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Abstract: Propylene/propane separations are generally performed by distillation which are energy 
intensive and costly to build and operate. There is therefore high interest to develop new separation 
technologies like membrane modules. In our previous paper, we collected, analyzed and reported 
data for neat polymers and mixed matrix membranes (MMM) based on flat and hollow fiber 
configurations for propylene/propane separations. In this second part, we collected the data for 
carbon molecular sieving (CMS) membranes from polymer pyrolysis reaction and metal-organic 
framework (MOF) membranes from different fabrication methods, as well as data on facilitated 
transport membrane-polymer electrolyte membranes (PEM). CMS membranes show great potential 
for C3H6/C3H8 separation with an optimum pyrolysis temperature around 500–600 ℃. However, 
physical aging is a concern as the micro-pores shrink over time leading to lower permeability. The 
performance of MOF membranes are above the 2020 upper bound of polymer-based membranes, but 
have limited commercial application because they are fragile and difficult to produce. Finally, 
facilitated transport membranes show excellent propylene/propane separation performance, but are 
less stable compared to commercial polymeric membranes limiting their long-term operation and 
practical applications. As usual, there is no universal membrane and the selection must be made 
based on the operating conditions.  

Keywords: propylene; propane; separation; membrane; selectivity; permeability; aging effect; 
carbon molecular sieving; metal-organic framework; facilitated transport 
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Abbreviations: AgBF4: Silver tetrafluoroborate; AgNO3: Silver nitrate; Al2O3: Aluminum oxide; 
AI(NO3)3: Aluminum nitrate; 6FDA: 4,4-(hexafluoroisopropylidene)diphthalic anhydride; APAF: 
2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane; BPDA: 3,3-4,4-biphenyltetracarboxylic 
dianhydride; BTESA: Bis(triethoxysilyl)acetylene; BTESB: Bis(triethoxysilyl)benzene; CF3SO3: 
Triflate; DABA: 4,4′-diaminobenzanilide; DAM: 2,4,6-trimethyl-1,3-phenylinediamine; DAT1-OH: 
2,6(7)-dihydroxy-3,7(6)-diaminotriptycene; DDBT: Dimethyl-3,7-diaminodiphenylthiophene-5,5-
dioxide; LLDPE: Linear low density polyethylene; Matrimid® (BTDA-DAPI): 3,3,4,4-benzophenone 
tetracarboxylic dianhydride and 5(6)-amino-1-(4-aminophenyl)-1,3-trimethylindane; ODA: 4,4-
oxydianiline; PE: Polyethylene; PEBAX: Polyether block amide; PEO: Poly(ethylene oxide); PEP: 
Poly(ethylene phthalate); PEI: Polyetherimide; PDMS: Polydimethylsiloxane; PMMA: Poly(methyl 
methacrylate); PI: Polyimide; PIM: Polymers of intrinsic microporosity; POZ: Poly(2-ethyl-2-
oxazoline); PU: Polyurethane; PVA: Poly(vinyl alcohol); PVDF-HFP: Poly(vinylidene fluoride-co-
hexa fluoropropylene); PVMK: Poly(vinyl methyl ketone); PVP: Poly(vinyl pyrrolidone); PS-b-
P4VP: Polystyrene-block-poly(4-vinylpyridine); SbF6: Hexafluorantimonate; TiO2: Titanium dioxide; 
Torlon®: AI-10 poly(amide-imide) precursor as supplied (subsequently imidized); VTMS: 
Vinyltrimethoxysilane; Zn(CH3COO)2: Zinc acetate dehydrate; ZnCl2: Zinc chloride anhydrous; 
Zn(NO3)2: Zinc nitrate hexahydrate 

1. Introduction 

In the first part of this study, we compared different polymer-based membranes for 
propylene/propane separation [1]. Propane and propylene are highly important energy resources and 
raw materials for industrial chemistry. For example, propane is highly used for industrial and 
household energy source, while propylene is a starting molecule to synthesize several chemicals and 
polymers. But propylene/propane (C3H6/C3H8) separations are mainly carried out by expensive 
distillation operations which are energy-intensive due to the similar properties of both molecules. 
Therefore, there is a great interest in the development of new separation technologies that may result 
in substantial energy savings and large cost reductions. We collected and analyzed the data for neat 
polymers and mixed matrix membranes (MMM) under different conditions for C3H6/C3H8 
separations. In general, membrane gas separations are based on two mechanisms: physical and 
chemical. The solution-diffusion mechanism in polymer-based membranes, for which the base 
theory is associated to a network structure, and molecular sieving mechanism in membranes with 
different structures are physical mechanisms [2]. An example of a chemical mechanism is facilitated 
transport in carrier-based membranes which include a chemical reaction [2]. The concept of 
“solution-diffusion” for gas transport in polymeric membranes was described in our earlier work. On 
the other hand, molecular sieving effect is related to the aperture being between the sizes of two gas 
molecules, so only the smaller molecules can diffuse through the pores while the larger ones are 
rejected. The ideal situation is when a membrane is filled with such pores of uniform size leading to 
a molecular sieving effect allowing the penetration of only the smaller molecules. However, the 
presence of structural defects, orientation and other interactions in real cases do not produce ideal 
molecular sieving conditions. In general, the membrane may exhibit a sudden fall in gas permeance 
with increasing kinetic diameter of the gas molecules. For example, the gas permeability of ZIF-8 
has been reported in two articles [3,4]. The permeability is above 1000 Barrer for smaller gas 
molecules (H2, CO2, Ar, O2, Kr, N2, CH4, C2H4 and C2H6), but drops from 250 Barrer to 2.8 Barrer 
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going from C3H6 (4.0 Å) to C3H8 (4.3 Å), while larger molecules (C4H10, i-C4H10 and SF6) have 
values around 1 Barrer. 

The molecular sieving effect is associated with a diffusion dominated penetration process. 
Molecular sieves can be classified in two broad categories: amorphous (carbon molecular sieves 
(CMS) and ceramic materials) and crystalline (zeolites and metal-organic frameworks (MOF)) [5]. 
CMS membranes are generally fabricated via the pyrolysis of polymer precursors under controlled 
atmosphere and temperature. On the other hand, MOF membranes are microporous crystalline 
materials with high porosity (up to 90%) [6]. MOF are composed of ordered and infinitely extended 
coordinated interconnections between metal ions or metal-containing clusters (serving as nodes) and 
multidentate organic ligands (serving as struts). In particular, ZIF-8 was shown to be very effective 
for propylene/propane separation because of its suitable crystallographic pore aperture. Both 
membrane types will be reviewed and compared in terms of their preparation and performance. 

2. Background 

2.1. Molecular sieving 

Based on the solution-diffusion theory, the permeability (Pi) of a gas is the product between its 
solubility coefficient (Si) and its diffusion coefficient (Di) as Eq 1: 

P୧ ൌ S୧	D୧                                                                       (1) 

A widely used and accepted unit for permeability is the Barrer (1 Barrer = 10−10 cm3  
(STP) cm−1ꞏs−1 cmHg−1) or in international units: mol Pa−1ꞏs−1ꞏm−1 (1 Barrer = 3.35  
× 10−16 molꞏm−1ꞏs−1). Permeance values are commonly reported in GPU (gas permeation units) 
defined as 1 GPU = 1 Barrer/1 micron = 10−6 cm3 (STP) cm−2ꞏs−1ꞏcmHg−1 (1 GPU = 3.35  
× 10−10 molꞏm−2ꞏs−1ꞏPa−1). 

From Eq 1, the ideal selectivity (α) is defined as the product between the diffusion and solution 
selectivity as Eq 2: 

α ൌ ୔ఽ
୔ా
ൌ ቀୈఽ

ୈా
ቁ ቀୗఽ

ୗా
ቁ                                                              (2) 

The diffusion coefficient (Di) can be expressed by Eq 3 as an Arrhenius relationship [7]: 

D୧ ൌ D୧଴exp ቀെ
୉ౚ
ୖ୘
ቁ                                                             (3) 

where R is the molar gas constant and T is the absolute temperature, while Di0 and Ed are the pre-
exponential factor and activation energy for the diffusion of penetrant i, respectively. Furthermore, 
according to the transition state theory, the pre-exponential factor can be expressed as Eq 4: 

D୧଴ ൌ eλଶ ୩୘
୦
exp ቀୗౚ

ୖ
ቁ		                                                         (4) 

where ߣ is the average diffusive jump length, Sd is the activation entropy of diffusion, k is 
Boltzmann’s constant and h is Planck’s constant. Combining Eqs 1–4, the diffusion selectivity for a 
pair of gas molecules A and B is given by Eq 5: 
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where H* is the enthalpy and S* is the entropy, while ΔH*
D(A,B) and ΔS*

D(A,B) are the differences in 
diffusion transition state enthalpy and entropy for component A versus B, respectively. In other 
words, the diffusion selectivity is composed of an enthalpic selectivity and entropic selectivity 
contribution [8].  Eq 5 also indicates that diffusion is controlled by the diffusion activation entropy 
and the diffusion activation energy. The activation energy refers to the energy required for the 
molecule to move from the ground state to the activated state: the smaller the size of molecules, the 
lower the energy required and the lower the activation energy. On the other hand, the activation 
entropy refers to the change of standard entropy of the gas molecules from their ground state to their 
diffusion activation state, which is related to the geometric size and the shape of gas molecules. For 
molecular sieving, the micropore properties, including size, shape and geometry, are very important, 
as well as the conformation/shape of each gas molecule. 

