature changes. Subsequently, the carbon template was 277 

removed to form isoporous structure by calcination in air, and the isoporous layer was 278 

further crystallized at 900 oC to form the γ-Al2O3 phase. Thus, the isoporous alumina 279 

ceramic membrane with a hierarchical porous structure was prepared (Fig. S7). 280 

However, small defects appeared in the isoporous layer due to the unevenness of the 281 

substrate surface (Fig. S9b). After repeating the entire coating process, a crack-free 282 

isoporous separation layer could be obtained (Fig. S9c and e). It should be noted that 283 

the coating process needs to be repeated at least twice to prevent the appearance of 284 

defects, whereas cracking occurred when the coating process was repeated more than 7 285 

times (Fig. S9f).  286 
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 287 

Fig. 1. Schematic diagram of the fabrication process of the IAMs. 288 

 289 

FESEM images reveal the surface morphologies of the -Al2O3 substrate before 290 

and after the spin coating (Fig. 2a and b). The skin layer of the -Al2O3 substrate was 291 

generated by the rapid deposition of polymer and ceramic particles during the phase 292 

inversion process. After heat treatment, the exposed irregular ceramic particles and 293 

pores made the surface of the skin layer relatively rough (Ra = 146 nm). After repeating 294 

the coating process twice, the surface roughness of the ceramic membrane was 295 

significantly reduced (Ra = 41.5 nm) because the irregular particles and pores on the 296 

surface were evenly covered by a thin isoporous coating layer (Fig. 2b and Fig. S10,). 297 

Fig. 2c reveals the isoporous structure of this coating layer. The highly ordered arrays 298 

of uniform spherical nanopores were formed by self-assembly of the spherical micelles. 299 

In contrast to the pore-forming process of an isoporous PS-b-P4VP membrane [20], a 300 

spherical core composed of PS blocks in a micelle formed by PS-b-PEO was 301 

surrounded by a hydrophilic aluminum oligomer. The stability of the spherical domain 302 

directly determined the shape and arrangement of the micelles, which would affect the 303 

subsequent porous structure. Due to a large number of aromatic ring structures in the 304 
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PS molecule, the PS blocks assembled into stable spherical micelles with strong - 305 

dispersion interaction and ensured the formation of isoporous structures. The rigid 306 

carbon scaffold constructed by N2 atmosphere calcination prevented the alumina 307 

framework from collapsing during the calcination process and created an isoporous 308 

structure after removing the template [32]. AFM further reveals that the arrangement of 309 

the porous is similar to a two-dimensional hexagonal packing structure (Fig. 2d). To 310 

confirm the orientations of the pores in the ISL, the membrane was examined by 311 

grazing-incidence small-angle X-ray scattering (GISAXS). As shown in Fig. 2e, 312 

multiple strong vertical peaks were present in the qxy direction, corresponding to 313 

perpendicularly oriented channels on the top of isoporous layer. The elliptical pattern 314 

(marked with white arrows) arose from the random orientation of spherical pores inside 315 

the isoporous layer. Three peaks at scattering vector ratios of q/q* = 1:√3:√4 (Fig. 2h) 316 

indicated hexagonal packing pores of the ISL [37], which was consistent with SEM and 317 

AFM results.  318 

The crystal structure of the support and ISL were confirmed by wide-angle XRD 319 

(Fig. 2g). The support displays well-resolved diffraction peaks which are well indexed 320 

to -Al2O3 crystal structure (PDF No. 74-1081). By contrast, the ISL displayed 321 

relatively weak diffraction peaks, which could be indexed to the γ-Al2O3 crystal 322 

structure (PDF No. 10-0425). The zeta potential of the IAM at various pH is shown in 323 

