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Abstract: Propylene/propane (C3H6/C3H8) separation is critical to the petrochemical industry but remains highly energy- 
consuming. Adsorption-based strategies provide a promising energy-efficient alternative, yet developing adsorbents combining 
both high capacity and selectivity is challenging due to the nearly identical physicochemical properties of C3H6 and C3H8. Here, 
we systematically investigated MCM-22 zeolites (MWW topology) with varying Si/Al ratios (9.6–36.5) for C3H6/C3H8 

separation. Gas adsorption isotherms, cyclic sorption tests, and dynamic breakthrough experiments revealed that the Si/Al ratio 
significantly regulated the separation performance. Remarkably, MCM-22(30) with a moderate Si/Al ratio of 18.7 achieved the 
best performance, achieving a high C3H6 uptake (6.28 mmol g−1) at 298 K and 1 bar (1 bar = 105 Pa), with an exceptional ideal 
adsorption solution theory (IAST) C3H6/C3H8 (50/50, v/v) selectivity exceeding 3000, while maintaining favorable regener
ability and structural stability over multiple cycles. Breakthrough experiments further demonstrated the superior dynamic 
separation efficiency of MCM-22(30) compared with its higher- or lower-Si/Al counterparts. 
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INTRODUCTION 

Propylene (C3H6) is one important industrial chemical serving as a key feedstock for producing poly
propylene, acrylonitrile, propylene oxide, and numerous other high-value chemicals [1−4]. The growing 
demand for polymer-grade propylene necessitates its efficient separation from propane (C3H8) [2,5]. At 
present, cryogenic distillation remains the dominant industrial technology; however, it is among the most 
energy-intensive processes in the chemical industry due to the extremely close boiling points of C3H6 and 
C3H8 (−47.6 °C vs. −42.1 °C) [1,4,6]. This substantial energy burden has driven increasing interest in the 
development of alternative, energy-saving separation technologies [7].  

Among the emerging approaches, adsorption-based separation has gained growing attention owing to its 
low energy demand, mild operating conditions, and facile regenerability [8–10]. The major challenge, 
however, lies in designing adsorbents that simultaneously achieve high adsorption capacity and selectivity, 
given the nearly identical physicochemical properties and comparable molecular sizes of C3H6 (0.468 × 
0.457 nm) and C3H8 (0.502 × 0.502 nm) [11–13]. Various porous materials have been investigated for 

© The Author(s) 2025. Published by Science Press and EDP Sciences. This is an Open Access article distributed under the terms of the Creative Commons 
Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited. 

Materials Science 

https://doi.org/10.1360/nso/20250064
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1360/nso/20250064
https://creativecommons.org/licenses/by/4.0)


C3H6/C3H8 separation, such as metal-organic frameworks (MOFs), covalent organic frameworks (COFs), 
and carbon-based materials, and zeolite [13–17]. In particular, MOFs have demonstrated exceptional per
formance for C3H6/C3H8 separation because of their structural diversity and high tunability with respect to 
pore dimensions and functionality [2,5]. For example, Cu10O13-based MOF with a water nanotube within the 
channel exhibited a high C3H6/C3H8 selectivity of 1570 at 298 K and 1 bar [6]. Among these materials, 
zeolites are a family of low-cost inorganic crystals with excellent thermal and hydrothermal stability, well- 
defined pore architectures, and tunable chemical composition. Owing to these virtues, zeolites have been 
widely applied as adsorbents in industry, and in particular, LiX have been utilized in air separation to produce 
high-purity O2 and N2 via pressure swing adsorption (PSA) [18]. 

The ordered channel systems of zeolites enable molecular discrimination through subtle differences in size, 
shape, and framework interactions [11,19]. In general, small-pore zeolites (e.g., 8-membered-ring frame
works) exhibit high C3H6/C3H8 selectivity via molecular sieving or diffusion control, as their pore apertures 
are comparable to the kinetic diameters of C3H6 and C3H8 [20–23]. For example, pure-silica ITQ-3, chabazite 
(CHA), and high silica ZSM-58 (DDR) with 8-membered-ring channels have demonstrated distinct diffusion 
rates for C3H6 and C3H8, evidencing strong kinetic selectivity toward C3H6 [22,23]. However, the application 
of small pore zeolites is often hindered by their low adsorption capacities and severe diffusion limitations 
[24–26]. In contrast, large-pore zeolites provide higher uptake and faster mass transfer but generally suffer 
from poor selectivity because their pore apertures are much larger than the molecular dimensions of C3H6 and 
C3H8 [27–29]. Therefore, achieving an optimal balance between pore confinement, adsorption strength, and 
molecular accessibility remains a key challenge. 