2.2. Facilitated transport 

Facilitated transport membranes incorporate a reactive carrier in the membrane leading to a 
chemical-based reaction mechanism. The carrier reacts with and helps to transport one of the feed 
components across the membrane. Olefins are able to form reversible chemical bonds with transition 
metal ions (especially silver, copper and gold) due to the specific interaction between the olefin’s 
hybrid molecular orbitals and the metal’s atomic orbitals, commonly known as π-bonding.	The bonds 
formed between transition metal ions and olefins are stronger than those formed by van der Waals 
forces alone, so it is possible to achieve high selectivity and high capacity for the component to be 
bound (Eqs 6,7). At the same time, the bonds are still weak enough to be broken by a simple 
modification of the operating conditions, such as increasing the temperature or decreasing the 
pressure [9]. 

A୥ା ൅ oleϐin ⇄ A୥ାሺoleϐinሻଵ			                                                 (6) 

oleϐin ൅ A୥ାሺoleϐinሻଵ ⇄ A୥ାሺoleϐinሻଶ ൅ oleϐin                                (7) 

Among the transition metals, the complexation of silver (Ag) is prominent as its 
electronegativity is 2.2, which is in a suitable range of electronegativity (1.6–2.3) for reversible 
complexation by the optimization of experimental conditions [10]. The reason for this optimum 
range is a balance between the forward and reverse reactions. The higher the electronegativity of the 
metal, the stronger the π bond formed with the olefin and the more difficult it is to reverse this 
interaction. But when the metal electronegativity is too low, interactions with the olefin are weak and 
not suitable as a carrier [11]. Moreover, silver salts have the lowest lattice energy compared with 
other metal salts used for facilitated transport. This low lattice energy is beneficial to improve the 
solubility of metal cations, therefore improving interactions with olefins [12]. 

The transport of propylene through a membrane is the result of two different mechanisms 
simultaneously acting as illustrated in Figure 1. When propylene and propane are in contact with a 
non-porous material, the gas molecules must first solubilize in the polymer matrix. The absorbed 
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molecules then diffuse through the membrane according to the solution-diffusion theory. But when 
silver ions are present in the membrane, complexation takes place between the olefin molecules and 
the Ag+ cations that are partially coordinated with the polymer matrix. In this case, the olefin simply 
follows a hopping mechanism to reach the other side of the membrane [10]. 

 

Figure 1. Schematic representation of the mechanisms inside a separation membrane 
including facilitated transport [10]. 

3. Membranes 

3.1. CMS membranes 

In order to improve the performance and reduce the plasticization effect in polymer membranes 
for C3H6/C3H8 separations, carbon molecular sieve (CMS) membranes were developed. CMS 
membranes have shown exceptional gas separation performance due to their highly rigid and slit-like 
pore structure suitable for size exclusion of gases with similar physical properties like 
ethylene/ethane (C2H4/C2H6) or propylene/propane (C3H6/C3H8) [13,14]. In addition, CMS 
membranes have shown good plasticization resistance and high C3H6/C3H8 mixed-gas  
selectivity [13,14]. 

CMS membranes are generally prepared by the carbonisation or pyrolysis of appropriate 
precursor polymer membranes. The polymers may be cellulose acetate (CA), poly(vinylidene 
chloride) (PVDF), polyimides (PI), poly(furfuryl alcohol) (PFA) and phenolic resins (PR) [15]. The 
precursor polymers are pyrolyzed in an ultra-high purity argon (Ar) gas atmosphere using an oxygen 
(O2) removal assisted pyrolysis setup to form CMS membranes. Oxygen levels in the pyrolysis 
quartz tube are monitored by an oxygen sensor due to the high impact of oxygen traces on the CMS 
membrane transport properties [16]. Typical pyrolysis temperature is around 550–600 ℃, but 
temperatures up to 800–1000 ℃ have been reported. 

Suda et al. [17] prepared CMS membranes by vacuum pyrolysis from Kapton polyimide films 
at 1000 ℃ and then activated the membranes in water vapor to slightly enlarge the pores. The 
resulting CMS membrane showed a pure gas C3H6/C3H8 selectivity of 20. Steel and Koros 
investigated the effects of polymer precursors (6FDA/BPDA-DAM, 4,4-
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(hexafluoroisopropylidene)diphthalic anhydride (6FDA), 3,3-4,4-biphenyltetracarboxylic 
dianhydride (BPDA), 2,4,6-trimethyl-1,3-phenylinediamine (DAM) and Matrimid® 5218 (3,3,4,4-
benzophenone tetracarboxylic dianhydride and 5(6)-amino-1-(4-aminophenyl)-1,3-trimethylindane)) 
and pyrolysis conditions on the gas separation properties of dense flat CMS membranes [18,19]. 
Table 1 shows that for larger molecules, such as the C3H6/C3H8 pair, the effect of the final pyrolysis 
temperature is clearly different from smaller gas pairs like CO2/CH4. As the temperature increased 
from 550 to 800 ℃, the CO2 permeability decreased from 1000 to 90 Barrer, the CO2/CH4 selectivity 
increased from 40–70 to 200, while the C3H6 permeability for 800 ℃ CMS was 0.1 Barrer and the 
C3H6/C3H8 selectivity was 4.4. The reason for this difference may be that the ultramicropore volume 
is reduced due to densification. The average ultramicropore sizes are sufficiently small to exclude the 
passage of both propylene and propane through most of these pores. Similar results were observed 
for 6FDA/BPDA-DAM. In the case of C3H6/C3H8 separation, a pyrolysis temperature of 500 ℃ 
yielded much better performances than 800 ℃. 

Table 1. Permeation properties of polymer precursor and CMS membranes at 35 ℃ and 
feed pressures less than 100 psia [18,19]. 

Materials Pyrolysis conditions PC3H6 (Barrer) PC3H6/PC3H8 (-)
Matrimid - 0.1 10 
Matrimid 550 ℃, 2 h 9.1 5.8 
Matrimid 800 ℃, 2 h 0.1 4.4 
Matrimid 500 ℃ 13 40 
6FDA/BPDA-DAM - 11.8 13 
6FDA/BPDA-DAM 500 ℃ 2 h 196 100 
6FDA/BPDA-DAM 800 ℃, 2 h 1.3 7.9 

Xu et al. [13] prepared CMS membranes derived from Matrimid® and 6FDA/BPDA-DAM 
hollow fibers pyrolyzed at 550 oC. The results showed that the “slit-like” structures of CMS enabled 
the separation of bulk olefins (C3H6) from paraffins (C3H8). The CMS dense flat membrane based on 
Matrimid and 6FDA/BPDA-DAM showed a C3H6 permeability of 0.1 and 11.8 Barrer and a 
C3H6/C3H8 selectivity of 10 and 13 at 35 ℃ and 100 psig. CMS based on Matrimid and 
6FDA/BPDA-DAM hollow fiber membranes showed a permeance of 0.76 and 17.5 GPU with a 
selectivity of 21 and 20.5 at 35 ℃ and 50 psig. The authors reported that CMS hollow fibers derived 
from Matrimid suffered a substructure collapse during the intense heat treatments leading to an 
increase of the effective separation layer thickness and reduced permeance. Since 6FDA/BPDA-
DAM hollow fiber membranes have higher glass-rubber transition temperatures compared to 
Matrimid, they could overcome this substructure collapse problem. 

Then, Xu et al. used the same materials to determine why the substructure collapse  
occurred [20]. Polymer chain flexibility (relatively low glass transition temperature (Tg) for 
Matrimid® compared to 6FDA/BPDA-DAM CMS) appears to be the main origin of the substructure 
collapse. This phenomenon must be addressed in all cases involving high heat treatment near or 
above Tg. Since heat is transferred from the skin side to the bore side, collapse firstly occurs at the 
outer layer. The authors proposed to overcome this permeance loss problem by selecting a high Tg 
precursor, but the pyrolysis process and the hollow fiber formation step also need further study. 

The V-treatment technique was also proposed to overcome the substructure collapse [21]. The 
precursor fibers, after the solvent exchange step, were firstly saturated with vinyltrimethoxysilane 
(VTMS) before being exposed to moisture at 25 ℃. A silane-moisture reaction created some organic 
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crosslinked silica on the fibers pore walls via a sol-gel crosslinking reaction. This technique enabled 
to limit, at least at the microscale, a morphology collapse for asymmetric CMS membranes without a 
chemical reaction. The result showed that the skin thickness significantly decreased for Matrimid 
(from 40 to 5–6 µm) and 6FDA:BPDA-DAM (from 16–17 to 3–4 µm) compared to CMS without a 
V-treated precursor. This significant change in membrane skin thickness directly increases the gas 
permeance for both asymmetric CMS V-treated hollow fibers. However, no permeation data were 
reported to separate propylene from propane. 

