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1. Introduction 

The removal of carbon dioxide (CO2) 

impurities from hydrocarbons is a crucial 

step in industrial processes, enhancing the 

quality and purity of the hydrocarbon 

feedstock for diverse applications like 

chemicals, fuels, and plastics.[1] This 

contributes to reducing the overall carbon 

footprint and promotes sustainability in 

the industry.[2] Physical adsorption has 

been identified as a more energy-efficient 

approach for gas separation compared to 

traditional cryogenic distillation or liquid 

extraction methods.[3] Nonetheless, 

developing CO2-selective adsorbents is 

challenging due to the similarities in 

molecular dimensions and physical 

properties between C2-hydrocarbons and 
CO2. 

Metal–organic frameworks (MOFs) have been extensively 

studied in this regard, demonstrating selective adsorption of 

hydrocarbons over CO2 “normal selectivity” using mechanisms like 

acid–base interactions, hydrogen bonds, functional groups, and 

open metal sites.[4] However, the rapid filling of the material by the 

dominant 
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Metal–organic frameworks (MOFs) can efficiently purify hydrocarbons from 

CO2, but their rapid saturation, driven by preferential hydrocarbon adsorption, 

requires energy-intensive adsorption–desorption processes. To address these 

challenges, an innovative approach is developed, enabling control over MOF 

flexibility through densification and defect engineering, resulting in an 

intriguing inverse CO2/C2 hydrocarbon selectivity. In this study, the 

densification process induces the shearing of the crystal lattice and contraction 

of pores in a defective CuBTC MOF. These changes have led to a remarkable 

transformation in selectivity, where the originally hydrocarbon-selective CuBTC 

MOF becomes CO2-selective. The selectivity values for densified CuBTC are 

significantly reversed when compared to its powder form, with notable 

improvements observed in CO2/C2H6 (4416 vs 0.61), CO2/C2H4 (15 vs 0.28), and 

CO2/C2H2 (4 vs 0.2). The densified material shows impressive separation, 

regeneration, and recyclability during dynamic breakthrough experiments with 

complex quinary gas mixtures. Simulation studies indicate faster CO2 passage 

through the tetragonal structure of densified CuBTC compared to C2H2. 

Experimental kinetic diffusion studies confirm accelerated CO2 diffusion over 

hydrocarbons in the densified MOF, attributed to its small pore window and 

minimal interparticle voids. This research introduces a promising strategy for 

refining existing and future MOF materials, enhancing their separation 

performance. 
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component leads to time lags and 
necessitates two energy-intensive 
steps: adsorption followed by 
desorption. 

An energy-efficient alternative is to achieve pure hydrocarbon 

separation in a single step using an adsorbent with “inverse 

selectivity,” preferentially adsorbing CO2 over hydrocarbons. This 

inverse selectivity has been observed in some reported MOFs. In the 

literature, it has been observed that the manipulation of MOF 

structural flexibility is a common reason behind the observed 

inverse selectivity, which enables the preferential adsorption of 

certain guest molecules based on pore size and geometry. For 

instance, Kitagawa and coworkers[5] demonstrated that 

[Mn(bdc)(dpe)], a flexible MOF material, selectively captured CO2 

from a mixture of CO2 and C2H2, with a selectivity of 8.8 at 273 K 

and 1.0 bar. The flexible 

[Zn(odip)0.5(bpe)0.5(CH3OH)]·0.5NMF·H2O MOF has also shown 

an inverse selectivity of CO2/C2H2 of 13.2.[6] Similarly, a family of 

lanthanide frameworks assembled with flexible acylamide ligands 

exhibited highly selective CO2 capture compared to C2H6 or C2H4 at 

273 K and ambient pressure.[7] This selectivity resulted from the 

interaction of CO2 with the framework and the structural flexibility, 

allowing exclusive recognition of CO2 without the co-adsorption of 

other gases. 
Here, we present a new strategy to control the flexibility of MOFs 

through densification and defect engineering. Unlike traditional 

approaches relying on pressure or binders,[8] our method focuses on 

modulating the molecular interactions between MOF nanoparticles. 