The adsorption and separation behavior of zeolites is strongly influenced by topology, Si/Al ratio, mor
phology, and overall composition [30–33]. High-silica zeolites are often preferred to mitigate pore blockage 
caused by olefin oligomerization, making Si/Al ratio engineering one of the most effective strategies for 
tailoring adsorption performance [21,22,31,34]. Among the diverse zeolite families, the MWW-type fra
mework has recently emerged as a promising candidate for physical adsorbent [35,36]. With its two- 
dimensional sinusoidal 10-membered-ring channels and large super-cages accessible through 12-membered- 
ring opening, the layered MWW structure integrates the benefits of both small and large pore zeolites, 
generating a multi-functional adsorption environment [37,38]. Nevertheless, systematic studies on MWW 
zeolites for C3H6/C3H8 separation remain limited. In particular, the influence of the Si/Al ratio on adsorptive 
separation performance, cycling stability, and dynamic breakthrough behavior has yet to be thoroughly 
elucidated. 

Here, we synthesized a series of MCM-22 zeolites with tunable Si/Al ratios (9.6–36.5) and systematically 
evaluated their C3H6/C3H8 separation performance. A combination of static gas adsorption, cyclic adsorp
tion-desorption, and breakthrough experiments was employed to elucidate the influence of framework 
composition on separation efficiency. Systematic investigations revealed that the moderate Si/Al ratio de
livers both high adsorption capacity and selectivity. The optimal adsorbent MCM-22(30) with a moderate 
Si/Al ratio of 18.7 exhibited the best performance, achieving a C3H6 uptake of 6.28 mmol g−1 and a 
C3H6/C3H8 selectivity above 3000 for an equimolar mixture at 298 K. Moreover, MCM-22(30) maintained 
structural stability and separation efficiency after multiple sorption cycles. Breakthrough tests further con
firmed the superior dynamic selectivity of MCM-22(30) for C3H6 over C3H8.  
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RESULTS AND DISCUSSION 

Synthesis and characterization 

Three MWW-type zeolites with variable Si/Al ratios were synthesized hydrothermally and designated as 
MCM-22(n), where n = 15, 30, and 60 denotes the theoretical Si/Al ratio in the gel. The experimental 
detected Si/Al ratios were 9.6, 18.7, and 36.5 for n = 15, 30, and 60, respectively (Table 1). The chemical 
compositions of MCM-22(15), MCM-22(30), and MCM-22(60) were [Na0.68H6.12][Al6.8Si65.2O144], 
[Na0.29H3.41][Al3.7Si68.3O144], and [Na0.06H1.84][Al1.9Si70.1O144], respectively. The experimental measured 
values were consistently lower than the nominal gel ratios, which can be attributed to the different reactivity 
and solubility of silica and aluminum species during crystallization [39]. Particularly, the Al(OH)4 anion 
effectively compensates the framework negative charge and is more readily incorporated into the zeolite 
framework, resulting in a reduced Si/Al ratio. All the X-ray diffraction (XRD) patterns exhibited the char
acteristic reflections of the MWW topology (Figure 1a). MCM-22(n) crystallized in a hexagonal system with 
the space group P6/mmm. Prominent peaks in the low-angle region (2θ ≈ 6°–10°) correspond to layered 
structural reflections (e.g., (002), (100), and (hydrophobicity)), while multiple reflections in the mid-angle 
region (2θ ≈ 12°–13° and 22°–25°) are assigned to the ordered framework planes [40,41]. The similarity in 
diffraction peak positions across the three samples confirms that the MWW framework was successfully 
formed irrespective of Si/Al ratio. No impurity phases were detected, indicating high phase purity. Among 
the samples, MCM-22(30) displayed the sharpest and most intense reflections, implying the highest crys
tallinity and layer stacking order. Thermogravimetric (TG) analysis revealed gradual weight loss upon 
heating from room temperature to 800 °C (Figure 1b). All samples showed an initial weight loss below 
200 °C, corresponding to the removal of physically adsorbed water (9.0%, 6.7%, and 3.6% for n = 15, 30, and 
60, respectively). A subsequent minor loss up to ~600 °C (1.7%, 0.9%, and 0.45%) was mainly assigned to 
water desorption from the condensation of residual framework hydroxyl groups. The total weight loss 
decreased as the Si/Al ratio increased. Specially, MCM-22(15) with the lowest Si/Al ratio exhibited the 
largest overall loss (10.7% up to ~600 °C), followed by MCM-22(30) (7.6%), while MCM-22(60) presented 
the smallest (4.4%). This trend reflects the enhanced hydrophobicity at higher Si/Al ratio, which reduces the 
amount of adsorbed water and hydroxyl species. 