Fig. 2i. The isoporous γ-Al2O3 and macroporous -Al2O3 were positively charged at 324 

pH 3 and negatively charged at higher pH. The isoelectric point of isoporous γ-Al2O3 325 

and macroporous -Al2O3 were 5.5 and 4.2, respectively. Furthermore, the water 326 

contact angle of IAM was 36.1o (Fig. 2f), revealing the hydrophilic nature of the 327 

isoporous layer, which would enable the easy penetration of water through the pore 328 

channels. Compared with commercial ceramic membranes (TAMI 150 kDa UF 329 

membrane, Fig. S11), the ideal isoporous structure and smooth surface may endow IAM 330 

with more excellent performance. 331 
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 332 

Fig. 2. (a) SEM images of the macroporous -Al2O3 substrate and (b) IAM, (c) high 333 

magnification SEM image of IAM, (d) AFM image of IAM, (e) 2D GISAXS scattering 334 

profile of the ISL, (f) droplet profile on the IAM surface. (g) XRD of the ISL and 335 

macroporous support, (h) 1D intensity profile plotted against qxy for the GISAXS 336 

pattern of the ISL, (i) zeta potential of the ISL and macroporous support. 337 

To further characterize the permeable channels of the IAMs, the cross-section 338 

images of the IAMs are shown in Fig. 3. Finger-like macroporous channels of the 339 

substrate are perpendicular to the membrane surface, which were formed by the rapid 340 

solvent exchange during the phase inversion process (Fig. 3a and Fig. S6b) [38]. The 341 

finger-like macropore channels and compact porous skin layer constituted the 342 

hierarchical substrate, which not only reduced the permeability resistance of the 343 

substrate but also prevented the leakage of the sol during the spin coating. After 344 

repeating the entire coating process twice, the macroporous -Al2O3 substrate was fully 345 

covered by a smooth thin layer (coating thickness = 570 nm) (Fig. 3b and c). It can be 346 
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clearly seen from Fig. 3d that part of the isoporous layer entered into the voids of -347 

Al2O3 skin layer, which increased the contact area between the isoporous layer and 348 

substrate, and improved the stability of the isoporous layer.  349 

In contrast to the orderly arranged pores on the coating surface, the arrangement 350 

of the pores inside the coating was more random (Fig. 3e). These spherical pores were 351 

connected by open pores, forming the Allihn condenser-like channels. The 352 

interconnected part of the adjacent spherical pores generated a narrow bottleneck in the 353 

channels (pore window), while the spherical pores became the cavity of the channel 354 

(pore cavity) (Fig. 3f). This phenomenon may result from the coalescence of micelles 355 

during the coating process. During the spin-coating, the PS-b-PEO self-assembled into 356 

spherical micelles due to the rapid evaporation of the solvent. As the solvent was 357 

completely removed in the drying stage, the micelles were tightly packed and coalesced 358 

due to the similar hydrophilicity of the micelle shell (Fig. 3g) [39]. Then the Allihn 359 

condenser-like channels were molded after removing the micelles in subsequent heat 360 

treatment. 361 
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 362 

Fig. 3. (a-c) Cross-sectional SEM images of the IAMs, (d, e) TEM images of IAMs 363 

cross-section milled by FIB, (f) high magnification TEM images of the IAMs cross-364 

section, (g) formation mechanism of the Allihn condenser-like channels. 365 

 366 

It is worth mentioning that the coalescence of the micelles in the vertical direction 367 

was much greater than that in the horizontal direction. The volume of the coating shrank 368 

significantly due to the volatilization of the solvent and the coalescence of the micelles. 369 