Through chemical interactions, neighboring crystallites are stitched 

together, leading to enhanced particle adhesion and reduced 

intergranular voids. By applying this concept to flexible MOFs, we 

can effectively regulate their flexibility, resulting in remarkable 

adsorption properties. 
It was reported that the densification process in MOFs can trigger 

various structural changes, such as shearing, deformation, or 

rearrangement of the crystal lattice, causing alterations in pore 

structure, shape, and size. A particularly appealing aspect of our 

densification approach is synchronization, where all MOF particles 

undergo simultaneous changes. This stands in contrast to pressure-

based densification, which may cause uneven structural 

modifications in the material. This synchronization holds great 

potential for tailoring gas separation selectivities. For instance, 

when structural changes occur during pelletization under pressure, 

they typically affect only the outer layer of the material, leading to 

differing pore properties between the outer layer and the core of the 

pellet. Consequently, this uncertainty can result in unclear and 

uncontrolled selectivity for guest molecules.[9] However, in our 

densification strategy, the “synchronized” densification-induced 

structural changes are nearly uniform across all crystals. This 

uniformity allows us to enhance or even reverse guest selectivity in 

microporous materials since all crystals react similarly during 

densification, leading to nearly identical pore properties. Moreover, 

the tighter particle packing of the densified form not only enhances 

structural uniformity but also confers an additional advantage by 

exerting control over gas diffusion into the pores, consequently 

influencing gas selectivity. 

 
Figure 1. A) the CuBTC gel material, B) the FS-CuBTC on a glass sheet, C) the TEM image of the FS-CuBTC, D) the kilogram-scale of the FS-CuBTC, and E) 

PXRD patterns of the CuBTCTWP and FS-CuBTCUM compared with the simulated and reported CuBTC. 
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2. Results and Discussion 

2.1. The Approach 

Defective MOFs represent an emerging subclass with engineered 

structural defects, such as missing metal ions or organic ligands.[10] 

These intentional defects can significantly influence the physical 

and chemical properties of the material, resulting in novel or 

improved functionalities for various applications like gas storage, 

separation, catalysis, and sensing. One intriguing aspect of defective 

MOFs is their structural flexibility. By FS-CuBTCUM. incorporating 

ordered and disordered compartments within the MOF structure, 

defects induce a degree of lattice flexibility.[11] In this context, we 

have selected a widely researched, easily synthesized, and 

commercially available MOF, HKUST-1 or CuBTC MOF, to test 

our hypothesis. In the realm of gas separation, controlling the 

structural flexibility of HKUST-1 can significantly influence the 

separation performance and the interaction with guest molecules. 
The MOF was synthesized by mixing copper acetate salt (CuAc) 

and the 1,3,5-benzene tricarboxylate (BTC) ligand in a mixture of 

water and ethanol. Additionally, a non-bridging ligand modulator 

(acetic acid) was introduced during the MOF synthesis. The reaction 

mixture formed a sky-blue gel instantly at room temperature, and 

the reaction was then stopped by centrifugation and removal of 

unreacted starting materials. After washing with ethanol, the 

material was recentrifuged and resuspended in ethanol. The flat 

sheets or FS-CuBTC are formed by drop–casting the gel-like 

material onto a transparent glass sheet and allowing it to dry at room 

temperature (Figure 1). 
Each step in the synthesis was carefully optimized for specific 

purposes. CuAc was chosen as a metal source because it maintains 

the copper dimer paddlewheel configuration found in HKUST-1, 

facilitating the quick and straightforward synthesis of the product at 

room temperature.[12] Acetic acid, like other monotopic acid ligands, 

acted as a coordination modulator, slowing down the growth of 

MOF nanoparticles through coordination with and depletion of 

metal ions. The use of both copper acetate and acetic acid was 

instrumental in introducing defects into the MOF framework. The 

fast quenching of the reaction and the specific synthetic conditions 

were designed to promote the formation of small nanoparticles, 

which contributes to better packing and enhances the densification 

process.[13] The coordination of acetic acid with the Cu ions, along 

with the rapid quenching of the reaction, led to partial coordination 

of the carboxylate groups of the BTC linkers, leaving free 

carboxylates of the BTC ligands on the surface of the nanoparticles. 