The textural properties of MCM-22(n) were determined by nitrogen sorption experiment at 77 K. All 
samples displayed type I+IV isotherms (Figure 1c), indicative of predominant microporosity along with 
minor mesoporosity [42,43]. The steep uptake at low relative pressures corresponds to micropore filling, 

Table 1  Textural properties  

Sample 
Element contenta (wt%) 

Si/Al Na/Al Chemical formula Crystal system Space group SBET
b 

(m2 g−1) 
Vp

c 

(cm3 g−1) 
Dd 

(nm) Na Al Si 

MCM-22(15) 0.34 3.9 39.1 9.6 0.10 [Na0.68H6.12] 
[Al6.8Si65.2O144] 

Hexagonal P6/mmm 546 0.23 0.83 

MCM-22(30) 0.14 2.0 40.0 18.7 0.08 [Na0.29H3.41] 
[Al3.7Si68.3O144] 

Hexagonal P6/mmm 594 0.26 0.90 

MCM-22(60) 0.03 1.1 41.9 36.5 0.03 [Na0.06H1.84] 
[Al1.9Si70.1O144] 

Hexagonal P6/mmm 550 0.23 0.88 

a Measured by XRF. b BET surface area. c Total pore volume. d Average pore width.  
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whereas the slight hysteresis loop at higher relative pressures reflects secondary mesopores formed by 
interparticle packing, which is further reflected by the pore size distribution curves (Figure 1d). The cor
responding surface areas and pore volumes are listed in Table 1. All of them showed high surface area and 
pore volume, with the values of 546 m2 g−1 and 0.23 cm3 g−1 for MCM-22(15), 594 m2 g−1 and 0.26 cm3 g−1 

for MCM-22(30), and 550 m2 g−1 and 0.23 cm3 g−1 for MCM-22(60). The overall similarity of the isotherms 
indicates that the intrinsic microporosity of the MWW framework was preserved, while minor variations in 
surface area like arise from subtle differences in crystal size and stacking. 

The surface wettability of MCM-22(n) was assessed by a water contact angle test (Figure 2a–c). The water 
contact angles of MCM-22(15), MCM-22(30), and MCM-22(60) were 19.1°, 28.8°, and 53.9°, respectively, 
indicating that increasing the Si/Al ratio reduces hydrophilicity due to a lower density of surface hydroxyl 
groups. Scanning electron microscope (SEM) images of MCM-22(n) exhibited typical aggregated platelet- 
like morphologies characteristic of MWW structure (Figure 2d–g). The primary particles were nanosheets 
with the size from 100 to 300 nm (Figure 2). They were randomly packed with each other to give ag
gregations at the micrometer level. MCM-22(15) showed relatively compact aggregates with tightly stacked 
layers, whereas MCM-22(30) and MCM-22(60) exhibited more open assemblies with discernible inter
crystalline voids and aggregation density without altering the primary platelet morphology [39,41]. The 
Fourier transform infrared (FT-IR) spectra of MCM-22(n) displayed the typical vibrational features of the 
MWW framework (Figure S1). Broad bands at 3430–3440 cm−1 are assigned to O–H stretching vibrations of 

Figure  1  (a) XRD patterns, (b) TG profiles, (c) N2 sorption isotherms, and (d) pore size distribution curves of MCM-22(n).  
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surface hydroxyl groups and adsorbed water, with bending modes near 1636–1660 cm−1 [44–46]. Strong 
absorption at ~1090–1050 cm−1, together with bands at 791–768 and 447–444 cm−1, corresponds to the 
asymmetric and symmetric Si–O–Si stretching and bending vibrations [47]. The characteristic band at 
~617–610 cm−1 comes from the double six-membered-ring (D6R) units, a fingerprint of the MWW structure 
[44,48]. All three samples showed similar spectra, confirming structural uniformity [40], while the intensity 
of the hydroxyl-related bands decreased with increasing Si/Al ratio, consistent with the enhanced hydro
phobicity of high-silica samples. 

