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Abstract 14 

The separation of hydrocarbon isomers by thermally driven distillation remains highly 15 

energy intensive. Framework-based nanochannel membranes offer a highly energy 16 

efficient and low-carbon alternative; however, their conventional synthesis suffers from 17 

slow crystallization, poor orientation, and low separation performance. Here we introduce 18 

a nucleation-isolated superfast synthesis (NI-SFS) strategy that decouples nucleation from 19 

growth, producing ultrathin (~500 nm), nanosheet-based zeolite membranes with vertically 20 

aligned nanochannels. The NI-SFS route enables the superfast membrane formation within 21 

minutes by patching up the gaps among ultrathin fragile zeolite nanosheets without 22 

nanosheet damage using short-time secondary growth to avoid the conventional 23 

dissolution-recrystallization cycles. These nanochannel membranes achieve exceptional 24 

separation factors (25,000 for n-hexane/2,3-dimethylbutane, 57 for n-butane/isobutane, 25 

and 62 for 1-butene/isobutene) with high permeances (up to 5.8 × 10-7 mol m-2 s-1 Pa-1). 26 

The up-scaling membranes exhibited minimum performance loss, demonstrating the 27 

scalability of the NI-SFS membrane fabrication strategy. Techno-economic analysis 28 

shows >88% energy savings using membrane separation over distillation for the isomer 29 

separation. NI-SFS provides mechanistic insight into nanosheet assembly and establishes 30 

a scalable, energy-efficient platform for sustainable hydrocarbon separations. 31 

  32 



 

3 
 

Main text 33 

Hydrocarbons are essential feedstocks to produce fuels and value-added chemicals1, 2. 34 

However, the separation of their isomers, including hexanes, butanes, and butenes, remains 35 

a major challenge in the petrochemical industry due to their nearly identical boiling points 36 

(e.g., 0.43 K difference between 1-butene and isobutene) and similar molecular dimensions. 37 

Currently, distillation, the dominant industrial method, is thermally driven and involves 38 

phase change, entailing high energy consumption, large-scale equipment, and substantial 39 

capital investment, thereby posing significant challenges for energy conservation, emission 40 

reduction, and process intensification3. Membrane technology could eliminate or partially 41 

eliminate phase change and thus improve energy efficiency2. Although polymeric 42 

membranes have been widely studied, they suffer from an inherent trade-off between 43 

permeability and selectivity, as well as material aging and swelling in hydrocarbons4-6. 44 

Framework-based materials, including zeolites7-9, metal-organic frameworks (MOFs)10-12, 45 

and covalent organic frameworks (COFs)13-15, possess well-defined microporous structures 46 

and tunable pore sizes. Membranes composed of these materials exhibit higher separation 47 

performance and stability in hydrocarbon separation, effectively addressing the limitations 48 

of polymeric membranes and emerging as promising candidates. Among them, zeolite 49 

membranes stand out for practical applications due to their exceptional hydrothermal and 50 

chemical stabilities16-18. 51 

Nanosheets are ideal building blocks for constructing ultrathin vertically aligned 52 

nanochannel films/membranes through secondary growth for applications in molecular 53 

separation19, sensor20 and catalysis21. However, these nanosheets are fragile and chemically 54 

active, making them susceptible to breakage or dissolution during the hydrothermal and 55 

solvothermal secondary growth. This results in prolonged synthesis and disordered 56 

nanochannel membranes with poor separation performance. Zeolite nanosheets with MFI19, 57 

MWW22, and SOD23 frameworks were reported to synthesize ultrathin nanochannel 58 

membranes via secondary growth, mostly on the small-area disc supports, for efficient 59 

separation of hydrocarbon isomers and H2/CO2 mixtures. The synthesis of these nanosheet-60 

based membranes requires dozens of hours, even though the gaps among nanosheets are 61 

generally small. This is contrary to the expectation of rapid and mild secondary synthesis, 62 

which should be sufficient to bridge the small gaps while minimizing damage to the fragile 63 
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nanosheets in the corrosive synthesis solutions. Furthermore, prolonged synthesis results 64 

in the uncontrollable deposition of randomly oriented crystals that disrupts the formation 65 

of oriented membranes. Although significant progress has been made on small-area disc 66 

supports, several key challenges must be addressed to prepare high-quality nanosheet-67 

based nanochannel membranes: (1) synthesizing high-aspect-ratio nanosheets and 68 

maintaining their integrity in the membrane; (2) preserving the orientation of the nanosheet 69 

layers; and (3) enabling the rapid and scalable production of high-performance 70 

nanochannel membranes on commercial supports. 71 

To address these challenges, we developed a nucleation-isolated superfast synthesis (NI-72 

SFS) strategy, in which the nucleation of the precursor gel is decoupled from the 73 

crystallization of the nanochannel membrane. This approach enables minute-scale 74 

fabrication of ultrathin, highly b-oriented MFI zeolite membranes with high-density 75 

vertically aligned nanochannel (uniform 5.3 Å × 5.6 Å nanochannel along the b axis) on 76 

commercial tubular alumina supports through the rational modification of synthesis 77 

conditions. The precursor gel is pre-nucleated to approach its nucleation peak before 78 

contacting the nanosheet seed layer, ensuring a uniform and sufficient supply of 79 

nuclei/precursors for secondary growth and the rapid formation of an ultrathin membrane 80 

without nanosheet dissolution. The synthesis efficiency is enhanced by 1-2 orders of 81 

magnitude compared with conventional synthesis, fulfilling the expectation of rapid and 82 

mild secondary growth for the fabrication of uniform nanosheet-based nanochannel 83 

membranes. These nanochannel membranes exhibit superior separation performance for 84 

hexane, butane, and butene isomer mixtures compared with most previously reported 85 

membranes. 86 

NI-SFS mechanism for ultrathin, vertically aligned nanochannel membranes 87 

Fig. 1 shows the proposed NI-SFS formation mechanism for preparing ultrathin, oriented 88 

and vertically aligned nanochannel membranes in minutes. The key synthesis modification 89 

was the nucleation-isolated synthesis strategy, in which the seeded support was suspended 90 

above the precursor gel and then brought into contact with the gel by overturning the 91 

autoclave after a 35-min preheating/gel-nucleation stage. During this initial nucleation 92 

period, the fragile nanosheet layer on the support above the gel remained intact 93 