These free 

carboxylatesonthenanoparticlesurfacecouldinteractwithCusitesfro

m nearby particles, resulting in particle stitching and improved 

densification. 
Interestingly, despite the success in forming densified MOF 

materials using our synthetic method, we encountered a challenge 

in obtaining the MOF in powder form. Filtration was not feasible 

due to the extremely small particle size of the suspended 

nanoparticles in ethanol. Regardless of the drying method applied, 

the nanoparticles always form densified material. 
These observations lead us to believe that the interactions 

between the free carboxylates and metal ions from neighboring 

particles function as the “mortar” that holds the nanoparticles’ 

“bricks” together. Building on this insight, we hypothesized that 

removing the mortar-like interactions would allow the “bricks” 

(particles) to be separated again. In simpler terms, eliminating any 

unreacted ligand present on the MOF surface might lead to the 

formation of well-suspended particles, enabling the material to be 

in powder form. 
To test this hypothesis, we carried out several washing steps with 

extended sonication to thoroughly remove any unreacted species 

from the surface of the particles. Excitingly, when the thoroughly 

washed material was dried, it indeed formed a powder that could not 

be resuspended in ethanol or form densified materials, even after 

centrifugation. This confirmed our hypothesis that the interactions 

between the particles play a crucial role in controlling the 

densification process. 

2.2. Characterization 

The powder X-ray diffraction (PXRD) analysis of thoroughly 

washed powder (CuBTCTWP) and the as-synthesized flat sheets (FS-

CuBTC) exhibited diffraction patterns characteristic of the reported 

CuBTC material. 
Thermal stability assessments of CuBTCTWP and FS-CuBTC 

were performed using Thermogravimetric Analysis (TGA) in the 

presence of nitrogen (Figures S1,S2, Supporting Information). The 

initial weight loss can be attributed to the presence of adsorbed 

 
Figure 2. Single-gas adsorption isotherms of CH4, C2H2, C2H4, C2H6, and CH4 collected at 298 K for A) CuBTCTWP, B) FS-CuBTC (SA = 775), C) 
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water molecules in the MOFs. Weight loss at higher temperatures 

can be linked to the degradation of organic compounds within the 

MOFs. The breakdown temperature of FSCuBTC (325 °C) was 

found to be higher than that of CuBTCTWP (300 °C). Thus, FS-

CuBTC exhibited higher thermal stability compared to CuBTCTWP. 

This finding was corroborated by PXRD analysis of FS-CuBTC 

maintained at 320 °C for 1 h, revealing material crystallinity 

alongside a partial collapse of the structure, as evidenced by a lower 

intensity peak at 2𝜃 of 6.3 (Figure S3, Supporting Information). The 

nanoparticles in ethanol ranged 

with the pore, and CO2 passes perpendicular to the pore. 

in size from 20 to 60 nm, as determined by transmission electron 

microscopy (TEM). The TEM study confirmed that the densified 

material, FS-CuBTC was composed of a single phase of aggregated 

CuBTC nanoparticles. In contrast, previous TEM imaging of 

reported CuBTC showed a similar morphology but with significant 

nano-sized voids (Figure 1C; Figure S4, Supporting Information). 