However, the coating layer hardly shrank in the horizontal direction due to the rigidity 370 

of the -Al2O3 substrate, hindering the coalescence of the micelles in the horizontal 371 

direction. Therefore, independent pores with an ordered arrangement were only 372 

observed on the surface of IAMs, and Allihn condenser-like channels were found in the 373 

cross-section image of IAMs. The shrinkage of the coating layer that occurred in the 374 
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vertical direction can be proved by cross-section SEM images of IAMs before and after 375 

calcination (Fig. S12). Interestingly, since the channels were formed by the 376 

accumulation and coalescence of spherical micelles, tortuous channels were more likely 377 

to form in the isoporous layer. This is different from the vertical channels generated by 378 

cylindrical micelles in previous reports [12, 20, 27, 37].  379 

3.2. Pore size control 380 

From the above discussion, it can be concluded that the formation of a spherical 381 

pore cavity mainly depends on the stable PS domains in the micelles. Therefore, it is 382 

reasonable to adjust the membrane pore size by tailoring the length of the PS block in 383 

the template. Three PS-b-PEO template agents with different PS segment lengths were 384 

synthesized for tailoring the pore size (Fig. 4a). According to GPC test results, the 385 

number average molecular weights (Mn) of these three PS-b-PEO templates were 386 

11982, 16685, and 24342 g mol-1, corresponding to approximate molecular 387 

compositions of PS66-b-PEO113 (PDI = 1.12), PS112-b-PEO113 (PDI = 1.24), and PS185-388 

b-PEO113 (PDI = 1.31), respectively. The corresponding isoporous alumina membranes 389 

prepared using these templates were labeled as IAM66, IAM112, and IAM185, 390 

respectively. It was clear in the SEM image (Fig. 4 a-c) that the pore size increased with 391 

the length of the PS segment increasing.  392 

The pore size distributions of the ISL samples were further investigated by the N2 393 

adsorption-desorption method. In Fig. 4d, all the IAMs isoporous separation layer 394 

(IAM66-ISL, IAM112-ISL and IAM185-ISL) samples showed type IV isotherm curves 395 

with H1-type hysteresis loops, indicating the interconnected spherical pore with large 396 

and open pores [31]. The capillary condensation steps of IAM185-ISL, IAM112-ISL and 397 

IAM66-ISL occurred at relative pressures (P/P0) of 0.90, 0.85 and 0.78, respectively, 398 

indicating that a larger pore generated with the increase of the PS segment length. The 399 

pore-size distributions of IAM samples were calculated using the BJH model (Fig. 4e). 400 

It could be seen that as the molecular weight of the PS-b-PEO used increased, the pore 401 

size distribution of IAMs gradually widened. This may be due to the fact that extending 402 
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the polymerization time of PS-b-PEO would increase the PDI of the copolymer, which 403 

affected the size of the micelles during the self-assembly process, resulting in a wider 404 

pore size distribution. The pore size of the IAM samples calculated from the adsorption 405 

branch was pore size measured from SEM images (Fig. 3b-d). While the pore size 406 

calculated from the desorption branch were 8.3, 14.9, and 19.7 nm, respectively, which 407 

can be attributed to the diameter of the pore window (Fig. 3f) [40]. These results 408 

revealed the positive correlation between pore size and PS segment length of the 409 

template used, demonstrating that the pore size of the isoporous membrane can be easily 410 

adjusted by tailoring the PS segment length.  411 

 412 

Fig. 4. (a-c) SEM images of the IAM66, IAM112 and IAM185, respectively; (d) N2 413 

isotherm of the isoporous samples; (e) pore size distribution of the ISL samples; (f) pure 414 

water permeability and flow resistance of the IAMs. 415 

 416 

It has been widely acknowledged that the pore structure has a crucial influence on 417 

the “trade-off” effect of the membrane.[41] Generally, increasing the pore size without 418 

changing the membrane material properties and membrane thickness can increase water 419 

permeability while reducing selectivity. On the contrary, a smaller pore size 420 

corresponds to high selectivity and low water permeability. It can be seen in Fig. 4f and 421 

Table 1 that as the pore size increases (from 12.8 to 31.1 nm), the pure water 422 
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permeability of IAMs increased from 151.6 to 223.2 L m-2 h-1 bar-1. Compared with the 423 

macroporous -Al2O3 substrate (953.7 L m-2 h-1 bar-1), the permeability of IAM66, 424 