(Supplementary Fig. 1). The abundant nuclei/nutrients in the gel were expected to induce 94 
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the growth of the nanosheet layers into a continuous membrane upon contact with the pre-95 

nucleated gel. The rapid crystallization rate during the secondary-growth stage enabled the 96 

ultrafast formation of nanosheet-based membranes while preserving the b-axis orientation 97 

of the nanosheet layers. In addition, rational modifications to the NI-SFS synthesis 98 

included a balanced organic structural directing agent (OSDA) concentration and higher 99 

synthesis temperature. Membrane gels with suitable OSDA/H2O ratios of 0.07%-0.13% 100 

that were still lower than the routine gel (OSDA/H2O ratio of 0.20%)24 enabled the 101 

formation of high-quality membranes due to the rapid nucleation. In contrast, OSDA/H2O 102 

ratios that deviated from the optimal range yielded either poorly intergrown or randomly 103 

oriented zeolite membranes-a consequence of dissolution in OSDA-over gels and 104 

insufficient nucleation in OSDA-deficient gels, respectively (Supplementary Figs. 2 and 105 

3). The OSDA-rich (active) gel (OSDA/H2O ratio of 0.44%) in our previous studies25 was 106 

used to reduce membrane synthesis time when regular seeds were coated. Obviously, the 107 

synthesis route using OSDA-rich gel was not appropriate to current preparation of 108 

nanosheet-based membranes. Increasing temperature from 413 K (the routine one) to 473 109 

K was another key factor in dramatically accelerating uniform membrane formation. When 110 

the OSDA-compatible gel was subjected to elevated synthesis temperatures, sufficient 111 

nuclei and nutrients were generated in the gel, leading to the rapid and uniform formation 112 

of ultrathin, oriented nanosheet-based membranes. 113 

High-quality MFI zeolite nanosheets with an aspect ratio (AR) greater than 1,000 and a 114 

thickness of about 5 nm (Figs. 2a and Supplementary Fig. 4) were directly synthesized 115 

through the rational modification of a previously reported procedure and subsequently used 116 

for seed-layer assembly8. These nanosheets were uniformly dispersed in deionized water 117 

and seeded onto the unmodified inner surface of commercial alumina tubes by program-118 

controlled dip coating. The thickness of the seed layer was about 100 nm (Figs. 2b, 2c). 119 

The nanosheet morphology enabled the formation of an ultrathin seed layer with complete 120 

surface coverage, facilitating the subsequent growth of high-quality, ultrathin zeolite 121 

membranes through mild/short-time secondary growth. Once the pre-nucleated gel 122 

contacted the nanosheet seed layer by overturning the autoclave, the seed layer rapidly 123 

merged into an ultrathin and uniform membrane within minutes, with minimal nanosheet 124 

dissolution. 125 
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In conventional hydrothermal synthesis (CHS, Fig. 1), the nanosheets contacted the gel 126 

prior to synthesis and were dissolved in the corrosive gel after heating, since there were 127 

not sufficient nuclei to support the expanding of nanosheets at that time (Supplementary 128 

Fig. 5). Consequently, the continuity of nanosheet layer was disrupted, and several hours 129 

were required for multicycles of dissolution-recrystallization to repair the boundary defects. 130 

The CHS procedure suffered from a poor balance between membrane growth and 131 

nanosheet preservation, leading to the formation of thick, randomly oriented, low-quality 132 

zeolite membranes despite prolonged synthesis times.  133 

The continuous nanosheet-based nanochannel membranes were obtained by NI-SFS for 134 

only 15 min. Scanning Electron Microscope (SEM) images of the membrane (Figs. 2d and 135 

2e) showed that the nanosheets remained flat on the support, preserving the morphology of 136 

the seed layer while exhibiting increased intergrowth. The membrane thickness was ~500 137 

nm, only 5 times that of the seed layer. This thickness remains among the thinnest reported 138 

for membranes fabricated on tubular supports, despite being slightly thicker than that of 139 

previously reported nanosheet-based zeolite membranes (~200 nm) prepared on disc 140 

supports with well-defined surface modification17, 26-29. To gain insight into the 141 

microstructure and crystallinity of the nanochannel membranes, cross-sectional 142 

transmission electron microscopy (TEM) was performed on thin sections prepared by 143 

focused ion beam (FIB) milling and mounted onto a copper grid using platinum adhesive 144 

(Supplementary Fig. 6). The TEM image (Fig. 2f) shows a highly ordered microstructure 145 

of the thin membrane, consisting of tightly packed, intergrown, and well-oriented 146 

nanosheet layers. SEM characterization of the MFI membrane grown on a glass support 147 

under the same NI-SFS conditions further supports this rapid intergrowth behavior 148 

(Supplementary Fig. 7). The surface and cross-sectional SEM images show that the glass 149 

substrate was fully covered by intergrown plate-like MFI crystals, forming a continuous 150 

and relatively thin film layer, indicating that the pre-nucleated gel rapidly promoted lateral 151 

intergrowth of the nanosheet seed layer to generate a compact b-oriented MFI film within 152 