2.3. The Interplay Between Defects, Flexibility, and Densification 

To control the flexibility of the densified material, vacuum 

evacuationwasemployedasaforcetoinduceachangeintheporeproperti

es. TEM images clearly showed that the material exhibited minimal 

voids between its particles. Given the material’s structural flexibility 

brought on by the presence of weaker walls arising from the 

presence of defects, any extra stress, such as vacuum evacuation, 

could perhaps influence the internal pores of the material. 
The presence of defects in the densified materials was confirmed 

through proton nuclear magnetic resonance (1HNMR). The 

appearance of peaks associated with the three methyl 

protonsinacetateat1.86ppm,alongwiththepeaksoftheBTClinker in 

the 1HNMR spectra, clearly indicated the presence of acetate 

fragmentswithinthestructureofFS-CuBTC(FigureS5,Supporting 

Information). The molar ratio of the acetate fragment to the BTC 

linker was determined by comparing the three methyl proton peaks 

of acetate at 1.86 ppm to the three phenyl proton peaks of BTC at 

8.55 ppm. The result revealed a BTC:Acetate ratio of approximately 

3:1. On the other hand, the 1H NMR profile of the activated 

CuBTCTWP exhibited a clear signal of BTC ligands, with no 

detectable signals of the acetate. The CuBTCTWP, and FS-CuBTC 

samples were all activated at 150 °C for 12 h. Subsequently, 

samplesfromthesamebatchofdensifiedmaterialunderwentfurther 

activation but for an extended period of time under vacuum 

evacuation at room temperature (see experimental details and Table 

S1, Supporting Information). 
Nitrogen adsorption isotherms were conducted at 77 K, revealing 

Brunauer–Emmett–Teller (BET) surface areas (SA) of 1406, and 

775 m2 g−1 for CuBTCTWP, and FS-CuBTC samples activated for 12 

h at 150 °C, respectively. Interestingly, after activation at 150°C 

followed by longer vacuum activation at 25 °C, the FSCuBTC 

showed no N2 uptake at 77 K while the CuBTCTWP exhibited a BET 

 
Figure 3. Time-dependent gas uptake profiles of CO2, C2H2, C2H4, and C2H6 at 1 bar and 298 K in A) CuBTCTWP and B) FS-CuBTCUM. C) C2H2 and D) CO2 passing 

through the smaller tetragonal pore of the FS-CuBTCUM, with induced dipoles represented by arrows. C2H2 passes horizontally in plane 
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surface area of 1273 m2 g−1. Nevertheless, the CO2 

adsorptionisothermscollectedat298Kdemonstratednearlysimilar 

uptakes for both the samples activated for a shorter time and those 

activated for a longer time, revealing that the materials remain 

porous despite their N2 uptake at 77 K (Figures S7,S8, Supporting 

Information). 



www.advancedsciencenews.com www.afm-journal.de 
 

Adv. Funct. Mater. 2024, 2312280 2312280 (6 of 12) © 2024 Wiley-VCH GmbH 

For a more in-depth analysis of structural crystallinity, 
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powderX-ray diffraction (PXRD) was conducted. Pawley 
refinement confirmedthepresenceofpeaksplittingsandshiftsintheFS-
CuBTC sample activated for a longer time in comparison to the 
assynthesized analogs and the simulated pattern (Figure 1E; Figure 
S6, Supporting Information). The data revealed that the lattice 
symmetry is reduced from cubic to tetragonal, which validates that 
the framework undergoes a drastic shearing process to minimize 
the void space within the structure (Table S2, Supporting 
Information). The shearing process leads to a downsizing of the 
pores, resulting in the formation of an ultramicroporous (UM) 
CuBTC variant, namely FS-CuBTCUM. Initially, we thought there 
might be a temperature-triggered structural change, but comparing 
the PXRD patterns at various temperatures revealed no significant 
alterations in the structure. Instead, as the pore size decreases, 
kinetic barriers are generated, which are particularly prominent at 
low temperatures. These barriers make it challenging for certain 
gases, such as N2, to pass through small pores. 