IAM112 and IAM185 were reduced by 84.1%, 80.4% and 76.6%, respectively, indicating 425 

that the resistance of ISL was the main part of the IAMs resistance. Using equations (3) 426 

and (4), the calculated resistance distribution shown in Fig. 4f indicated that the 427 

resistance of the isoporous layer decreases as the pore diameter increases. In addition, 428 

the porosity of the substrate is also an important factor affecting the permeability of 429 

IAMs. After eliminating the impact of the porous ceramic substrate, the calculated pure 430 

water permeability of IAM66-ISL, IAM112- ISL and IAM185-ISL were 431.1, 560.2 and 431 

691.8 L m-2 h-1 bar-1, respectively. Considering that the porosities (Table 1) and 432 

thickness (Fig. S13) of IAM66-ISL, IAM112-ISL and IAM185-ISL were close, it can be 433 

concluded that the water permeability of IAMs is mainly affected by the pore diameter. 434 

Table 1. Textural properties and permeability of porous ceramic support, IAMs and 435 

corresponding isoporous separation layers. 436 

Sample 
Pore diameter 

(nm) 

Porosity 

(%) 

Flow resistance 

(m-1) 

Pure water permeability 

(L m-2 h-1 bar-1) 

Porous -Al2O3 242.7 41.5 4.21011 953.7 

IAM66   26.71011 151.6 

IAM112   21.61011 186.7 

IAM185   18.11011 223.2 

IAM66-ISL 
12.8 (DC

) 
77.7 9.41011 431.1 

8.3 (DW
) 

IAM112-ISL 
23.4 (DC

) 
77.9 7.21011 560.2 

14.9 (DW
) 

IAM185-ISL 
31.1 (DC

) 
76.8 5.81011 691.8 

19.7 (DW
) 

 DC: pore cavity diameter; DW: pore window diameter. 437 

 438 

3.3. Separation of gold nanoparticles and biologically relevant proteins 439 

The selectivity of IAM was evaluated by the filtration performance of gold 440 

nanoparticles (Au NPs) and biologically relevant proteins [25, 36, 37]. The influence 441 

of pore size on the size-exclusion performance of IAMs was tested by filtering Au NPs 442 
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with diameters ranging from 5 to 37 nm. As shown in Fig. 5a, IAM66 effectively rejected 443 

17 nm and 37 nm Au nanoparticles. The diameter of the 8 nm Au NPs was close to the 444 

diameter of the pore window of IAM66 (8.3 nm), which could easily block the spherical 445 

channel and leads to a high rejection rate (R = 88.4%).  446 

In contrast, only 23.4% of the 5 nm Au NPs were retained by IAM66, indicating 447 

the excellent size-exclusion separation performance of IAM66. Similarly, the IAM112 448 

with a pore window diameter of 14.9 nm effectively rejected 17 nm Au NPs while the 449 

5 nm (R = 6.3%) and 8 nm (R = 36.2%) Au NPs could easily permeate through the 450 

IAM112. The results indicated that the pore window diameter ruled the size-exclusion 451 

performance of IAMs. Theoretically, nanoparticles smaller than 19 nm can easily 452 

permeate through the IAM185 due to the larger pore window (19.7 nm) and cavity (31.1 453 

nm) of IAM185. However, only about 50% of the 17 nm Au NPs permeated through 454 

IAM185. The wide pore size distribution of IAM185 (Fig. 4e) may lead to a decrease in 455 

separation selectivity. In addition, a mixed solution of 3-100 nm Au NPs was used to 456 

further evaluate the separation performance of IAMs. After being filtered by IAMs, the 457 

light absorbance of the Au NPs mixed solution decreased significantly (Fig. 5b), 458 

indicating that most of the Au NPs in the solution were retained by the IAMs. The TEM 459 

image and dynamic light scattering (DLS) analysis (Fig. 5d-f) showed that only the 460 

nanoparticles smaller than 8 nm were present in the filtrate of IAM66, while some larger 461 