15 min. The high-resolution TEM image and the corresponding selected area electron 153 

diffraction (SAED) maps confirmed the b-orientation of the lattice planes, in agreement 154 

with the SEM and XRD results (Fig. 2g). In contrast, nanochannel membranes prepared by 155 
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CHS for 6 h were randomly oriented and exhibited a thickness of approximately 4 μm 156 

(Supplementary Figs. 8 and 9).  157 

Single-gas permeation and permporosimetry analysis were used to verify the quality of the 158 

vertically aligned nanochannel membranes prepared by NI-SFS, in comparison with the 159 

routine disordered membrane prepared by CHS. In single-gas permeation tests, the NI-SFS 160 

membrane exhibited significantly higher permeance compared with the CHS one. The 161 

single-gas permeances of smaller (faster) gases, from H2 to n-butane, through the NI-SFS 162 

membrane were 1.5-2.5 times higher than those through the CHS one (Fig. 2h), owing to 163 

its thinner structure and well-oriented and vertically aligned nanochannels. The ideal 164 

selectivities, defined as the permeance ratios of fast over slow gases (herein, hydrogen or 165 

nitrogen over sulfur hexafluoride, H2/SF6 or N2/SF6), are well-established metrics for 166 

assessing the quality of zeolite membranes. The ideal H2/SF6 and N2/SF6 selectivities of 167 

the NI-SFS membrane were 799 and 606, respectively, which were 75.9% and 89.3% 168 

higher than those of the CHS membrane, indicating the former membrane has higher 169 

quality. Permporosimetry analysis showed that only 2.3% of the N2 permeance through the 170 

NI-SFS membrane originated from intrinsic non-zeolitic pores, accounting for 10.4% of 171 

defect contribution observed in the CHS membrane (Fig. 2i). Collectively, these results 172 

confirm that NI-SFS membrane shows higher quality and higher permeances than the CHS 173 

one30. 174 

To gain insight into the mechanism underlying the ultrafast preparation of vertically 175 

aligned nanochannel membranes via the NI-SFS strategy, we investigated the 176 

nucleation and crystallization evolution of MFI zeolites and membranes. As shown in 177 

Fig. 3a and Supplementary Fig. 10, increasing synthesis temperature from 413 K (the 178 

routine one) to 473 K markedly accelerated both nucleation and crystallization, reducing 179 

the nucleation period (0-15% relative crystallinity) from 90 to 35 min. Solid-state 29Si 180 

Nuclear Magnetic Resonance (NMR) spectroscopy further confirmed the enhanced degree 181 

of framework development at elevated temperatures (Fig. 3b). After crystallization, the 182 

fraction of fully condensed Q4 species reached 84.35% at 473 K which was higher than 183 

that (80.21%) observed at 413 K, indicating a more extensively polymerized silicate 184 

network. This higher degree of condensation directly correlated with the nucleation 185 

efficiency and the nuclei readiness of the gel to support epitaxial membrane growth. 186 
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Therefore, increasing synthesis temperature is essential for shortening the nucleation 187 

period of the gel and increasing crystallization rate and crystallinity of MFI zeolites and 188 

membranes. XRD patterns reveal the gradual emergence of characteristic MFI reflections, 189 

indicating the formation of ordered structural building units from 15 to 55 min of synthesis 190 

time at 473 K for the modified membrane gel, consistent with observation from the high-191 

resolution transmission electron microscopy (HRTEM) (Fig. 3c and Supplementary Fig. 192 

11)31. Dynamic Light Scattering (DLS) results showed a monotonic increase in particle 193 

size, consistent with minimal aggregation of nuclei (Fig. 3d). Concurrently, the zeta 194 

potential became increasingly negative with nucleation time, suggesting that the nuclei 195 

exhibit high dispersion stability in the gel (Fig. 3e). The HRTEM image further verified 196 

that the gel contained uniformly dispersed nanoclusters with clear lattice fringes after 35 197 

min of nucleation during the temperature-ramping period, confirming the presence of semi-198 

crystalline nuclei at this stage (Fig. 3f).  199 

All membranes prepared for 10-20 min (starting from the gel-support contact) displayed a 200 

high degree of b-orientation, with the crystallographic orientation index (CPO020/501) 201 

approaching unity, as shown in the XRD patterns (Supplementary Fig. 12). The formation 202 

evolution of the NI-SFS membranes prepared for 10-20 min at 473 K was investigated by 203 

XRD and SEM (Figs. 3g-i and Supplementary Fig. 13). These results indicated that the 204 

orientation of seed layer remained well preserved for different synthesis times. The support 205 

surface was fully covered by a continuous zeolite layer with thickness of ~400 nm after 206 

only 10 min of hydrothermal synthesis (Supplementary Fig. 14). The membrane showed 207 

medium ideal n-butane/isobutane selectivity of ~11, indicating that the membrane is 208 

continuous but has only a few boundary defects. As the synthesis time increased from 10 209 

to 20 min, membrane intergrowth and membrane thickness increased, while permeance 210 

decreased (Supplementary Table 1). The increase in membrane selectivity (82.1%) was 211 

obviously lower than the decrease in permeance (204%) when the synthesis time was 212 

extended from 15 to 20 min. Therefore, 15 min was identified as the optimal synthesis time. 213 