Thermally-rearranged (TR-440 oC) and carbon molecular sieve (CMS-600 ℃) membranes 
made from an intrinsically microporous polymer precursor PIM-6FDA-OH (polymers of intrinsic 
microporosity, PIM) were reported for the separation of propylene from propane (Figure 2) [14]. 
Thermally-rearranged (TR-440 ℃) PIM-6FDA-OH membrane showed good permeability compared 
to the precursor PIM-6FDA-OH for C3H6/C3H8 separation. The CMS membrane had excellent pure 
gas performance with a C3H6/C3H8 selectivity of 33 coupled with a C3H6 permeability of 45 Barrer. 
For mixed-gas conditions, a C3H6/C3H8 selectivity of 17 and C3H6 permeability of 31 Barrer at 4 bar 
feed pressure was reported. No evidence of plasticization was observed under these conditions 
(Table 2). 

Another intrinsically microporous hydroxyl-functionalized polyimide (6FDA-DAT1-OH)  
made from 6FDA and DAT1-OH (2,6(7)-dihydroxy-3,7(6)-diaminotriptycene) was thermally 
converted at 460 ℃ for 30 min leading to a 100-fold increase in C3H6 permeability to 39 Barrer and 
a C3H6/C3H8 selectivity of 23. The conversion of the 6FDA-DAT1-OH polyimide precursor to TR-
6FDA-DAT1-OH derivatives was confirmed via TGA-MS and FTIR. TR polymers contained the 
same backbone structure compared to the precursor, but hydroxyl groups were left (Figure 2). The 
TR polymer has increased free volume which was reflected by increased microporosity as 
determined by enhanced Brunauer-Emmett-Teller (BET) surface area from 167 to 405 m2ꞏg−1.  
After 28 d of physical aging, the 6FDA-DAH1-OH-460-30 membrane performance decreased as the 
C3H6 permeability dropped to 21 Barrer with a simultaneous decrease in C3H6/C3H8 selectivity to 16. 
The performance was also reduced for mixed-gas with a C3H6 permeability of 12.8 Barrer and a 
C3H6/C3H8 selectivity of 8. Physical aging is a naturally occurring phenomenon in glassy polymers 
leading to a densification of the polymer matrix trying to reach an equilibrium state. This 
phenomenon leads to a loss of gas permeability over time [22]. Smith et al. [23] performed a similar 
thermal rearrangement of 6FDA-APAF (2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane) 
polyimide (450 ℃) and reported a pure C3H6 permeability of 17 Barrer with a C3H6/C3H8 selectivity 
of 16. 

Karunaweera et al. [24] used a high molecular weight crosslinkable polyimide (6FDA-DABA 
4,4′-diaminobenzanilide) to produce CMS membranes. The pyrolysis temperature was 350 ℃ for 2 h 
or 450 ℃ for 2 h, then 550 ℃ for 2 h. The best results for pure gas permeabilities were in excess of 
403 Barrer with propylene/propane selectivities as high as 25 for 6FDA-DABA-450-550 (Table 2). 
Mixed-gas (C3H8:C3H6 50:50) measurements yielded a propylene permeability of 257 Barrer and a 
selectivity of 20 for the same membrane. 
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Figure 2. Chemical structure of PIM-6GDA-OH and 6FDA-DAT1-OH. 

Table 2. Pure gas and mixed-gas C3H6/C3H8 transport properties of PIM-6FDA-OH, TR, 
CMS and 6FDA-DAT1-OH, TR, CMS membranes. 

Membrane PC3H6 
(Barrer) 
(pure gas) 

PC3H6/PC3H8 

(pure gas) 
PC3H6 (50:50 
C3H6:C3H8) 
(Barrer) 

αC3H6/C3H8 

(50:50 C3H6:C3H8) 
Test 
conditions
(℃/bar) 

Ref. 

PIM-6FDA-OH-
250 ℃ 

3.5 30 - - 35/2 [14] 

PIM-6FDA-OH-
440 ℃ 

14 15 11 11 35/2 [14] 

CMS-600 ℃ 45 33 31 17 35/2 [14] 
6FDA-DAT1-OHa 0.3 33 - - 35/4 [22] 
6FDA-DAT1-OH-
460-30min 

39 23 - - 35/2 [22] 

6FDA-DAT1-OH-
28d 

21 16 12.8 8 35/2 [22] 

6FDA-APAF-450 17 16 - - 35/2 [23] 
6FDA-DABA 0.05 0.013 - - 35/3.3 [24] 
6FDA-DABA-550 378 12.8 - - 35/3.3 [24] 
6FDA-DABA-
350-550 

390 21.2 - - 35/3.3 [24] 

6FDA-DABA-
450-550 

403 25.4 257 20 35/3.3 [24] 

Okamoto et al. [25] prepared CMS membranes by pyrolyzing an asymmetric hollow fiber 
polymer membrane of BPDA-DDBT/DABA (dimethyl-3,7-diaminodiphenylthiophene-5,5-dioxide 
DDBT). The membranes pyrolyzed at 600–630 ℃ exhibited a high permeance of 26 GPU for C3H6 
at 35 ℃ and 1 atm. However, a relatively low selectivity (11) for a C3H6/C3H8 mixture separation 
was observed. 

Askari et al. [26] made thermally crosslinkable PI (400 ℃) two-layer hollow fiber membranes 
grafted with -cyclodextrin. The results showed that without a silicon rubber coating, the sample 
6FDA-Durene-400 displayed the best C3H6/C3H8 separation with a C3H6 permeance of 73 GPU and a 
selectivity of 10.5. After silicon rubber coating addition, the best selectivity was 15.3 with a C3H6 
permeance of 29 GPU. 

Hayashi et al. [27] prepared CMS membranes by pyrolysis of BPDA/ODA polyimide coated on 
porous alumina tubes (substrate) at 600–900 ℃ in a nitrogen stream. They reported good 
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performances with a propylene permeance of 2.4 and 9 GPU combined with a selectivity of 
propylene over propane of 46, 33 and 35 at 100 ℃ for the membranes pyrolyzed at 700 ℃ and  
101.3 kPa. 

Ma et al. [28,29] reported CMS (6FDA-based polyimide) also formed on the surface of alumina 
supports by dip-coating in a polymer solution. The supported polymer films were dried at room 
temperature for 3 h, then at 100 ℃ for 12 h and finally annealed at 140 ℃ for 5 h before conducting 
pyrolysis. The membranes were then pyrolyzed at a temperature between 550 and 750 ℃. The 
thermal ramps (heat and cool) were set at 4 ℃/min. For tests performed at 25 ℃ and a total feed 
pressure of 23.5 psi (162 kPa), the membrane showed a gas mixture (50/50 C3H6/C3H8) selectivity  
of 35 and a C3H6 permeance of 8.1 GPU on mesoporous γ-alumina supports.	 The authors considered 
that the permeation/separation properties of CMS membranes strongly depended on the test 
temperature and exposure time as the propylene permeance increased (about 3 fold) by increasing the 
temperature (25 to 100 ℃). The permeance of propylene and propane also decreased, while the 
propylene/propane selectivity slightly increased for the first 10 d. Thereafter, the separation 
properties stabilized when exposed to a gas mixture. The authors reported that the micropores in 
CMS membranes, derived from large free volume polymers, tended to shrink over time to reach a 
thermodynamically more stable state, resulting in lower permeance and higher selectivity. This 
physical aging of CMS membranes causing structural pore changes was firstly reported by Koros and 
coworkers [30]. 

Kim et al. [31] investigated thin carbon molecular sieve membranes deposited on alumina 
hollow fibers. Firstly, the porous α-alumina hollow fibers were prepared via an extrusion spinning 
process. Then, an intermediate alumina layer was introduced onto the hollow fiber. Finally, a thin 
layer of Matrimid® 5218 was coated on the support fiber for a final pyrolysis temperature of 650 ℃. 
The resulting CMS membrane exhibited a C3H6 permeance of 45 GPU and a C3H6/C3H8 selectivity 
of 16.5 for mixed gas and the separation performance for this single-component permeance was  
80 GPU for C3H6 and 30 for the ideal gas selectivity of C3H6/C3H8 (Table 3) [28]. The authors 
considered that this type of CMS had some advantages in separation performance and physical 
strength compared to unsupported membranes. Similar CMS structures have also been developed. 
For example, Ma et al. prepared CMS membranes on alumina disks and measured their separation 
properties for propylene/propane mixtures [32]. Teixeira et al. reported the preparation of CMS 
membranes on alumina tubes from boehmite-loaded phenolic resin [33]. These results were obtained 
by a cross-flow setup which is a mixture between a gas flow on the feed side and N2 as a sweep gas 
on the permeate side which were different for each measurement. 

Table 3. Pure gas and mixed-gas permeation properties of CMS hollow fiber membranes. 

Membrane PC3H6 (GPU) 
(pure gas) 

PC3H6/PC3H8 

(pure gas) 
PC3H6 (GPU) (50:50 
C3H6:C3H8) 

αC3H6/C3H8 
(50:50) 

Ref. 