Au NPs (8-17 nm) permeated through IAM112 and IAM185 due to the larger pore size. 462 

The results showed that IAMs with different selectivity performances were prepared by 463 

regulating the pore size. Significantly, IAM66 and IAM112 had a strict size-exclusion 464 

effect on nanoparticle separation due to the narrow pore size distribution and rigid 465 

ceramic pore walls. Importantly, the formation of the condensing tube channel structure 466 

made the pore window play an important role in the separation process, especially for 467 

particles with a size close to the pore diameter.  468 
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 469 

Fig. 5. (a) Filtration of gold nanoparticles with sizes of 5-37 nm gold nanoparticles 470 

using IAMs. (b) UV-vis spectra before and after the mixture solution of 3-100 nm gold 471 

nanoparticles were filtered through the IAMs. (c-f) TEM image and DLS analysis of 472 

the Au NPs mixed solutions. 473 

 474 

To evaluate the molecular sieving performance of IAMs, four biologically relevant 475 

proteins of different molecular weights (MW) were used, such as lysozyme (Lys, MW 476 

= 14 kDa), ovalbumin (OVA, MW = 45 kDa), bovine albumin serum (BSA, MW = 67 477 

kDa) and human immunoglobulin (IgG, MW = 150 kDa). The hydraulic diameters of 478 

the protein molecules were measured by the DLC method, as shown in Fig. S14. The 479 

hydraulic diameters of Lys (3 nm) and OVA (5 nm) are much smaller than that of IAM66, 480 

resulting in 97.1% of Lys and 59.3% of OVA permeating through IAM66. Since the 481 

hydraulic diameter (7 nm) of BSA was close to the pore window (8.3 nm) of IAM66, 482 

the possibility of blockage in the Allihn condenser-like channels of IAM66 by BSA was 483 

increased. Moreover, the weak charge adsorption between BSA and γ-Al2O3 at pH 5 484 
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(Fig. 2 and Fig. S15) further reduced the permeability of BSA, resulting in a BSA 485 

retention efficiency of 80.9% by IAM66. IgG molecules can hardly penetrate IAM66 486 

(τ=2.3%) because the hydraulic diameter (14 nm) of IgG molecules is larger than the 487 

pore window diameter of the membrane. The pore diameters of IAM112 and IAM185 488 

were larger than the hydraulic diameters of these four proteins, resulting in these 489 

proteins being able to pass through these two membranes easily. Therefore, the 490 

selectivity of IAM112 and IAM185 for these four proteins was much lower than that of 491 

IAM66 (Fig. 6b). The permeation efficiency of Lys, OVA and BSA were 43.5, 25.3 and 492 

8.6 times higher than that of IgG, indicating that IAM66 could effectively separate the 493 

IgG from other proteins. Therefore, the molecular sieving performance of IAM66 was 494 

further evaluated using mixed protein solutions. 495 

 496 

Fig. 6. (a) Single protein permeation for Lys, OVA, BSA, and IgG. (b) The selectivity 497 

of IAMs for different proteins. (c and d) SDS-PAGE analysis of Lys-OVA (lane 1: feed 498 

solution, lane 2: filtrate), Lys-BSA (lane 3: feed solution, lane 4: filtrate), Lys-IgG (lane 499 

5: feed solution, lane 6: filtrate), OVA-BSA (lane 7: feed solution, lane 8: filtrate), OVA-500 

IgG (lane 9: feed solution, lane 10: filtrate) and BSA-IgG (lane 11: feed solution, lane 501 

12: filtrate) mixture solutions. 502 
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Six mixed protein systems, including Lys-OVA, Lys-BSA, Lys-IgG, OVA-BSA, 503 