For comparison, CHS membranes were prepared under different synthesis temperatures 214 

and times, namely 473 K for 6 h and 413 K for 12 h (Supplementary Table 2). The 215 

membrane synthesized at 473 K for 6 h showed an n-butane permeance of 2.1 × 10-7 mol 216 

m-2 s-1 Pa-1 (627 gas permeance units (GPU); 1 GPU = 3.348 × 10-10 mol m-2 s-1 Pa-1) and 217 
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a separation factor of 33, while the membrane synthesized at 413 K for 12 h exhibited a 218 

lower n-butane permeance of 1.3 × 10-7 mol m-2 s-1 Pa-1 (388 GPU) but a higher separation 219 

factor of 45. These results indicate that CHS can improve membrane selectivity under 220 

milder and longer crystallization conditions, but this is accompanied by reduced permeance 221 

due to increased transport resistance. In contrast, NI-SFS achieved superior performance 222 

within only 15 min, highlighting its advantage in rapidly forming thin and low-defect b-223 

oriented MFI membranes.  224 

Decreasing synthesis temperature to 453 K resulted in discontinuous membrane with ideal 225 

n-butane/isobutane selectivity of only 8, even though no obvious defects were observed in 226 

the SEM images (Supplementary Fig. 15), suggesting insufficient driving force at a 227 

relatively low temperature for nanosheet merging. Moreover, excessively high synthesis 228 

temperature of 493 K also increased the risk of uncontrolled overgrowth to form a thicker 229 

membrane (~800 nm), resulting in 60.5% reduction in n-butane permeance and 40% 230 

reduction in ideal n-butane/isobutane selectivity compared to the optimal membrane 231 

prepared at 473 K. The timing of contact between the nanosheet layer and the nucleated 232 

gel is critical. When contacting the seeded support with the gel was delayed by 1.5 h at 233 

473 K, the resulting zeolite membrane exhibited defects observable by SEM along with 234 

poor crystallographic orientation (Supplementary Fig. 16). The decline in membrane 235 

quality could be attributed to the formation of enlarged and non-uniform nuclei/crystallites 236 

during the crystal-growth phase (0.5-2 h of heating), which become unsuitable for repairing 237 

defects in the nanosheet layer and thereby hinder the formation of a uniform, defect-few 238 

membranes. These results indicate that nucleated gel containing abundant and finely 239 

dispersed nuclei is well-suited for fabricating continuous nanosheet-based membranes via 240 

the NI-SFS route. Moreover, when the seeded support was brought into contact with the 241 

gel before being suspended above it, the resulting membrane exhibited even poorer 242 

compactness than the NI-SFS membrane (Supplementary Fig. 17), suggesting that the 243 

nanosheets are readily damaged upon contact with the synthesis gel and highlighting the 244 

importance of preserving their integrity. 245 

Superior performance of oriented nanochannel membranes 246 

The separation performance of the ultrathin, vertically aligned nanochannel membranes 247 

prepared by NI-SFS was evaluated in several binary hexane, butane and butene mixtures. 248 
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For n-hexane/2,2-dimethylbutane and n-hexane/2,3-dimethylbutane separations, the 249 

membranes exhibited consistently high n-hexane permeance with increasing n-hexane 250 

partial pressure (Figs. 4a, 4b). Under equimolar binary feed conditions consisting of linear 251 

and a di-branched hexane component, the n-hexane permeance remained stable at 2.4 × 10-252 

7 and 2.2 × 10-7 mol m-2 s-1 Pa-1 (~750 and 660 GPU, respectively), with increasing n-253 

hexane partial pressure, while the SFs for n-hexane/2,2-dimethylbutane and n-254 

hexane/2,3-dimethylbutane both exceeded 25,000. Test temperature had little effect on 255 

the separation performance of the membranes for the three binary hexane isomer mixtures 256 

(Supplementary Fig 18). This combination of high permeance and extremely high SF 257 

indicates that the b-oriented straight MFI nanochannels provide highly efficient transport 258 

pathways for linear hexane while effectively excluding di-branched hexane isomers. As 259 

shown in Fig. 4c and Supplementary Fig. 19, the membrane exhibited an n-hexane 260 

permeance of 1.8 × 10-7 mol m-2 s-1 Pa-1 (540 GPU) with an n-hexane/2-methylpentane SF 261 

of 210 and n-hexane/3-methylpentane SF of 280, further confirming the excellent 262 

separation performance and structural integrity of the b-oriented MFI membrane.  263 

Comparable robustness was also observed for C4 isomer separations (Supplementary 264 

Tables 3-4). For an n-butane/isobutane mixture (90/10) at 303 K and 126 kPa, the 265 

membranes delivered a SF of 57 with a high n-butane permeance of 5.8 × 10-7 mol m-2 s-1 266 

Pa-1 (1,732 GPU), confirming the formation of high-quality NI-SFS membranes (Fig. 4d). 267 

The n-butane permeance decreased more rapidly than that of isobutane as n-butane partial 268 

pressure increased, leading to a gradual decline in SF, consistent with literature reports32-269 

36. Similar trends were observed for the same membrane for separating a 50/50 n-270 

butane/isobutane mixture (Supplementary Fig. 20). Temperature-dependent measurements 271 

showed that the permeance of n-butane increased but the SF decreased slightly with 272 

temperature (Supplementary Fig. 21). At 303 K and 151 kPa for a 90/10 1-butene/isobutene 273 

feed, the membrane achieved a SF of 62 with a 1-butene permeance of 2.6 × 10-7 mol m-2 274 

s-1 Pa-1 (750 GPU). Increasing the pressure drop from 111 to 151 kPa caused only a slight 275 

variation in 1-butene permeance, whereas the SF increased gradually, indicating enhanced 276 

suppression of isobutene transport in the oriented MFI channels (Fig. 4e). During a 48-h 277 

continuous separation test, both permeance and SF remained stable, confirming the 278 

excellent durability and molecular-sieving stability of the NI-SFS membrane for butene 279 
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isomer separation (Fig. 4f). Feed-composition-dependent measurements further 280 

highlighted membrane quality: for both n-butane/isobutane and 1-butene/isobutene 281 

mixtures, the SF increased with increasing fraction of the linear isomer in the feed 282 