Matrimid-550 0.76 21 - - [13] 
6FDA/BDPA-DAM-550 17.5 20.5 - - [13] 
BPDA-DDBT/DABA-600 26 11 - - [25] 
6FDA-Durene-400 73 10.5 - - [26] 
6FDA-Durene-400-PDMS 29 15.3 - - [26] 
BPDA/ODA-700 2.4, 9.0 46, 35 - - [27] 
6FDA-based-550 - - 8.1 35 [28,29]
Matrimid-650 80 30 45 16.5 [31] 
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The group of Koros studied the effect of post-aging thermal-treatment for CMS hollow fiber 
membranes based on 6FDA:BPDA/DAM [34,35]. The precursor polymer hollow fibers were 
prepared by a dry-jet/wet-quench spinning process before the fibers were pyrolyzed from 50 to 250 ℃ 
at 10 ℃/min, then to 660 ℃ at 3 ℃/min before increasing to 675 ℃ at 0.25 ℃/min under an ultra-
high purity (UHP) argon stream. After soaking at 675 ℃ for 2 h, the furnace was shut down and 
natural cooling to 50 ℃ occurred under a continuous argon purge. Finally, a post-pyrolysis thermal 
treatment of the CMS fibers was performed at higher temperature (250–300 ℃); i.e. super-
hyperaging. The pristine CMS fiber without post-pyrolysis showed C3H6 permeances of 19.8 GPU 
with C3H6/C3H8 separation factors of 22.6. When the CMS modules were stored under ambient air 
conditions for 3 months, the C3H6 permeance dropped to 0.3 GPU while the C3H6/C3H8 separation 
factors increased to 35 due to an aging effect. When CMS hollow fibers were firstly hyperaged  
at 110 ℃ for 18 h in air, a C3H6 permeance of 0.19 GPU with a C3H6/C3H8 separation factor of 60.6 
were observed (Table 4). The hyperaged fibers were then super-hyperaged at a temperature  
between 250 and 300 ℃ for different time under air as shown in Table 5. Unfortunately, the authors 
observed that the super-hyperaging regenerated CMS fibers were still ageing. Therefore, they 
proposed a “re-aging” of the super-hyperaging regenerated CMS fibers by imposing again 280 ℃  
for 30 min. A C3H6 permeance of 30.5 GPU with a C3H6/C3H8 selectivity of 12.8 was reported 
showing the possibility to highly recover the initial separation performance (C3H6 permeance  
= 19.8 GPU, αC3H6/C3H8 = 22.6). 

Table 4. Separation properties of CMS fibers as a function of super-hyperaging conditions [35]. 

Super-hyperaging temperature (℃) Super-hyperaging time (min) C3H6 permeance (GPU) αC3H6/C3H8 
Pristine CMS fiber - 19.8 22.6 
Hyperaging 110 18 0.19 60.6 
300 60 70.5 7.2 
300 30 31.6 7.0 
300 20 8.1 13.3 
280 45 12.5 20.6 
280 30 25.8 9.7 
280 20 24.9 10.7 
250 30 6.2 45.4 
Re-280 30 30.5 12.8 

The precursors bis(triethoxysilyl)acetylene (BTESA) and bis(triethoxysilyl)benzene (BTESB) 
were selected in the production of organosilica (plane composite) membranes for propylene/propane 
separation. Guo et al. [36,37] firstly prepared the organosilica sols via hydrolysis and polymerization 
reactions using BTESA and BTESB as precursors. Then, a porous α-alumina tube was produced 
followed by calcination at 550 ℃ for 20 min as a support. Finally, the (composite) organosilica sols 
were diluted to 0.25 wt% with EtOH. They were coated and calcinated directly on the surface of the 
tube at 300 ℃ under a N2 atmosphere for 30 min. The results of single and mixed gas transport 
properties are reported in Table 5. It is interesting to see that the C3H6/C3H8 separation from a single 
to a binary-gas permeation system was improved. This was attributed to the blockage of C3H8 
permeation since the C3H6 was preferentially absorbed. The authors considered that a suitable or 
moderate pore sizes (0.45–0.52 nm) can blocked C3H8 even if the C3H6 permeability was slightly 
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decreased so the selectivity increased for the binary systems [36,37]. These data are compared with 
other CMS hollow fiber membranes for pure gas in Figure 3 

 

Figure 3. Pure gas C3H6/C3H8 separation performance of flat membranes based on neat 
polymers, carbon molecular sieves (CMS), mixed matrix membranes (MMM) and their 
combination (CMS+MMM). 

Chu and Koros developed CMS dense membranes derived from 6FDA-DAM:DABA (3:2) 
polyimide precursor with integrated Fe2+ (Iron(II) acetylacetonates [Fe(acac)2]) for the separation of 
C3H6 and C3H8 [38]. Pyrolyzed at 550 ℃, the CMS membranes with integrated Fe2+ (0, 1 and 2 wt% 
in the precursor) showed excellent selectivity increasing from 20 to 300 and 230. However, the C3H6 

permeability rapidly decreased from 1000 to 40 and 24 Barrer, respectively. The stability of the Fe-
containing CMS was investigated by continuous testing using a 50 psia multicomponent mixed gas  
at 35 ℃ over a period of 60 d. The results showed a C3H6 permeability of 20–30 Barrer and a 
selectivity between 80 and 400 due to the high C3H8 permeability variation. This type of membrane, 
combining the CMS and MMM advantages, showed excellent performance for propylene and 
propane separation. 

Shin et al. [39] developed PI/LPSQ (80/20 wt./wt.) asymmetric hollow fiber membranes for gas 
separation, where PI was 6FDA-DAM:DABA (3:2) and LPSQ is a ladder structured-poly(phenyl-co-
pyridylethyl)silsesquioxane with a phenyl:pyridylethyl ratio of 6:4 (LPPyr64). The PI and PI-LPSQ 
membranes were pyrolyzed at 675 ℃ following a standard pyrolysis protocol. The results obtained 
are presented in Table 5. 
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Table 5. Pure gas and mixed-gas C3H6/C3H8 transport properties for BETSA and BETSB 
plane composite membranes, CMS dense flat of PI and PI-LPSQ membranes. 

Membrane PC3H6 pure gas  
(GPU) 

C3H6/C3H8 

selectivity (-) 
PC3H6 mixed-
gas (GPU) 

50:50 C3H6:C3H8 
selectivity (-) 

Test conditions 
(℃/bar) 

Ref. 

BTESA 228 14 200 25 50/2 [36,37] 
BETSA/BTESB 
(9:1)-300 

143 22 128 33 50/2 [36,37] 

BETSA/BTESB 
(7:3)-300 

14.2 9 - 18 50/2 [36,37] 

BTESB-300 8.2 2.5 - 4 50/2 [36,37] 

CMS-PI* 630 ± 100 15 ± 3 460 ± 20 10 ± 1 35/1-2 [39] 

CMS PI-
LPSQ10* 

290 ± 60 44 ± 5 270 ± 80 22 ± 8 35/1-2 [39] 

CMS PI-
LPSQ20* 

77 ± 5 67 ± 13 67 ± 20 52 ± 20 35/1-2 [39] 

*The unit of single and mixed gas permeation were Barrer for CMS dense flat membranes of PI and PI-LPSQ.  

For CMS dense membranes, PI (without LPSQ), PL-LPSQ10 (10 wt% of LPSQ) and PL-
LPSQ20 (with 20 wt% of LPSQ), the pure gas selectivities increased from 15 to 67, while the 
permeabilities decreased. The authors considered that the impermeable SiO2 phases created by the 
thermo-oxidative crosslinking and the subsequent etching of siloxanes forming additional effective 
ultramicropores, resulted in a densification of the nonporous inorganic SiO2 phases, thus decreasing 
the C3H6 and C3H8 permeability. But this also contributed to a significant increase of the C3H6/C3H8 
selectivity. The mixed gas C3H6/C3H8 separation performances were lower than those of single gas, 
but considered as good. For the hybrid precursor hollow fiber membranes (HFM), a C3H6 permeance 
of 3.3 GPU and a selectivity of 13 at 1 bar, 35 ℃ was observed for single gas. The corresponding 
CMS PI-LPSQ20 HFM aged for 30 d after pyrolysis had a C3H6 permeance of 2.9 GPU and a 
selectivity of 57. For mixed gas, CMS PI-LPSQ20 HFM aged a week after pyrolysis exhibited a 
C3H6/C3H8 separation factor of 35 and a moderate C3H6 permeance of 4.1 GPU due to physical aging. 
However, no data on CMS PI-LPSQ20 HFM was reported to compare and the anti-aging effect of 
impermeable SiO2 was not clear. 

The pure gas C3H6/C3H8 separation performance of CMS compared to the neat polymer-based 
flat membranes are summarized in Figure 4. CMS membranes with slit-like structures for the 
separation of bulk olefins (C3H6) from paraffins (C3H8) have highly improved performance and 
several membranes are beyond the 2020 experimentally observed C3H6/C3H8 upper bound [1]. 
6FDA/BPDA-DAM-500 has a C3H6/C3H8 selectivity of 100 and a C3H6 permeability of 196 Barrer. 
Furthermore, 6FDA-DABA-550, Matrimid-500 and PIM-6FDA-600 are on the 2020 upper bound. 
Overall, CMS membranes have great potential for C3H6/C3H8 separation with an  
appropriate pyrolysis temperature being in the range of 500–600 ℃. In particular, 6FDA-
DAM:DABA/Fe-550 ℃ has permeabilities of 40 and 24 Barrer with selectivities of 300 and 230 
which are above the upper bound. This membrane, based on 6FDA-DAM:DABA (3:2) polyimide 
precursor with integrated Fe2+ and pyrolyzed at 550 ℃, has a good overall performance by 
combining the advantages of both CMS and MMM. 