OVA-IgG and BSA-IgG, were used for filtration. SDS-PAGE was performed to 504 

examine the permeated proteins. SDS-PAGE is a technique that uses electric current to 505 

move charged protein molecules through a gel matrix. The migration distance of each 506 

protein depends on the molecular weight. By running protein markers with known 507 

molecular weight in a separate lane in the gel, the molecule weight of the unknown 508 

proteins can be determined by comparing the distance they traveled relative to the 509 

markers. 510 

As shown in Fig. 6c and d, the protein marker with serious known molecular 511 

weight proteins was run in line M. The bands appearing from top to bottom mark the 512 

positions where proteins with corresponding molecular weights appear. For example, 513 

two obvious bands near 14.3 kDa and 44.3 kDa were founded in line 1 (feed solution 514 

of Lys-OVA system) and line 2 (filtrate of Lys-OVA system). The results showed that 515 

the feed solution and filtrate of the Lys-OVA system contained a large amount of Lys 516 

(14 kDa) and OVA (45 kDa) molecules, indicating that IAM66 could not effectively 517 

separate Lys and OVA molecules. Similarly, the bands appearing in the filtrate of Lys-518 

BSA and OVA-BSA systems (line 4 and 8) are the same as the feed solution of the 519 

corresponding systems (line 3 and 7), respectively, which indicates that the molecular 520 

sieve performance of IAM66 in Lys-BSA and OVA-BSA systems is not satisfactory. 521 

This phenomenon mainly resulted from the close permeation rate of Lys, OVA and BSA 522 

in IAM66 (Fig. 6b). However, IAM66 showed excellent molecular sieving performance 523 

in the Lys-IgG, OVA-IgG and BSA-IgG mixed system. In the feed solution sample of 524 

the Lys-IgG system (line 5), three obvious bands can be observed around 14.3 kDa, 525 

20.1-29.0 kDa and 44.3-66.4 kDa, while no bands are found near 150 kDa. Since the 526 

basic structure of an IgG monomer includes two identical halves connected by two 527 

disulfide bonds. Each half has a heavy chain of about 50 kDa and a light chain of about 528 

25 kDa, which were connected by disulfide bonds near the carboxyl end of the light 529 

chain [42]. During the SDS-PAGE test, the disulfide bonds of IgG were destroyed by 530 
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the dithiothreitol (DTT) present in the loading buffer, leading to the formation of two 531 

distinct bands in the range of 20.1-29.0 kDa and 44.3-66.4 kDa, respectively [43]. In 532 

line 6, the two bands in the range of 20.1-29.0 kDa and 44.3-66.4 kDa disappeared, and 533 

only the band around 14.3 kDa could be observed. The results demonstrated that IgG 534 

molecules were selectively retained by IAM66, while the Lys molecules permeated 535 

through the membrane. Similar results also appeared in the OVA-IgG and BSA-IgG 536 

systems. IgG molecule in the mixed solution was retained, while smaller molecules 537 

(such as OVA or BSA) could permeate through the membrane. The results further 538 

confirmed that IAM66 can effectively separate IgG from the other three proteins through 539 

size exclusion in the mixed protein system.  540 

4. Conclusions 541 

Through the self-assembly of PS-b-PEO block copolymers in a sol-gel system, a 542 

method for fabricating isoporous alumina ceramic membranes was developed. The 543 

independent pores on the membrane surface presented a hexagonal arrangement, while 544 

the spherical pores inside the isoporous layer were connected by open pores to form 545 

Allihn condenser-like channels. The pore cavity and pore window size of the channels 546 

can be tailored by controlling the length of the PS segment of PS-b-PEO. The uniform 547 

pore size and rigid ceramic framework endowed IAMs an excellent selectivity for the 548 

separation of the nanoparticles and the biologically relevant proteins. The pore window 549 

in the channels played an important role in the separation process, especially for the 550 

particles with a size close to the pore diameter. Although there are still challenges in 551 

constructing ideal isoporous channels, the sol-gel-based strategy has a great potential 552 

for large-scale production of various isoporous ceramic membranes. We hope that this 553 

work can serve as an inspiration and provide valuable references for the preparation of 554 

high-performance isoporous ceramic membranes. 555 
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