(Supplementary Figs. 22 and 23), indicating a crowding-enhanced molecular sieving effect 283 

within the oriented nanochannels37. Adsorption measurements further supported these 284 

results, showing consistently higher uptake of linear butane and butene isomers than their 285 

branched counterparts, particularly at low pressures (Supplementary Figs. 24 and 25). 286 

To further evaluate the scalability and reproducibility of the NI-SFS strategy, six 20-cm-287 

long b-oriented MFI membranes (~3.3 times of the length of the short ones) were fabricated 288 

and evaluated in separating butane isomer mixtures (Fig. 4g). The 20-cm-long membranes 289 

maintained high n-hexane/2,2-dimethylbutane separation performance with SFs above 290 

20,000, comparable to those of the 6-cm-long membranes (Fig. 4h and Supplementary 291 

Table 4). Reproducible n-butane/isobutane separation performance for 6-cm- and 20-cm-292 

long membranes is shown in Supplementary Fig. 26 and Supplementary Tables 1 and 3. In 293 

the separation of 50/50 n-hexane/2,2-dimethylbutane mixture using 20-cm-long NI-SFS 294 

membrane, the n-hexane permeance and SF changed little with increasing n-hexane partial 295 

pressure and remained as high as 2 × 10-7 mol m-2 s-1 Pa-1 (597 GPU) and 20,000 (Fig. 4i). 296 

In the separation of a 50/50 n-butane/isobutane mixture, the long membrane delivered a 297 

stable SF of 71 and n-butane permeance of 3.0 × 10-7 mol m-2 s-1 Pa-1 (896 GPU) for the 298 

continuous 48-h test (Fig. 4j). The slightly lower permeance of the 20-cm-long membranes 299 

(~25% lower than that of the short ones) is likely associated with stronger feed-side 300 

concentration polarization38-40. The temperature-, pressure- and flowrate-dependent 301 

measurements of the long membranes in butane isomer and hexane isomer mixtures were 302 

consistent with those for the short ones (Supplementary Figs. 27-30)  303 

Breakthrough performance of NI-SFS membranes and techno-economic analysis 304 

Membrane fabrication is often restricted by a trade-off between separation performance 305 

and synthesis efficiency. Synthesis efficiency, which affects membrane cost, is defined as 306 

the reciprocal of the synthesis time41. The NI-SFS strategy improved synthesis efficiency 307 

by 1-2 orders of magnitude relative to the CHS one for zeolite membrane synthesis, placing 308 

the present membranes in a previously inaccessible region of the performance-efficiency 309 

plot in butane isomer separation (Fig. 5a and Supplementary Tables 6). For C6 isomer 310 
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separation, the up-scaling oriented NI-SFS membranes (membrane area: ~40 cm2) showed 311 

extremely high SFs (higher than 20,000) which was higher than all the reported membranes, 312 

and occupied the upper-performance region in the plot of n-hexane permeance versus n-313 

hexane/2,2-dimethylbutane SF compared with the reported small-area membranes 314 

(membrane area: <10 cm2) (Fig. 5b and Supplementary Table 8). For butane isomer 315 

separation, the large-area NI-SFS membranes also outperformed most previously reported 316 

membranes that had small membrane areas (Fig. 5c). It established a new benchmark for 317 

high-performance zeolitic nanochannel membranes. 318 

To assess the industrial relevance of the NI-SFS-derived nanochannel membranes, techno-319 

economic analysis was performed using Aspen Plus to benchmark membrane-based 320 

separation against conventional distillation and reactive distillation for butene and butane 321 

isomer separations (Supplementary Figs. 31-33 and Tables 7-14)42. For 1-butene/isobutene 322 

feed compositions of 10/90 and 30/70 targeting 99% isobutene purity, conventional 323 

distillation required energy duties of 80.41 and 14.78 MW, respectively, while reactive 324 

distillation required 4.52 and 8.50 MW, respectively. In contrast, the membrane-based 325 

process enabled by the high-performance NI-SFS nanochannel membranes required only 326 

0.31 and 0.59 MW for the two feed compositions, respectively (Fig. 5d). These values 327 

correspond to energy savings of approximately 99% and 93% for the 10/90 feed, and 96% 328 

and 93% for the 30/70 feed, relative to conventional and reactive distillations, respectively. 329 

The specific separation costs for the membrane process were only 2.03 and 5.93 $ t-1 for 330 

the 10/90 and 30/70 1-butene/isobutene feeds, respectively, which are substantially lower 331 

than those of the distillation-based processes (Fig. 5e).  332 

Conventional distillation was modeled using n-butane/isobutane feeds of 10/90 and 30/70 333 

at a feed rate of 5,000 kg h-1, targeting 99% isobutane purity. The corresponding energy 334 

duties were 3.35 and 4.04 MW, respectively, whereas the membrane-based process reduced 335 

them to 0.23 and 0.49 MW, corresponding to savings of 93% and 88%, respectively 336 

(Supplementary Fig. 34). The specific separation costs of membrane separation were only 337 

1.62 and 4.83 $ t-1 for the 10/90 and 30/70 n-butane/isobutane feeds, respectively (Fig. 5f). 338 

Overall, the large reductions in energy duty and separation cost arise from the elimination 339 

of reboilers, condensers and associated heat duties, together with the high permeance and 340 