Similarly, an analysis of the gas permeation data for hollow fiber membranes is presented in  
Figure 4 [1]. Results including post-aging thermal-treatment of CMS hollow fiber membranes based 
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on 6FDA:BPDA/DAM were added from the original plot. 6FDA:BPDA/DAM-300 hollow fiber 
CMS membrane shows one of the best separation performance, while BTESA/BTESB membranes 
coated and calcinated directly on the surface of an α-alumina tube at 300 ℃ also give interesting 
results. 

Obviously, all the CMS membranes need to be heated to 500–600 ℃ or above in an 
environment without air. This means that a high amount of energy is consumed and special 
equipment are necessary. Therefore, these membranes lead to higher fabrication costs compared to 
neat polymer membranes. Physical aging is a disadvantage for CMS membranes as the micro-pores 
shrink over time leading to a permeability loss. But for the moment, limited information can be 
found in the literature. The porous structure collapse is another problem for CMS membranes. This is 
why a high glass transition temperature (Tg) materials must be selected to further develop the 
pyrolysis protocol and produced better hollow fibers. This can also be done using other 
additives/methods. 

 

Figure 4. Pure gas C3H6/C3H8 separation performance of hollow fiber membranes based 
on neat polymers, carbon molecular sieves (CMS) and mixed matrix membranes (MMM). 

3.2. MOF membranes 

Zeolites have a similar porous structure as MOF, but they do not belong to MOF or polymer. 
Zeolite-based membranes are generally made on a ceramic support via in situ or secondary growth 
methods. In this case, the crystal structure is controlling the micropores. To date, different zeolites 
have been studied for olefin/paraffin separations. The most important parameter is the pore size 
which can vary from 7.4 Å for Na-X [36], to 5.5 Å for ZSM-5 and 7.2 Å for ETS-10 [2]. 

Mundstock et al. [40] reported a Na-X membrane grown on an alumina support modified with 
3-aminopropyltriethoxysilane. Their membrane showed only a separation factor of 3.3 for the 
propylene/propane mixture on the basis of the adsorption selectivity. Therefore, these zeolites should 
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reduce or eliminate intercrystalline gaps to be suitable for olefin/paraffin (4.3–4.5 Å) separations. 
Although some methods are effective to decrease the size of these intercrystalline gaps, the 
permeance of the resulting zeolite membranes is frequently compromised. 

Metal-organic frameworks (MOF) are compounds based on metal ions/clusters coordinated with 
organic ligands to give 1-, 2- or 3-D structures. MOF are similar to zeolites as they are a class of 
microporous crystalline substances with high porosity (up to 90%) [6]. MOF can also be classified as 
inorganic-organic hybrid materials. 

Among the several types of ZIF, KAUST-1	 (Zr-fum-fcu-MOF), ZIF-67, ZIF-90 and ZIF-8 are 
the most promising candidates for propylene/propane separation, especially the latter because its 
most effective aperture size for molecular sieving is between 0.40 and 0.42 nm, which corresponds to 
the kinetic diameters of propylene and propane, respectively [7]. For example, ZIF-8 is composed of 
zinc atoms connected by imidazolate linkers, 2-methyl imidazole moieties as ligands forming a 
sodalite structure with large cavities (1.16 nm in diameter), which are connected by small apertures 
(0.34 nm in diameter) [7,41].  Imidazolate (C3H3N2

–) is the conjugate base of imidazole. It is a 
nucleophile and a strong base (Figure 5). 

 

Figure 5. (a) Synthesis of ZIF-8 [41], (b) fragment of the crystal structure of ZIF-8 [42] 
and (c) image generated for ZIF-8 [43]. 

Pan et al. were the first in 2012 to report an efficient propylene/propane separation using a  
ZIF-8 membrane [44]. By applying secondary growth, the membrane showed a propylene permeance 
of 61.8 GPU and a propylene/propane selectivity of 45. Since then, various methods have been used 
to fabricate ZIF-8 membranes to improve the separation performance. In 2015, Pan et al. optimized 
the activation process of ZIF-8 membrane by the same method on homemade α-alumina discs and 
achieved a separation factor close to 90 for a 50:50 mixture [45]. Liu et al. [46] developed thinner 
(2.5 μm) ZIF-8 membranes on an α-Al2O3 support via secondary growth synthesis in water solution. 
With equimolar binary feed, the ZIF-8 membranes exhibited consistent C3H6/C3H8 selectivity of 
about 30 and C3H6 permeance of 1.1 × 10−8 mol/m2ꞏsꞏPa (33 GPU). The permeations were studied by 
the Wicke-Kallenbach technique with a total feed flow rate of 50 ml/min at atmospheric pressure for 
single gas or gas mixture (50:50 molar ratio). For C3H6/C3H8 mixtures, both the permeance and 
selectivity decreased with increasing feed pressure as the selectivity slightly decreased from 30.1  
to 27.0 when the pressure increased from 1 to 5 bar. More information is reported in Table 6 with a 
comparison with similar works. 
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Table 6. Mixed-gas C3H6/C3H8 transport properties for ZIF-8 membranes. 

Membrane Fabrication 
method* 

PC3H6 
(GPU) 

αC3H6/C3H8 Thickness 
(µm) 

Test 
method** 

Ref. 

ZIF-8 C-D 6.9 57 80 T-LW-K [7] 
ZIF-8 S-G 61.8 45 2.2 W-K [44] 
ZIF-8 S-G 23.4 89 - W-K [45] 
ZIF-8 S-G 33 30 2.5 W-K [46] 
ZIF-8 IMMP 27 12 8.8 ± 1.4 W-K [47] 
ZIF-8 IMMP 50 160 8.1 ± 1.6 W-K [47] 
ZIF-8 IMMP 66 65 4.5 W-K [48] 
ZIF-8 E-C 54 300 0.2 W-K [49] 
ZIF-8 E-C 182 142 0.5 W-K [50] 
ZIF-8 GVD 840 70 87 W-K [51] 
ZIF-8 GVD 90 150 0.017 T-L [52] 
ZIF-8@ZIF-67@ZIF-8 S-G 111 200 - W-K [53] 
ZIF-8 S-G 71 105 0.1–0.2 W-K [54] 

*S-G = secondary growth; C-D = counter-diffusion; IMPP = interfacial microfluidic membrane processing; E-C = 

electrochemical deposition; GVD = gel vapor deposition. 

**T-L = time-lag method; W-K = Wicke-Kallenbach technique. 

Kwon et al. [55] reported a one-step in situ synthesis (counter-diffusion method) on homemade 
α-Al2O3 disks (porosity = 46%, diameter = 22 mm and thickness = 2 mm) to prepare ZIF-8 
membranes. The ZIF-8 membranes were grown at the interface between two disks. The result 
showed a separation performance for a propylene/propane (50/50) mixture (selectivity ~55) and  
100 Barrer of propylene permeability and 50 of selectivity at room temperature and atmospheric 
pressures for pure gas. Gas permeation tests were performed following the Wicke-Kallenbach (W-K) 
technique. Propylene/propane single and binary gas permeation measurements were carried out at 
various temperatures under atmospheric pressure. This was the first time that an inorganic support 
was used which was extended to polymer-supported ZIF-8 membranes. 

In 2014, 80 μm thick ZIF-8 membranes were prepared using a counter-diffusion method on the 
outermost section of a porous α-alumina capillary substrate [7]. The average permeance of propylene 
was 2.3 × 10−9

  molꞏm−2ꞏs−1ꞏPa−1 (6.9 GPU) with an average ideal separation factor for 
propylene/propane of 57 at 298 K. The gas permeation analyses were conducted from 298 to 363 K 
using a time-lag method under a high vacuum with a pressure difference of 0.1 MPa. 

The group of Nair reported a new route for processing MOF membranes into polymeric hollow 
fibers by combining a two-solvent interfacial approach for position control over the membrane 
formation (inner and outer fiber surfaces) resulting in the ZIF-8 membrane being on the inner surface 
of the hollow fiber with an average membrane thickness of 8.8 µm. This process was called 
interfacial microfluidic membrane processing (IMMP). Torlon (polyamide-imide, PAI) hollow fibers 
with a pore size of ~100 nm and room-temperature N2 permeance of 53000 GPU was used as the 
support material. A single fiber showed a permeance of 27 GPU and a selectivity of 12 for binary 
C3H6/C3H8 separation [56]. This was the first report on IMMP for the preparation of ZIF-8 hollow 
fiber membranes. In this case, low-cost polymer hollow fibers were used as the supports and 
continuous molecular sieving ZIF-8 membranes in single or modules hollow fibers was produced. So 
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IMMP is a promising approach for the scale-up production of MOF-based hollow fiber composite 
membranes. 