Gas adsorption 

Single-component adsorption isotherms of C3H6 and C3H8 on MCM-22(n) samples were collected using a 
volumetric adsorption analyzer (Figure 3). The C3H6 adsorption isotherms at 298 K (Figure 3a) exhibited 
typical type I+IV behavior, characterized by a steep at low relative pressures [49]. MCM-22(15) showed a 
gradual increase in uptake with increasing pressure, reaching a C3H6 uptake of 4.45 mmol g−1 at 1 bar. As the 
Si/Al ratio increased to 30, the adsorption capacity significantly improved over the entire pressure range, 
attributable to the higher crystallinity and larger surface area of MCM-22(30). A maximum C3H6 uptake of 
6.28 mmol g−1 was reached at 1 bar (1 bar = 105 Pa). However, at a higher Si/Al ratio of 60, the sample 
exhibited a reduced uptake (3.95 mmol g−1). Considering that MCM-22(60) has almost same textural 
properties to MCM-22(15) (546 vs. 550 m2 g−1 and 0.23 vs. 0.23 cm3 g−1), the decline can be assigned to the 
decreased framework Al density and weakened electrostatic field strengthen, which diminish the host-guest 

Figure  2  Water contact angles of (a) MCM-22(15), (b) MCM-22(30), and (c) MCM-22(60). SEM images of (d, g) MCM-22(15), 
(e, h) MCM-22(30), and (f, i) MCM-22(60).  
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interactions between C3H6 molecules and the zeolites channels [31,50]. The C3H8 adsorption isotherms at 
298 K (Figure 3b) display similar shapes for all three samples, with uptake capacities of 2.07, 2.10, and 
2.10 mmol g−1 at 1 bar for n = 15, 30, and 60, respectively (Table S1). The initial uptakes at low relative 
pressures are evident, but the overall adsorption of C3H8 is much weaker than that of C3H6, suggesting a 
weaker interaction between C3H8 molecules and the MCM-22 framework. 

These C3H6 and C3H8 adsorption isotherms were fitted by using different equations. High agreement was 
achieved by using the Dual-Langmuir (DL) equation [30], indicating the presence of two distinct adsorption 

Figure  3  (a) C3H6 and (b) C3H8 adsorption isotherms of MCM-22(n) at 298 K up to 1 bar. (c) C3H6 and (d) C3H8 adsorption isotherms of 
MCM-22(n) at 273 K up to 1 bar. IAST predictions of C3H6/C3H8 (50/50, v/v) selectivities of MCM-22(n) at (e) 298 K and (f) 273 K.  
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sites for both C3H6 and C3H8 on MCM-22(n) (Figures S2–S13). The fitted parameters revealed that both the 
saturated capacities and equilibrium constants of C3H6 were larger than those of C3H8, confirming the 
stronger affinity of MCM-22 for C3H6 adsorption. Based on these fitted parameters, the ideal adsorption 
solution theory (IAST) was applied to predict the C3H6/C3H8 selectivity for the separation of an equimolar 
(50/50, v/v) mixture (Figure 3e) [51]. The calculated C3H6/C3H8 selectivities increased with pressure for all 
samples. Among them, MCM-22(15) exhibited a selectivity of 1846 at 1 bar, which further increased to 3553 
for MCM-22(30), demonstrating that increasing the Si/Al ratio enhances both C3H6 uptake and C3H6/C3H8 

selectivity (Table S1). Further increasing the Si/Al ratio to 60, however, reduced the C3H6/C3H8 selectivities 
due to the weakened C3H6-zeolite interaction [50]. The selective adsorption performance of MCM-22(30) is 
superior or at least comparable to reported C3H6-selective porous materials with similar pore sizes 
[6,20,52,53]. 