SF of the NI-SFS nanochannel membranes. These results demonstrate that the NI-SFS 341 
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nanochannel membrane process is a highly competitive and energy-efficient alternative to 342 

conventional separation technologies for hydrocarbon isomer separation. 343 

344 
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Conclusions 345 

We report a NI-SFS strategy that enables the ultrafast fabrication of high-quality, b-346 

oriented MFI zeolite membranes with well-aligned straight nanochannels and minimal 347 

non-zeolitic defects. By decoupling gel nucleation and crystallization, the precursor gel 348 

reached a highly active nucleation state before contacting with the nanosheet-seeded 349 

support, thereby preserving nanosheet integrity and meanwhile ensuring sufficient nutrient 350 

supply for epitaxial growth of membrane. As a result, continuous ultrathin (~500 nm) b-351 

oriented MFI membranes were obtained within only 15 min, representing less than 5% of 352 

the synthesis time required by conventional hydrothermal methods. 353 

The resulting membranes exhibited outstanding molecular-sieving performance for 354 

multiple challenging hydrocarbon isomer separations. For hexane isomer mixtures, the 355 

membranes showed exceptional discrimination between linear and branched isomers, with 356 

SFs exceeding 25,000 for n-hexane/2,2-dimethylbutane (50/50) and n-hexane/2,3-357 

dimethylbutane (50/50) while maintaining high n-hexane permeances of (2.2-2.5) × 10-7 358 

mol m-2 s-1 Pa-1 (660-750 GPU). The membranes also exhibited excellent butane/butene 359 

isomer separation performance, achieving a n-butane/isobutane SF of 57 with an n-butane 360 

permeance of 5.8× 10-7 mol m-2 s-1 Pa-1 (1,732 GPU) in a 90/10 n-butane/isobutane mixture 361 

and a 1-butene/isobutene SF of 62 with a 1-butene permeance of 2.6 × 10-7 mol m-2 s-1 Pa-362 

1 (750 GPU) in a 90/10 1-butene/isobutene separation at 303 K. Six up-scaling 20-cm-long 363 

NI-SFS membranes maintained high n-hexane/2,2-dimethylbutane separation performance, 364 

delivering SFs of >20,000 with an n-hexane permeances of 1.7-2 × 10-7 mol m-2 s-1 Pa-1 365 

(507-597 GPU), which was comparable to the short ones. It indicates the NI-SFS strategy 366 

is scalable for zeolite membranes. Both short and up-scaling membranes displayed stable 367 

separation performance in the continuous 48-h test. Techno-economic analysis further 368 

shows that membrane-based processes enabled by NI-SFS membranes can reduce energy 369 

consumption by 88-93% compared with conventional distillation and reactive distillation 370 

for butane and butene isomer separation. In summary, this work establishes the NI-SFS 371 

strategy as a scalable and energy-efficient platform for producing ultrathin, vertically 372 

aligned nanochannel membranes, offering a promising route for high-efficiency separation 373 

of hydrocarbon isomers. 374 

  375 
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Methods 376 

MFI membrane fabrication by NI-SFS 377 

MFI membranes were fabricated by the nucleation-isolated superfast synthesis (NI-SFS) 378 

strategy using MFI nanosheets as shown in Supplementary Fig. 35. Nanosheets 379 

preparation: the MFI nanosheets were synthesized by a modified bottom-up method in 380 

the previous report8 Briefly, bis-1,5-(tripropyl ammonium) pentamethylene diiodide (dC5) 381 

was used as the organic structure-directing agent, and the nanosheet synthesis gel had a 382 

molar composition of 80 TEOS: 3.75 dC5: 20 KOH: 9500 H2O. The gel was hydrolyzed 383 

under an air purge at room temperature to reduce ethanol content, filtered through a 0.45 384 

μm syringe filter, and then mixed with pre-synthesized MFI seed nanoparticles at a silica 385 

mass ratio of 1:200. Detailed preparation procedures for dC5 and MFI nanoparticles are 386 

provided in the Supplementary Information. The resulting precursor was transferred into a 387 

Teflon-lined stainless-steel autoclave and crystallized at 413 K for 4 d. The obtained MFI 388 

nanosheets were collected by centrifugation, washed with deionized water until the pH 389 

reached 7-8, freeze-dried, and calcined in air at 753 K for 4 h to remove the OSDA. 390 

Nanosheet coating: commercial α-Al2O3 tubular supports were cut into 6-cm-long 391 

segments for regular synthesis or 20-cm-long segments for scale-up synthesis. Both ends 392 

of the supports were sealed with Duncan ceramic glaze and fired at 1223 K, after which 393 

the outer surface was wrapped with a heat-shrunk PTFE tube to prevent seed deposition on 394 

the exterior surface. The dried supports were immersed in a 0.1 wt% MFI nanosheet 395 

suspension for 60 s and withdrawn at a rate of 0.2 cm s-1, followed by drying at 333 K for 396 

12 h to form a b-oriented nanosheet seed layer on the inner surface of the tubular support. 397 

Membrane synthesis: For NI-SFS membrane growth, the nanosheet-coated tubular 398 

support was suspended above the synthesis gel in a stainless-steel autoclave during the 399 

initial heating stage. The membrane synthesis gel had a molar composition of 1 TEOS: 400 

(0.12-0.24) TPAOH: 180 H2O. After heating for 35 min, the gel reached a highly active 401 

nucleation state, and the autoclave was overturned to bring the pre-nucleated gel into 402 

contact with the seeded inner surface of the tubular support. Membrane crystallization was 403 

then conducted at 473 K for 10-20 min, followed by rapid water quenching to below 333 404 