In 2016, Eum et al. developed selective ZIF-8 membranes using the same IMMP method	 on 
PAI (Torlon) hollow fibers for propylene/propane separation [47,48]. The performance of these 
engineered ZIF-8 membranes was characterized showing a separation factor of 65 for C3H6/C3H8 
mixtures with C3H6 permeances as high as 66 GPU [48]. The authors further optimized the IMMP 
conditions to better control the fiber microstructure leading to a separation factor of up to 180 (1 bar, 
P = 0 bar and 25 ℃), which remained as high as 60 at 120 °C [47]. The membrane even maintained 
a high selectivity of 90 under a high feed gas pressure of 9.5 bar (P = 8.5 bar). The separation factor 
dropped from 180 to 90 when the feed pressure increased from 1 to 9.5 bar and the permeance of 
C3H6 dropped from 45 to 27.5 GPU with increasing pressure, while the value for C3H8 remained very 
small (about 0.3 GPU). This ZIF-8 membrane also showed excellent stability under longer-term 
operation at 25 °C and 1 bar of feed pressure with a constant separation factor of 160 and C3H6 
permeance of 50 GPU over 30 d of continuous operation. 

The group of Nair continuously developed MOF membranes using the same fabrication method 
for ZIF-90 membranes on carbon hollow fibers fabricated via pyrolytic conversion of crosslinked 
polymer hollow fibers. The gas separation performance of ZIF-90/carbon membranes and ZIF-8/PAI 
fiber membranes was reported [3,4]. The results show a sharp permeability cut-off between C3H6 and 
C3H8 indicating an effective aperture size close to 4.2 Å for ZIF-8. ZIF-90 membranes showed 
similar molecular separation performance to ZIF-8, However, a significant permeability drop 
associated with “molecular sieving” is observed at much larger kinetic diameters (around 5.0 Å) for 
ZIF-90 which would be more suitable for the n-C4H10/i-C4H10 (4.3 Å/5.0 Å) system [3]. 

Ultrathin ZIF-8 membranes (200 nm) were prepared by a fast electrochemical process (20 min 
without using high pressure autoclave) grown on an anodic aluminum oxide (AAO) disc with a Pt 
coating [49]. The highest propylene/propane selectivity (350) of this type of ZIF-8 membranes was 
reported. The C3H6 permeance decreased with increasing temperature (54 to 28 GPU at 25  
to 150 °C), while the C3H8 permeance slightly increased, leading to lower separation factors  
from 350 to 180. Long-term stability of the ZIF-8 membrane (grown for 20 min) for C3H6/C3H8 
separation (~45 GPU and ~300 of selectivity) at room temperature and 1 bar was also described in 
this paper. This method used a solvent (methanol) and an electrolyte (support) to improve the 
conductivity of the solution. It also required limited modification of the support, while a conductive 
layer was still required. 

Hou et al. prepared a series of Zn/Co ZIF membranes via a one-step within 20 min using the 
same method, by introducing Zn2+ into the precursor solution of ZIF-67 (100% Co) membranes. The 
Zn82%Co18%-ZIF membrane exhibited one of the best C3H6/C3H8 separation performances with an 
ideal selectivity of 200 [57]. Zhao et al. reported a PP-supported ZIF-8 membranes synthesized via 
fast current-driven synthesis within 1 h. The membranes showed excellent C3H6/C3H8 separation 
performance with a separation factor above 120. After bending the flat membrane with a curvature  
of 92 m−1, the C3H6/C3H8 separation performance was found to be unchanged [58]. 

Wei et al. further developed an electrochemical deposition technique using water as the solvent 
without any electrolyte or modulator addition [50]. The membrane exhibited a C3H6 permeance  
of 182 GPU and a separation factor of 142. 

Li et al. fabricated ultrathin ZIF-8 membrane (87 nm) through a gel-vapor deposition (GVD) 
process [51]. The thin selective layer led to a very high propylene permeance (840 GPU), while a 
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good propylene/propane selectivity (70) was maintained. They also explored the fabrication of ZIF-8 
hollow fiber modules applying the GVD technique. The permeation properties of various gases 
(C3H8, C3H6, CH4, N2, O2, CO2 and H2) were obtained by the constant-pressure, variable volume 
method (W-K). 

Ma et al. reported the fabrication of ZIF nanocomposite membranes by means of an all-vapor-
phase method on a porous support [52]. The supports consisted of an α-alumina microporous 
substrate coated with a 5 µm -alumina mesoporous layer with pores in the 2–5 nm range. Firstly, 
ZnO was deposited on top and inside the -alumina layer. This ZnO-alumina composite was rendered 
essentially impermeable and not  selective for	 propylene/propane, while after ligand-vapor (2-
methylimidazole) treatment, it was partially transformed to ZIF and showed stable separation 
performance. ZIF membranes had the best result of 3 × 10−8 molꞏm−2ꞏs−1ꞏPa−1 and 150 of C3H6/C3H8 
separation factor for single gas at 4 atm [52]. 

Kwon et al. designed a three-component architecture (ZIF-8@ZIF-67@ZIF-8) membranes for 
C3H6/C3H8 separation [53]. The authors considered that the tertiary growth of ZIF-8 could heal 
potential defects occurring in the ZIF-67 surface layer and at the grain boundary allowing a multiple 
hetero-epitaxial growth enhancing the selectivity up to 200, while the C3H6 permeance was of 370 
× 10−10 molꞏm−2ꞏs−1ꞏPa−1. 

Ramu et al. studied the effect of zinc salts on the microstructure of ZIF-8 seed layers  
prepared under microwave irradiation, as well as subsequent secondary grown ZIF-8 membranes [54]. 
Among zinc nitrate hexahydrate	 (Zn(NO3)2), anhydrous	 zinc chloride (ZnCl2) and zinc acetate 
dihydrate (Zn(CH3COO)2), zinc nitrate seed layers (densely packed with uniform small crystals  
around 100–200 nm) produced the best seed layer microstructure leading to subsequent growth. The 
results showed the best propylene/propane separation performance with an average propylene 
permeance of 270 × 10−10 molꞏPa−1ꞏm−2ꞏs−1 and an average propylene/propane separation factor  
of 105 for the Zn(NO3)2–Zn(NO3)2 membrane. 

The group of Koros predicted that neat Zr-fum-fcu-MOF membranes should exhibit a 
C3H6/C3H8 selectivity as high as 1130 with a C3H6 permeability of 40 Barrer by a back-calculation 
method [59]. These values are taken as the ideal and theoretical separation performance of 
membranes reported so far. Unfortunately, these neat Zr-fum-fcu-MOF membranes are still 
unsuccessful to fabricate. 

It is noted that the separation performance of well-intergrown polycrystalline ZIF-8 membranes 
is determined not only by the selective intracrystalline diffusion (intrinsic material property), but also 
by nonselective intercrystalline diffusion (grain boundary structure) [53]. The microstructures of 
polycrystalline membranes however are highly influenced by the processing techniques (preparation 
method, process control and process conditions). The gas separation performances of ZIF-8 or other 
MOF membranes are function of the preparation technique (membrane thickness) and the permeation 
test method. Various methods have been reported, including secondary growth (S-G), counter-
diffusion (C-D), interfacial microfluidic membrane processing (IMMP), electrochemical deposition 
(C-E) and gel vapor deposition (GVD). For secondary growth, nanosized ZIF-8 crystals are typically 
pre-coated onto the support as a seeding layer acting as a nucleation center. Then, ZIF-8 crystal seeds 
grow into a dense and continuous membrane by hydro- or solvo-thermal synthesis. Therefore, it is 
relatively easy to control the membrane structure including composition, thickness, orientation and 
reproducibility. Both the C-D and IMMP methods can be seen as in situ techniques, but the 
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electrochemical approach needs a conductive layer to work which is a limitation for commercial 
application. 

Table 6 shows that the thinner the MOF layer, the better the results for the fabrication via 
electrochemical deposition and GVD. However, ZIF-8 membranes by IMMP on a polymer hollow 
fiber have high potential for commercial application because they represent an 
intermediate/combination between the properties of polymers and ZIF membranes. But the gas 
permeation results depend on the preparation methods, as well as the thickness and number of 
defects affecting the permeance and selectivity. However, the membrane performance is essentially 
determined by the MOF structure, such as the pore size with respect to the size of the molecules to be 
separated. 

Most of the permeation tests on MOF membranes were carried out by the Wicke-Kallenbach 
(W-K) technique (Table 6) which is a constant pressure, variable volume method. Atmospheric 
pressure was applied to both sides of the permeation cell. The feed side was fed with a 
propylene/propane gas mixture. On the permeate side, helium or nitrogen were used as sweep gas. 
The compositions (feed and permeate) were determined on-line via gas chromatography. In general, 
the feed pressure used for flat MOF membrane is low because of the fragile nature of MOF 
membranes. On the other hand, the gas transport properties of polymer-based membranes were 
measured by the time-lag method which is a variable pressure, constant volume method. A single gas 
or a mixture thereof is fed at a pressure which can be high (for example 40 bar), while the permeate 
side pressure starts under vacuum an then increases with time. No comparison was done between 
these two methods. 