The temperature-dependent adsorption behavior was further investigated at 273 K (Figure 3c and d). The 
isotherm profiles of both C3H6 and C3H8 remained similar to those at 298 K. For C3H6 adsorption (Figure 3c), 
only minor variations were observed between 273 and 298 K, with uptakes of 4.49 vs. 4.45 mmol g−1 for 
MCM-22(15), 6.33 vs. 6.28 mmol g−1 for MCM-22(30), and 4.27 vs. 3.95 mmol g−1 for MCM-22(60). This 
suggests that C3H6 adsorption is only weakly temperature-dependent. In contrast, C3H8 adsorption increased 
noticeably at the lower temperature (Figure 3d), with uptakes of 2.63 vs. 2.07 mmol g−1 for MCM-22(15), 
2.50 vs. 2.10 mmol g−1 for MCM-22(30), and 2.55 vs. 2.10 mmol g−1 for MCM-22(60), reflecting a stronger 
thermodynamic driving force for C3H8 adsorption at 273 K. Consequently, the calculated C3H6/C3H8 (50/50, 
v/v) selectivities decreased at 273 K, with MCM-22(30) maintaining the highest value of 181, followed by 
MCM-22(15) (57) and MCM-22(60) (13) (Figure 3f). Considering that industrial separations are generally 
performed near ambient temperature, the weak temperature dependence of C3H6 adsorption on MCM-22(30) 
highlights its suitability for practical applications.  

Five-cycle adsorption–desorption recyclability tests confirmed good recyclability (Figure 4). After each 
run, the samples were reactivated under vacuum activated before reuse. For C3H6 adsorption, the isotherm 
shapes remained nearly identical throughout the cycles (Figure 4a–c). A moderate decline in uptake occurred 
between the first and second runs, particularly for MCM-22(15), where the uptake decreased from 4.45 to 
2.57 mmol g−1. Thereafter, the capacities stabilized with negligible loss ever after the 5th cycle. MCM-22 
(30) retained a high C3H6 uptake (> 5 mmol g−1 in the 5th run), outperforming both MCM-22(15) 
(2.53 mmol g−1) and MCM-22(60) (3.37 mmol g−1) (Table S1). In contrast, the C3H8 adsorption isotherms 
showed almost overlapping profiles across all cycles (Figure 4b), confirming good reversibility and stability. 
The C3H8 capacities in the 5th run were nearly identical to those in the 1st run for all samples, suggesting a 
negligible influence of Si/Al ratio on cycling C3H8 adsorption. The evolution of C3H6/C3H8 selectivity during 
cycling further highlights the importance of the Si/Al ratio. For MCM-22(15), selectivity drastically de
creased from 1846 in the 1st run to 3.6 in the 2nd run, and stabilized around 2 thereafter (Figure S14 and 
Table S1). At a high Si/Al ratio (MCM-22(60)), selectivity declined gradually over successive cycles, 
reaching only 2.7 after the 5th run (Figure S15 and Table S1). In contrast, MCM-22(30) maintained superior 
performance, with selectivity decreasing modestly from 3553 to 478 in the 2nd run and remaining above 300 
in subsequent cycles (Figure S16 and Table S1). The sustained high C3H6 uptake and C3H6/C3H8 selectivity 
for MCM-22(30) confirms its favorable recycling adsorption-desorption operation. 
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Structure of spent MWW zeolites 

Structural characterizations were conducted on the spent MCM-22(n) recovered after the 5th run of C3H6 

adsorption, denoted as MCM-22(n)-5th. Their XRD patterns retained the characteristic reflections of the 
MWW topology (Figure 5a), corroborating that the crystalline structure was preserved after repeated sorption 
cycles. The sharp and well-defined diffraction peaks were observed in the low- and moderate-angle regions, 
with negligible position shifts or the emergence of impurity phases. The slight attenuation of diffraction 

Figure  4  Recycling adsorption isotherms of C3H6 on (a) MCM-22(15), (b) MCM-22(30), (c) MCM-22(60), and C3H8 on (d) MCM-22(15), 
(e) MCM-22(30), (f) MCM-22(60).  
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intensities for the spent samples can be attributed to residual organic species, mainly the propylene oligo
mers, remaining within the channels, which reduce electron-density contrast between the framework walls 
and pores [2,54].  