K within 5 min. The membranes were washed with deionized water and dried at 333 K 405 

overnight. OSDA removal: the OSDA was removed by ozone calcination at 473 K for 48 406 
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h at a flow rate of 200 SMLPM. The calcined membranes were stored at 473 K prior to 407 

separation testing. 408 

Membrane quality assessment 409 

Single-gas permeation tests were performed using gases with different kinetic diameters, 410 

including small probe molecules and larger molecules such as SF6, to evaluate the gas 411 

transport behavior, membrane continuity and ideal selectivity. The ideal selectivities, such 412 

as H2/SF6 and N2/SF6, were used as quantitative indicators of membrane compactness and 413 

defect level. The single-gas permeance (Pi, mol m-2 s-1 Pa-1) was calculated from the 414 

pressure drop across the membrane (ΔPi, kPa) and normalized flux (Ni, mol m-2 s-1), as 415 

shown in Equation 1. Ideal selectivity was defined as the ratio of the permeances of 416 

components i and j, as described in Equation 2. 417 𝑃௜ = ௜ܰ∆𝑃௜ (1) 418 

௜ௗ௘௔௟ߙ = 𝑃௜𝑃௝ (2) 419 

Permporosimetry analysis was further carried out to distinguish transport through 420 

intrinsic MFI micropores from that through non-zeolitic defects. By monitoring the change 421 

in gas permeance during progressive pore blocking, the contribution of non-zeolitic pores 422 

to the total permeance was quantified. Together, these measurements were used to evaluate 423 

the structural quality, defect minimization and effective molecular-sieving ability of the 424 

NI-SFS-derived membranes. The pore size was calculated according to Kelvin’s equation 425 

3: 426 ݀௞ = −4 ௠ܸ݈ܴ݊ܶߛ (𝑃𝑃ௌ) (3) 427 

Detailed experimental conditions, analytical methods and calculation equations for 428 

permporosimetry analysis are provided in the Supplementary Information. 429 

Mixture separation performance evaluation 430 

The separation performance of the MFI membranes was evaluated using representative C4 431 

and C6 hydrocarbon isomer mixtures. For C4 isomers, including n-butane/isobutane and 432 

1-butene/isobutene, gas-phase mixture separation was conducted using a permeate-433 

vacuum method. Because these C4 isomers are gaseous under the testing conditions, the 434 
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feed composition, flow rate and pressure were directly controlled using gas-flow regulation 435 

systems, while the permeate side was evacuated to provide the driving force for permeation. 436 

This method enabled accurate evaluation of C4 alkane and alkene isomer separation under 437 

controlled pressure and temperature conditions. For C6 isomer separation, including n-438 

hexane/2,2-dimethylbutane, n-hexane/2,3-dimethylbutane and n-hexane/methylpentane 439 

mixtures, Wicke-Kallenbach measurements were used. Unlike C4 isomers, C6 440 

hydrocarbons are liquid at room temperature and have relatively low vapor pressures; 441 

therefore, nitrogen was used to generate, dilute and carry saturated hydrocarbon vapors 442 

from temperature-controlled reservoirs. The feed partial pressures were controlled by 443 

adjusting the reservoir temperature, while nitrogen sweep gas was used on the permeate 444 

side to collect permeated species for gas chromatographic analysis. Membrane 445 

performance was evaluated using permeance, separation factor and separation performance 446 

index. Detailed experimental conditions, analytical methods and calculation equations are 447 

provided in the Supplementary Information. 448 

The membrane performance was quantified by permeance and separation factor (SF). 449 

Permeance was calculated from the component flux normalized by the transmembrane 450 

partial-pressure difference as described in equation 1. The SF was defined as the molar 451 

composition ratio of the preferentially permeating component to the less-permeating 452 

component in the permeate divided by the corresponding ratio in the feed, as described in 453 

equation 4. 454 

ܨܵ = ௙(௝ݔ/௜ݔ)௣(௝ݕ/௜ݕ) (4) 455 

where ݔ௜ and ݔ௝ are the molar fractions of components ݅ and ݆ in the feed, and ݕ௜ and 456 ݕ௝ are their molar fractions in the permeate. Component ݅ represents the preferentially 457 

permeating linear isomer, such as n-butane, 1-butene or n-hexane, while component 458 ݆ represents the corresponding branched isomer, such as isobutane, isobutene, 2,2-459 

dimethylbutane, 2,3-dimethylbutane or methylpentane. 460 

Separation performance index (SPI, GPU) is defined as the product of the permeance of 461 

fast gas and (SF-1), which is a performance parameter as described in equation 5. 462 ܵ𝑃ܫ = 𝑃௜ × ௜,௝ߙ (5) 463 

  464 
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Data availability 465 

The data that support the findings of this study are available in the main text and 466 

Supplementary Information. 467 
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 576 

Fig. 1. Schematic of NI-SFS and CHS strategies for preparing zeolitic nanochannel membranes. 577 