As a result, the gas adsorption behavior of the MOFs observed at 

cryogenic temperatures may not follow the same trends at room 

temperature. The FS-CuBTCUM exhibits no CO2 uptake at 195 K, 

indicating the presence of kinetic barriers within this temperature 

range. In light of this, the term “kinetically closed pore” may aptly 

describe the newly formed pores in FS-CuBTCUM. This implies that 

gas diffusion into these ultramicropores is impeded unless the gas 

possesses sufficient kinetic energy to overcome the diffusion 

barrier, as previously observed in other MOFs with 

ultramicropores.[14] 

2.4. CO2/C2 Hydrocarbons Separation 

As mentioned earlier, typical physisorbed materials exhibit a 

preference for unsaturated hydrocarbons over CO2. Consistently, 

CuBTCTWP and FS-CuBTC activated at 150 °C for 12 h, 

demonstrated selective adsorption of C2H2, C2H4, and C2H6 over 

CO2. In these frameworks, the presence of sufficiently large pores 

enables almost equal and unrestricted diffusion of gases, with gas 

selectivity primarily dependent on the interaction of the gas with the 

framework. 
Interestingly, when a vacuum is applied for a longer time on the 

same samples, the hydrocarbon/CO2 selectivity is reversed, leading 

to CO2-selective FS-CuBTCUM over C2 hydrocarbons (Figure 2). 

The observed low affinity and inverted selectivity of FS-CuBTCUM 

toward more polarizable hydrocarbons are noteworthy. This 

material demonstrates excellent performance with almost no 

adsorption for C2H6, C2H4 and CH4. The uptake ratios (UR) at 1 bar 

for CO2/C2H6, CO2/C2H4, CO2/C2H2, and CO2/CH4 are 41, 15.5, 4, 

and 50, respectively, which outperform many materials previously 

recognized for their CO2 preference over hydrocarbons (Table 1; 

Figures S3,S4, Supporting Information).[4] Ideal Adsorbed Solution 

Theory (IAST) calculations revealed that FS-CuBTCUM exhibits 

superb CO2 over hydrocarbon selectivities at 1 bar and 298 K as 

shown in Table 1, TablesS3,S4,FiguresS9–

S16(SupportingInformation).Interestingly, a striking improvement 

in CO2 over C2H6 selectivity was observed in FS-CuBTCUM (SUR = 

41 and SIAST(50:50) = 4416) at 298 K and 1 bar, surpassing the 

performance of benchmark materials, MUF-16 (15.6 and 600),[15] 

and [Zn(odip)0.5(bpe)0.5] (4.3 and 27.9).[16] FS-CuBTCUM is thus the 

best physisorbent known for this separation. Indeed, it is common 

for many MOFs to 
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Figure 4. Column breakthrough curves of 1:1 binary mixture of A) CO2/C2H6 for CuBTCTWP, B) CO2/C2H6 for FS-CuBTCUM, C) CO2/C2H4 for CuBTCTWP, D) CO2/C2H4 

for FS-CuBTCUM, E) CO2/C2H2 for CuBTCTWP, and F) CO2/C2H2 for FS-CuBTCUM. 
exhibit similar adsorption capacities for CO2, C2H2, and C2H4, 

resulting in low CO2/C2H2 and CO2/C2H4 selectivity, a 

characteristic shared by CuBTCTWP and FS-CuBTC activated for a 

shorter time. However, these selectivities are reversed with an 

outstanding improvement in CO2 over C2H4 selectivity (SUR = 15.5) 

observed in FS-CuBTCUM at 298 K and 1 bar, exceeding 

benchmarks like 5A Zeolite (1.2),[17] Mg–MOF-74 (1.1),[18] 

[Zn(odip)0.5(bpe)0.5] (1.4),[16] ZJU-197 (2.2),[19] SU-101(Al) 