TG profiles of MCM-22(n)-5th showed two distinct weight-loss regions (Figure 5b). The first below 
200 °C corresponds to desorption of physiosorbed water, while the second (200–600 °C) arises from 
decomposition of residue organics. The initial weight loss followed the sequence 5.1% (n = 15) > 4.5% 
(n = 30) > 3.4% (n = 60), consistent with the improved hydrophobicity at higher Si/Al ratios. Compared with 
the fresh samples, all spent zeolites showed reduced initial weight loss, further indicating that residual 
organics increased surface hydrophobicity. The second weight loss (1.8%, 1.6%, and 1.4%) was larger than 
that of the pristine materials, validating the presence of adsorbed hydrocarbon residues from C3H6 sorption 
process. Elemental analysis of MCM-22(n)-5th was performed to quantify the hydrocarbon residue in Table 
S2. The carbon residue content of MCM-22(15) was higher than that of MCM-22(30) and MCM-22(60), 
consistent with the results of TG. 

N2 sorption isotherms (Figure 5c) of MCM-22(n)-5th maintained the type IV features of the fresh samples, 
with significant micropore uptake at low p/p0 and a gradual rise at higher pressure. However, the uptakes at 
low relative pressures were notably reduced, while those at high pressure (p/p0 > 0.8) increased, suggesting 
the formation of secondary mesopores [44]. MCM-22(15)-5th exhibited the most pronounced decline in 
surface area and pore volume (546 to 234 m2 g−1 and 0.23 to 0.11 cm3 g−1) (Figure 5c, d, and Table S3), 

Figure  5  (a) XRD patterns, (b) TG profiles, (c) N2 sorption isotherms, and (d) pore size distribution curves of spent MCM-22(n)-5th.  
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indicating partial pore blockage by retained organics. Increasing the Si/Al ratio mitigated these losses. MCM- 
22(30)-5th maintained 358 m2 g−1 surface area and 0.17 cm3 g−1 pore volume (Figure 5c, d, and Table S3), 
while MCM-22(60)-5th retained comparable values. These results reveal that moderate Si/Al ratios effec
tively preserve the pore structure and reduce hydrocarbon residue accumulation, accounting for the superior 
recyclability and sustained C3H6/C3H8 separation efficiency of MCM-22(30). 

Dynamic separation and comparison 

The dynamic C3H6/C3H8 separation performance of MCM-22 (n) was evaluated in the column breakthrough 
experiment using a gas mixture with 50% C3H6 and 50% C3H8 (Figure 6a and Table S4). All samples showed 
clear separation between the two components. For MCM-22(15), C3H8 broke through first at ~22 min g−1, 
followed by a sharp increase in its effluent concentration (C/C0 > 2.0) due to competitive adsorption, whereas 
C3H6 eluted much later (~44 min g−1). A similar trend was observed for MCM-22(60), where C3H8 and C3H6 

broke through at 26 and 51 min g−1, respectively (Figure 6a). Remarkably, MCM-22(30) exhibited the best 
separation behavior, with breakthrough time of 65 min g−1 (for C3H8) and 151 min g−1 (for C3H6). The 
pronounced time delay between the two breakthrough fronts highlights the strong preferential adsorption of 
C3H6 and demonstrates the excellent selectivity of MCM-22(30) under dynamic flow conditions.  

A comparative analysis (Figure 6b and Table S5) further benchmarked MCM-22(30) against representative 
porous adsorbents, including other zeolites, carbon materials, and MOFs. MCM-22 (30) surpasses most 
previously reported adsorbents in both C3H6 adsorption capacity and C3H6/C3H8 selectivity, confirming its 
superior separation efficiency and potential as a robust, energy-efficient material for olefin/paraffin se
parations [6,20,52,53]. 