NI-SFS: nucleation-isolated superfast synthesis; this strategy results in minute-scale superfast synthesis 578 

of ultrathin, oriented nanosheet-based membranes with minimum nanosheet destruction. CHS: 579 

conventional hydrothermal synthesis; this strategy results in hour-scale synthesis of randomly oriented 580 

membranes with repeated seeds’ dissolution-crystallization cycles. 581 

  582 
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 583 

Fig. 2. Characterization of MFI nanosheets and ultrathin, b-oriented MFI membranes prepared 584 
by nanosheet-induced growth. a, SEM image of the MFI nanosheets. b, c, Surface and cross-sectional 585 
SEM images of the b-oriented MFI nanosheet seed layer deposited on the inner surface of the α-Al2O3 586 
tubular support. d, e, Surface and cross-sectional SEM images of the b-oriented MFI membrane 587 
prepared by NI-SFS at 473 K for 15 min, showing a continuous membrane layer with a thickness of 588 
approximately 500 nm. f, Cross-sectional TEM image of the NI-SFS-derived membrane, with the 589 
corresponding FFT pattern shown in the inset; membrane surface was sputtered with Pt. g, XRD patterns 590 
of the MFI nanosheets, nanosheet seed layer, and NI-SFS-derived membrane on a glass substrate, 591 
confirming the preservation of b-orientation after membrane growth. h, Single-gas permeance 592 
comparison of b-oriented MFI membranes prepared via NI-SFS and randomly oriented membranes 593 
synthesized via CHS using nanosheets, measured at 303 K and 200 kPa feed pressure. i, Normalized N2 594 
permeance of NI-SFS and CHS membranes as a function of the Kelvin diameter obtained from 595 
permporosimetry analysis; inset pie charts show the relative contributions of zeolitic and non-zeolitic 596 
pores to N2 permeance in the NI-SFS and CHS membranes. Scale bars: a-c, 1 μm; d, e, 2 μm; f, 1 597 
μm; inset in f, 2 nm-1. 598 
 599 

  600 
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 601 

Fig. 3. Mechanism of NI-SFS growth of ultrathin, b-oriented MFI membranes. a, Relative 602 
crystallinities of the dried solids separated from the gel (molar ratio of the gel: 1 TEOS: 0.18 TPAOH: 603 
180 H2O; same below) at 413 K (green) and 473 K (red). Synthesis times corresponding to <15% 604 
relative crystallinity are identified as the nucleation period. b, 29Si MAS NMR spectra of the dried solids 605 
separated from the gel after 12 h of crystallization at 473 K and 413 K. c, XRD patterns of the dried 606 
solids separated from the gel after different nucleation times during heating. d, Particle size distributions 607 
measured by DLS at different nucleation times. e, Zeta potential of gels as a function of nucleation time. 608 
0-35 min is the temperature-rise stage (RT to synthesis temperature of 473 K) and the rest is the 609 
temperature-stable stage. f, High-resolution TEM image of the dried solids separated from the gel after 610 
nucleation for 35 min during heating and FFT pattern transferred from the white-boxed region in the 611 
image. Surface SEM images of b-oriented MFI membranes prepared by NI-SFS in 10 min (g), 15 min 612 
(h), and 20 min (i) at 473 K. Scale bars: f: 50 nm; g-i, 2 μm.  613 
  614 
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 615 

Fig. 4. Separation performance of MFI membranes prepared by NI-SFS at 473 K. Effect of n-616 
hexane partial pressure on permeance and SF at 373 K in a 50/50 n-hexane/2,2-dimethylbutane mixture 617 
(a), a 50/50 n-hexane/2,3-dimethylbutane mixture (b), and a 50/50 n-hexane/3-methylpentane mixture 618 
(c). d, Effect of pressure drop across membrane on permeance and SF in a 90/10 n-butane/isobutane 619 
mixture at 303 K and feed flow rate of 400 SCCM (standard cubic centimeter per minute). e, Effect of 620 
pressure drop across membrane on permeance and SF in a 90/10 1-butene/isobutene mixture at 303 K 621 
and feed flow rate of 200 SCCM. f, Long-term stability test of the 6-cm-long membrane in a 90/10 1-622 
butene/isobutene mixture at 303 K and 151 kPa pressure drop. g, Photo of 6-cm-long and 20-cm-long 623 
tubular MFI membranes prepared by NI-SFS. h, Comparison of n-C6/2,2-DMB separation factors of 6-624 
cm- and 20-cm-long MFI membranes by NI-SFS. Detailed separation data are summarized in 625 
Supplementary Table 4. i, Effect of n-hexane partial pressure on permeances and SF for n-hexane/2,2-626 
dimethylbutane separation through a 20-cm-long membrane in a 50/50 mixture at 373 K. j, Long-term 627 
stability test of the 20-cm-long membrane in a 50/50 n-butane/isobutane mixture at 303 K and a pressure 628 
drop of 126 kPa.   629 
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 630 

Fig. 5. Performance benchmarking and process-level advantages of NI-SFS-derived MFI 631 
membranes. a, Comparison of NI-SFS method with the reported conventional methods for the 632 
synthesis of MFI membranes in the plot of SPI versus synthesis efficiency. It demonstrates that the NI-633 
SFS strategy simultaneously improves membrane separation performance and synthesis efficiency. 634 
Detailed data are listed in Supplementary Tables 6. Comparison of n-C6/2,2-DMB separation 635 
performance (b) and n-butane/isobutane (c) between the 20-cm-long b-oriented NI-SFS-derived MFI 636 
membranes in this work and reported membranes including MOFs, zeolites and polymers in the 637 
permeance versus SF plot. Detailed performance data are listed in the Supplementary Tables 6 and 8. 638 
The red stars indicate the scaled-up 20-cm-long membranes in this work (membrane area: ~40 cm2); 639 
others: small-area membranes with area less than 10 cm2. Comparison of simulated energy duty (d) and 640 
specific separation cost (e) for 1-butene/isobutene separation using distillation, reactive distillation 641 
combined with distillation, and membrane separation at feed compositions of 10%/90% and 30%/70%. 642 
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f, Comparison of specific separation cost for n-butane/isobutane separation by distillation and 643 
membrane separation at feed compositions of 10%/90% and 30%/70%. 644 
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