The data of MOF membranes were summarized in Table 6. Most of the data were obtained at 
low pressure except for ref. [44,45]. As expected, the separation performances are highly influenced 
by pressure. For example, the C3H6/C3H8 selectivity dropped from 180 to 90, while the permeance of 
C3H6 dropped from 45 to 27.5 GPU, when the test pressure increased from 1 to 9.5 bar [44,45]. So 
these data could not be compared with other polymer-based membrane under higher pressure.  

The C3H6/C3H8 separation performance of membranes produced using different fabrication 
methods is shown in Figure 6. The best performance is beyond the 2020 experimentally observed 
C3H6/C3H8 upper bound of polymer-based membranes [1]. But again, due to the fragile nature of 
ZIF-8 (MOF) membranes and their difficult preparation, they are far from being used on an industrial 
scale. Therefore, MOF membranes were developed based on different preparation methods to meet 
the requirements of industrial applications for many years. The other disadvantages of MOF 
membranes are (1) the higher costs compared to neat polymer membranes because expensive 
materials and complex fabrication processes are used, (2) MOF membrane areas (contact area) are 
relatively small, and (3) MOF membranes need support materials such as polymer hollow fibers or 
inorganic disks. 

3.3. Facilitated transport 

Facilitated transport membranes have different structures such as supported liquid membranes, 
ion exchange membranes and polymer electrolyte membranes. Microporous membranes are chosen 
as the support, which are immersed into the carrier solution (such as silver nitrate).  The main 
problem is related to the poor stability of the silver nitrate solution in the membrane pores limiting 
the practical application of supported liquid membranes [60]. Ion exchange membranes are usually 



202 

AIMS Materials Science                                                        Volume 9, Issue 2, 184–213. 

prepared by introducing silver salts into polymer membranes with an acid group (such as sulfonic 
acid groups), and then the proton is exchanged by the silver ion. To perform the ion exchange, the 
polymer is immersed in a solution containing silver or other metal salt solution. The silver ions are 
strongly bound to the anions without water leading to difficult interactions with olefins [61]. 

A polymer electrolyte membrane (PEM) is composed of a polymer matrix and metal salt 
distributed in the polymer. Silver ions are fixed by the oxygen atoms in the polymer via coordination. 
When the olefin permeates through the membrane, the olefin can form coordination complexation 
with the silver ions and hop to another neighboring silver ion. After several jump along the silver 
ions, the olefin can be released on the downstream side of the membrane (Figure 1). In contrast, the 
paraffin cannot complex with silver ions, leading to the preferential permeation of olefins through 
the membrane. Among these processes, the use of solid polymer electrolytes as facilitated olefin 
transport membranes is the most promising [9]. 

Hsiue and Yang prepared three membranes for propylene/propane separation: linear low density 
polyethylene (LLDPE), LLDPE modified by poly(ethylene-graft-acrylic acid) (PE-g-AA) and PE-g-
AA incorporated silver ions (PE-g-AA-Ag+) [62]. The separation performances were very poor for 
LLDPE and PE-g-AA membranes as the selectivity was around unity at 40 ℃. The results of 
complex PE-g-AA-Ag+ membrane showed a selectivity of 5.5 and a permeability of 1.05 Barrer  
at 30 ℃ and 1.3 bar under a 45/55 propylene/propane ratio. 

Pinnau et al. [63] prepared PEO–AgBF4 (67 wt% AgBF4) composite membrane of 5 µm 
thickness, where PEO is poly(ethylene oxide) and AgBF4 is silver tetrafluoroborate. Pure gas 
permeation properties of PEO/AgBF4 composite membranes containing more than 50 wt% AgBF4 in 
the polymer matrix were excellent as the selectivity was above 1000 for both ethylene/ethane and 
propene/propane at 23 ℃ and 100 psi, while the values were only 1.2 and 2.5 for a neat PEO 
membrane. However, the ethylene/ethane selectivity dropped to 240 for the PEO/AgBF4 membrane 
using a dry feed gas mixture. Unfortunately, no result was reported for the propylene/propane gas 
mixture. 

Kang et al. [64] compared the long-term stability of PEM for propylene/propane mixtures 
separation. The membranes were based on AgBF4 dissolved in poly(ethylene phthalate) (PEP) and 
poly(2-ethyl-2-oxazoline) (POZ). The result showed that PEP/AgBF4 membranes performed much 
better than POZ/AgBF4. The selectivity of propylene/propane and C3H6 permeance of PEP/AgBF4 
membranes was 55 and 5-6 GPU, while the selectivity drop from 52 to 30 and the permeance  
from 16 to 5 GPU for POZ/AgBF4 when the test lasted for 150 h at 40 psig and 20 ℃. The authors 
associated this difference to the very strong coordination interaction between silver ions and the 
phthalate groups of PEP. 

When polymer-silver salt complex membranes are exposed to UV irradiation, the separation 
performances (permeance and selectivity for propylene/propane) decreased. This behavior is mainly 
attributed to the reduction of silver ions to silver nanoparticles in the membranes. Kim et al. [65] 
studied the effect of the polymer matrix on the formation of silver nanoparticles in the polymer-silver 
salt complex membranes. Three different carbonyl groups were compared: poly(vinyl pyrrolidone) 
(PVP) with an amide group, poly(vinyl methyl ketone) (PVMK) with a ketone group and 
poly(methyl methacrylate) (PMMA) with an ester group. The reduction rate of the silver ions had the 
following order: PVP > PVMK > PMMA, while the size and the distribution of the nanoparticles 
followed the reverse order. 
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Pollo et al. [66] prepared PEM membranes (200 μm thick) using polyurethane (PU) and two 
different silver salts: triflate (CF3SO3) and hexafluorantimonate (SbF6). The results for 
propylene/propane pure gas are shown in Table 7 for 2 bar and 25 ℃ (Table 7). 

Table 7. Gas permeability and ideal selectivity of propylene and propane through PEM 
of PU and PIM-1 membranes. 

Membrane PC3H6 (Barrer) PC3H8 (Barrer) αC3H6/C3H8 Test conditions (oC/bar) Ref. 

PU 191.5 91.6 2.1 25/2 [66] 
PU/AgCF3SO3 (20% w/w ) 188.1 18.0 10.4 25/2 [66] 

PU/AgSbF6 (20% w/w) 50.1 7.7 6.5 25/2 [66] 

PIM-1 2534 851 3.0 35/3.5 [67] 

cPIM 421 44.7 9.4 35/3.5 [67] 

ZncPIM 837 80.9 10.4 35/3.5 [67] 

AgcPIM 759 64.9 11.7 35/3.5 [67] 

MgcPIM 568 37.3 15.2 35/3.5 [67] 

Wang et al. reported a novel method to make polymer electrolyte PEI/Pebax2533/AgBF4 
composite membranes: PEI as the supporting substrate, a thin layer of Pebax2533 (polyether block 
amide) on the microporous PEI by dip-coating and finally the external surface of PEI/Pebax2533 
composite membrane by immersion into an AgBF4 aqueous solution (concentration from 1  
to 8 mol/L) for 2 h, while the other side of the composite membrane should not be in contact with the 
AgBF4 aqueous solution [61]. The PEI/Pebax2533 composite membrane showed relatively high 
permeance (above 100 GPU) and low selectivity (~2) for propylene and propane pure gas. But the 
PEI/Pebax2533/AgBF4 composite membranes had a propylene permeance from 22.6 to 32.4 GPU, 
while a rapid increase of propylene/propane selectivity was observed reaching more than 1000 (only 
for pure gas) when the membranes were prepared with 5.0 mol/L and 8.0 mol/L AgBF4 solutions. 
However, long-term stability and performance of gas mixtures were not reported [68]. 

Liao et al. [67] compared PEM membranes based on PIM-1 as the polymer matrix (with 
intrinsic microporosity) incorporated with various metal ions such as Zn2+, Mg2+ and Ag+. The pure 
gas transport properties of C3H6 and C3H8 were tested at 3.5 atm and 35 ℃ by a variable-pressure 
constant-volume gas permeation cell (Table 7). The PIM-1 membrane was dried in a vacuum oven  
at 120 ℃ for 24 h, while the hydrolyzed PIM-1  membrane was denoted as cPIM. The metal ion 
treated membranes had higher C3H6/C3H8 selectivity than cPIM because the metal-carboxyl complex 
may enhance the C3H6 sorption and facilitate C3H6 transport. Unfortunately, no results on gas 
mixture and long-term stability were reported. 

Silver polymer electrolyte membranes were shown to have good selectivity and separation 
performance for propylene/propane mixture. However, their industrial application is significantly 
hampered because of the poor stability of the silver ions carrier. Silver ions are known to react with 
other substances or be deactivated by light exposure (silver nanoparticle or elemental) resulting in a 
sharp decrease in membrane performances. Kang et al. suggested that the addition of nanoparticles 
into a polymeric matrix is a good way to delay the reduction of silver ions to improve mass  
transport [67]. 