(2.5),[20] QC-5-Cu (3.3)[21] and MUF-16 (15)[15] and is surpassed by 

only one other reported adsorbent (F-PYMO-Cu).[22] Although 

CuBTCTWP showed CO2/CH4 selectivity (SUR = 2.6), however, this 

selectivity is further improved in FS-CuBTCUM (50), which is 

considered one of the best materials for CO2/CH4 separation, only 

surpassed by SIFSIX-14-Cu-i (85).[23] This enhanced performance 

can be attributed to the small pores and reduced interparticle gaps 

postdensification, promoting a higher affinity for CO2 over 

hydrocarbons. 
As the pore size decreases, gas diffusion is significantly impeded 

due to the confined space, rendering the material more selective 

toward gases that can enter the pores more freely, such as CO2.[24] 

The gas diffusion here is not solely governed by the confined space 

but is also influenced by the minimal spaces between particles, a 

result of their interaction facilitating better adhesion. This 

densification protocol, while promoting better packing, can impede 

the diffusion of gas, hindering its travel from the monolithic surface 

to the depth of the material. This prompts a more in-depth 

exploration of the kinetic adsorption properties of FS-CuBTCUM in 

comparison to CuBTCTWP. Analyzing the timedependent uptake 

profiles (Figure 3) allows for a deeper investigation into the 

diffusion of gases from the bulk to the pores of the materials. 
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The diffusional time constant, D’, calculated for all gases (as 

detailed in the supporting information), indicates a noteworthy 

finding. The kinetic studies reveal that FS-CuBTCUM exhibits 
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Figure 5. Column breakthrough curves and recycling experiments of equimolar quinary mixture of CH4, C2H2, C2H4, C2H6, and CO2 for A) CuBTCTWP, and B) 

FS-CuBTCUM at 298 K and total pressure of 1 bar, C) 10 cycles of breakthrough experiments (10 adsorption and room temperature purging stages). D) cycle 

adsorption tests of CO2 captured in FS-CuBTCUM at 298 K were collected using an adsorption gas analyzer. E) cycle dynamic tests collected using breakthrough 

experiments with a packed bed of FS-CuBTCUM. 
a significantly faster diffusion rate for CO2 compared to all 

hydrocarbons, establishing FS-CuBTCUM as a CO2-preferential 

adsorbent in terms of kinetic factors and demonstrating resistance to 

hydrocarbon diffusion. In contrast, CuBTCTWP exhibits a 

comparable diffusional time constant for all gases, signifying poor 

kinetic selectivity (Figure 3A,B; Figures S17,S18, Table S5, 

Supporting Information). 
Reducing the pore size, as seen in the densified FS-CuBTCUM, 

has a crucial impact on CO2/C2H4 and C2H6 selectivity, potentially 

reversing it due to the larger size and molecular shape of C2H4 

andC2H6,slowingtheirdiffusionintothepore.Incontrast, CO2 and 

C2H2, with similar properties, have historically posed challenges in 

separation. To gain further insights into the slower diffusion of C2H2 

compared to CO2, simulation studies were conducted to assess their 

adsorption by FS-CuBTCUM. Simulations were performed in the 

NVT ensemble at a temperature of 298 K and timestep of 2 fs with 

OpenMM 8.0. Both sorbates and MOF were parameterized with the 

PHAST2 forcefield, which includes explicitly induced dipole 

polarization. Experimental crystal structures were employed and the 

MOF was assumed to be rigid. During the simulation, C2H2 passed 

through horizontally in a plane with the pore, while CO2 passed 

through perpendicular to the pore. Both sorbates show induced 

dipole interactions with nearby carbons, oxygens, and hydrogens 

from the BTC linkers that forced these orientations. Despite their 

similar properties, CO2 and C2H2 have inverted quadrupole 

moments that allow CO2 to pass from bulk into the material faster at 

the surface than acetylene (as shown in Figure 3C,D), though once 

in the material C2H2 has a higher diffusivity. Conclusively, the 

integration of experimental and theoretical investigations 

underscores the capability of the densified MOF to effectively 

separate CO2 from hydrocarbons through a synergistic interplay of 

size-exclusion and kinetic separation mechanisms. 
Given the improved selectivity of FS-CuBTCUM for CO2 over 