CONCLUSIONS 

MCM-22 zeolites with tailorable Si/Al ratios were synthesized, and their performance in C3H6/C3H8 

Figure  6  (a) Breakthrough curves for the separation of a C3H6/C3H8 (50/50, v/v) mixture on MCM-22(n). (b) Comparison of IAST 
C3H6/C3H8 (50/50, v/v) selectivity and C3H6 uptake (mmol g−1) of MCM-22(n) with advanced C3H6-selective materials at 298 K and 1 bar.  
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separation was systematically investigated. Structural characterization validated the formation of the typical 
MWW topology with high crystallinity. Increasing the Si/Al ratio decreases the framework acidity and 
surface hydroxyl density while enhancing hydrophobicity. Gas adsorption measurements demonstrated that 
MCM-22(30) with a moderate Si/Al ratio of 18.7 exhibited the highest C3H6 uptake of 6.28 mmol g−1 and 
C3H6/C3H8 (50/50, v/v) selectivity of 3553 at 298 K. Recycling adsorption-desorption tests revealed the 
favorable reversibility and structural integrity after multiple cycles. Column breakthrough experiments 
further evidenced the superior dynamic C3H6/C3H8 separation over MCM-22(30). This work highlights the 
great potential of MWW topologic zeolites in the C3H6/C3H8 separation, with a moderate Si/Al ratio offering 
the best performance.  

METHOD 

Materials 

Silica sol was provided by Guangzhou Yinhuan Chemical (China). Sodium hydroxide (NaOH, 96.0 wt%) 
was offered by Xilong Chemical Reagent Co. (China). Sodium meta-aluminate (NaAlO2, 80 wt%) was 
purchased by Sinopharm Chemical Reagent Co. (China). Hexamethyleneimine (HMI, 99%) was obtained 
from Sinopharm Chemical Reagent Co. (China).  

Materials synthesis 

MWW-type zeolites were synthesized hydrothermally following a modified literature procedure [55]. Ty
pically, NaOH (0.094 g), NaAlO2 (0.182), silica sol (4.2 g), and HMI (0.9 g) were subsequently dissolved in 
water (7.738 g), followed by stirring at room temperature for 3 h. The resulting gel with the molar com
position of 1 SiO2:0.11 Na2O:0.03 Al2O3:0.43 HMI:20.48 H2O was dynamically crystallized at 150 °C under 
rotation (50 r min−1) for 5 d. The solid was recovered by filtration, washed thoroughly with water, and dried 
to yield as-synthesized MCM-22(15). Calcination was conducted at 550 °C for 5 h. MCM-22(30) and MCM- 
22(60) were synthesized using the same procedure with the NaAlO2 feeding of 0.091 and 0.046 g, respec
tively, to achieve higher Si/Al ratios. 

General characterizations 

XRD patterns were collected on a (Rigaku) SmartLab diffractometer with a 9 kW rotating Cu Kα anode 
(40 kV, 100 mA, 5°–50°, 0.2° s−1). FT-IR spectra were measured on an Agilent Cary 660 spectrometer 
(USA). Morphology was observed with a Hitachi S-4800 (Japan) field emission scanning electron micro
scope (SEM). N2 sorption experiment was conducted on a BELSORP-MAX analyzer (Japan) to determine 
textural parameters. Elemental composition was analyzed by an ADVANT’XP X-ray fluorescence (XRF) 
spectrometer (ZSX Primus II, Rigaku, Japan). TG analysis was performed on a STA409 equipment 
(NETZSCH, Germany) under N2. The water contact angles on the surface of samples were gauged with a 
contact angle goniometer (Powereach JC2000, China) equipped with uEye digital camera. 
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Gas adsorption 

Single-component C3H6 and C3H8 sorption isotherms were measured at 298 and 273 K on a BELSORP- 
MAX apparatus (Japan). The equilibrium data were fitted using Dual-site Langmuir model, and the C3H6/ 
C3H8 selectivities are calculated from IAST [49]. 

Breakthrough experiments 

Breakthrough curves were collected on a custom-built stainless-steel fixed-bed apparatus. The zeolite- 
packed column (inner diameter: 5 mm; packing length: ~5 cm; zeolite loading: 0.3875 g for MCM-22(15), 
0.4107 g for MCM-22(30), and 0.2529 g for MCM-22(60)) was pretreated at 300 °C under vacuum, followed 
by purging with He (5 mL min−1). After that, gas mixture of C3H6/C3H8 (50/50, v/v) was introduced at a flow 
rate of 2 mL min−1. The effluent composition was continuously monitored by online gas chromatography. 

Data availability 
The original data are available from the corresponding authors upon reasonable request. 
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