hydrocarbons, we conducted breakthrough experiments to evaluate 

its dynamic separation performance for a CO2/hydrocarbon binary 

gas mixtures (1/1, v/v) at 298 K. To ensure a fair comparison, we 

tested both FS-CuBTCUM and CuBTCTWP samples from the same 

batch, and the data was also replicated using different batches for 

validation. 
The results depicted in Figure 4A,C,E confirmed that CuBTCTWP 

selectively adsorbs hydrocarbons over CO2, consistent with 

previous observations for CuBTC powder. CO2 was the first to elute 

from CuBTCTWP, while C2H2, C2H4, and C2H6 broke through the 

column later. In contrast, FS-CuBTCUM exhibited a different 

behavior, with CO2 breakthrough occurring at approximately 10 

min, while the hydrocarbons (C2H2, C2H4, and C2H6) rapidly passed 

through the adsorption bed at the beginning of the experiment 

(Figure 4B,D,F). This outcome further supports the great potential 

of FS-CuBTCUM for practical dynamic gas separation. 
Remarkably, FS-CuBTCUM demonstrated exceptional CO2 

separation performance even in an equimolar quinary gas mixture 

of CO2, C2H2, C2H4, C2H6, and CH4 (Figure 5). In this scenario, 

only negligible amounts of hydrocarbons were adsorbed in 

FSCuBTCUM, and they quickly eluted, while the CO2 remained in 

the column. Conversely, CuBTCTWP was unable to separate CO2 

from C2 hydrocarbons in the quinary gas mixture. The difference in 

breakthrough time between CO2 and C2 hydrocarbons was only 1–

2 min, likely due to competitive adsorption of gases in the MOF 

pores. Cyclic experiments, involving the collection of gas 

adsorption isotherms and breakthrough experiments, were 

employed to assess the reusable life of FS-CuBTCUM. The 

regeneration process involved pulling a vacuum for a few minutes 

or flushing helium for 30–45 min at room temperature. Remarkably, 

even after ten cycle tests, there was no significant decrease observed 

in CO2 uptake and breakthrough time (as depicted in Figure 5C–E), 

affirming the material’s commendable regeneration ability and 

stability. The preferential adsorption of CO2 over C1 and C2 

hydrocarbons (both saturated and unsaturated) by FSCuBTCUM 

allows for the direct production of high-purity light hydrocarbon 

feedstocks, highlighting its promising potential in practical gas 

separation applications. 

3. Conclusion 

In conclusion, this study introduces an innovative strategy for 

controlling the flexibility of MOFs through densification and defect 

engineering. The approach involves deliberated introduction of 

structural defects within the MOF lattice, inducing a degree of 

lattice flexibility. By modulating the interactions between the 

nanoparticles of the defective CuBTC MOF, the particle adhesion is 

improved and the intergranular voids are reduced. Further 

densification achieved during vacuum activation triggers the 

shearing of the crystals from cubic to tetragonal, and the contraction 

of the pores across nearly all crystals. Experimental kinetic studies 

and simulations demonstrate that the confined space and minimal 

interparticle gaps in FS-CuBTCUM result in superior gas selectivity, 

particularly with accelerated CO2 diffusion over hydrocarbons 

through kinetic and size-exclusion mechanisms. This unique 

behavior leads to remarkable CO2/C2H6, CO2/C2H4, and CO2/CH4 

selectivity, surpassing other state-ofthe-art MOFs. The application 

of this strategy in gas separation is highly promising, as 

demonstrated by the exceptional performance of the densified 

CuBTC flat sheets in dynamic gas separation experiments. Even in 

quinary gas mixtures, the densified material efficiently separates 

CO2 from hydrocarbons, overcoming the challenges posed by 

competitive adsorption in MOFs including reported CuBTC. This 

novel approach also offers a significant advantage over 

conventional methods, as it eliminates the need for two energy-

intensive steps of adsorption and desorption, making it an energy-

efficient alternative for gas separation processes. 
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