Kang et al. [69] added nanoparticles (TiO2 and Al2O3) into a polymeric matrix (poly(2-ethyl-2-
oxazoline) (POZ) and AgNO3) to improve mass transport. The best result was a C3H6 permeance  
of 0.5 GPU and a selectivity of 7 for 0.15 mol ratio TiO2 in POZ/AgNO3 PEM. Kang et al. [70] then 
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introduced Al(NO3)3 into a POZ/AgBF4 membrane. Comparing the performance of the POZ/AgBF4, 
both the selectivity of propylene over propane and the mixed gas permeance decreased over time due 
to the reduction of silver ions to silver metal nanoparticles. Stable silver ions, maintained for more 
than 14 d, were confirmed by the separation performance of propylene/propane mixtures (selectivity 
= 21 and permeance = 4.8 GPU) over time and by the color change of the POZ/AgBF4/Al(NO3)3 
complex. The reason is that Al(NO3)3 weakened the interaction between Ag+ and the functional 
groups of polymers to reduce the oxidation ability of Ag+. 

Sun et al. [71] introduced titanium dioxide (TiO2) nanoparticles into PEO/silver 
tetrafluoroborate polymer electrolyte membranes for propylene/propane separation. The results 
showed that the propylene/propane selectivity of PEM increased with increasing concentration of 
silver salt and TiO2. However, the propylene/propane selectivity decreased from 19.0 to 5.4 as the 
silver carrier ions became deactivated over the course of 196 h of experiment. 

Poly(vinyl alcohol) (PVA)/AgBF4/Al(NO3)3 complex membrane for propylene/propane 
separation was developed by Park et al. [72]. The selectivity and permeance of the membranes were 
determined to be 17 and 11 GPU at 3 bar and room temperature. Interestingly, the propylene/propane 
separation performance was maintained for more than 145 h at room temperature even though the Ag 
ions, which functioned as olefin carriers, were observed to be unstable during this period. For 
PVA/AgBF4 membrane without Al(NO3)3, the selectivity dropped from 8 to 1.2 in only 25 h due to 
the conversion of Ag ions into inactive nanoparticles. Further permeance increases after this decrease 
around 25 h was attributed to interfacial defects between the PVA chains and the Ag nanoparticles 
generated. 

Zarca et al. described a versatile approach to improve the complex mobile/fixed hybrid 
mechanism inside composite membranes [73]. The authors deduced a mathematical expression for 
the “effective permeability” of propylene by the fixed carrier mechanism. The model was checked by 
comparing simulated and experimental permeation data for propylene/propane gas mixtures in 
PVDF-HFP/Ag+ (PVDF-HFP, poly(vinylidene fluoride-co-hexafluoropropylene)). These membranes 
had interesting performance giving propylene permeability as high as 1800 Barrer with 
propylene/propane selectivity up to 300. The authors considered that this model will be a valuable 
tool for future design and optimization of more complex propylene/propane separation systems for 
more efficient process configurations. 

Pebax-1657/AgBF4/Al(NO3)3 electrolyte membranes were prepared for C3H6/C3H8  
separation by Jeong et al. [74]. Pebax-1657, having 40% amide groups and 60% ether linkages, was 
selected as the polymer matrix. The selectivity and mixed-gas permeance of the membrane were 8.8 
and 22.5 GPU. The selectivity of PVP/AgBF4/Al(NO3)3 membranes was reported to be 15.0 with a 
permeability of 1.3 GPU [75]. 

Jung et al. [76] reported Pebax-5513/AgBF4/Al(NO3)3 membranes to compare with Pebax-1657 
as Pebax-5513 has an amide groups content to 60% in the copolymer. The selectivity and permeance 
of the membranes were 7.7 and 11.1 GPU. Unexpectedly, the membrane selectivity was not 
improved, while the permeance was decreased. 

Pebax-2533, with 80% ether group and 20% amide group, was used by Kim et al. to prepare 
polyether-block-amide (Pebax)-2533/metal salt/Al salt membranes for mixed olefin/paraffin 
separation [77]. In this case, the Al salts were also used to stabilize the metal ions. High permeance 
was expected due to the high proportion of ether groups since these functional groups provide 
relatively permeable regions. The results showed that the Pebax-2533 composite membrane had a 
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propylene/propane selectivity of 5 with 10 GPU for propane. The permeance was not unexpectedly 
improved and the selectivity was reduced compared to Pebax-1657/AgBF4/Al(NO3)3 electrolyte 
membranes [74]. 

Table 8. Performance of PEM membranes for C3H6/C3H8 gas mixture separation. 

Membrane C3H6/C3H8 
mixture 

Permeance 
C3H6 (GPU) 

C3H6/C3H8 
selectivity 

Test condition 
(bar/℃) 

Thickness 
(µm) 

Ref. 

PEP/AgBF4 50/50 5-6 55 2.7/20 10 [64] 
POZ/AgBF4 50/50 16 52 2.7/20 10 [64] 

PVP/AgBF4/Al (NO3)3 - 1.3 15 - - [75] 

(PVA)/AgBF4/Al(NO3)3 50/50 11 17 3/RT 23 [72] 

PVDF-HFP/AgBF4 50/50 25 300 2/30 71 [73] 

Pebax-1657/AgBF4/Al(NO3)3 50/50 8.8 22.5 - 1.4 [74] 

PEBAX-5513/AgBF4/Al(NO3)3 50/50 7.7 11.1 1/RT 3.2 [76] 

PEBAX-2533/AgBF4/Al(NO3)3 50/50 5 10 1/RT 3.3 [77] 

PVP/AgCF3SO3/Al(NO3)3 50/50 0.5 5 1/RT 2.7 [78] 

PEOx/AgBF4 50/50 36 65 2.8/23 1 [79] 

PEOx/AgCF3SO3 50/50 32 19 2.8/23 1 [79] 

PVP/AgBF4 50/50 36 65 2.8/23 1 [79] 

PVP/AgCF3SO3 50/50 28 18 2.8/23 1 [79] 

PDMS/57wt.AgBF4 50/50 13 150 - 2 [80] 

Park et al. studied the long-term stability of PVP/AgCF3SO3/Al(NO3)3 complex membranes [78]. 
The results showed that the best separation performance was a selectivity of 5 and a permeance  
of 0.5 GPU  for mixed gas for the 1/1/0.004 PVP/AgCF3SO3/Al(NO3)3 membrane, while the 
selectivity and permeance remained constant for up to 100 h. This work showed that the color of the 
PVP/AgCF3SO3/Al(NO3)3 membrane remained white even after being kept at room temperature for 
over five days, but then changed from white to light brown after 11 days. For the PVP/AgCF3SO3 
complex without Al(NO3)3, the membrane became dark-brown after only 5 d indicating that the Ag+ 
ions were partially converted into silver nanoparticles [76]. The results were similar to previous 
works on PEM [79,80]. 

Table 8 compares the properties of facilitated membranes. It can be seen that using PEP, POZ, 
PVDH, PEO and PVP with AgBF4, the PEM have better separation performance for C3H6/C3H8 mix 
gases. Thinner membranes also show better separation performances.  

Silver polymer electrolyte membranes were shown to have good selectivity and separation 
performance for propylene/propane mixture and Figure 6 presents a comparison of the data available 
for facilitated transport membranes with respect to the 2020 experimentally observed C3H6/C3H8 
upper bound of polymer-based membranes. However, all the facilitated transport membranes have an 
important disadvantage due to their long-term instability. For the moment, the most stable 
membranes were only for two weeks due to silver ions carrier reduction, even when some additives 
were used to stabilize the metal ions. Therefore, facilitated transport membranes, including PEM, still 
need some improvement to meet some basic requirements for industrial applications, compared to 
neat polymer separation modules working continuously for several years. 
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Figure 6. Mix gas C3H6/C3H8 separation performance of MOF membranes (using 
different fabrication methods) and facilitated transport (polymer electrolyte) membranes. 

4. Conclusion 

Generally, polymer-based membranes follow the solution-diffusion mechanism and are not 
suitable for C3H6/C3H8 separation because the physico-chemical properties of both gases are too 
close. In addition, the difference between their molecular dynamic diameters is very small (less  
than 0.3 Å). In this case, even carbon molecular sieve (CMS) membranes do not lead to selectivities 
over 100. 

For propylene/propane membrane separation, as for any gas separation, stability is very 
important for industrial applications. So specific problems like carrier stability, plasticization effect 
and aging effect must be accounted for. Physical aging is a disadvantage of CMS membranes since 
the micro-pores shrink over time leading to a reduction in permeability. But a regeneration approach 
for CMS fibers is possible to overcome this problem. The porous structure collapse is another 
problem for CMS, This is why high glass transition temperature (Tg) materials must be selected for 
future development, as well as the pyrolysis protocol and hollow fiber formation by using additives. 
Facilitated transport membranes show excellent propylene/propane mixture separation performances. 
However, compared with commercial polymeric membranes (2–7 years), the instability of the 
carriers, including the reduction of Ag+, are the main challenges limiting their long-term operation 
and practical applications (1–2 weeks). Although some nanoparticles were used to help stabilize the 
metal ions, the membrane stability is still not high enough. Finally, plasticization is a concern for 
polymer-based membranes. 

Metal-organic frameworks (MOF) membranes were developed for the separation of olefins and 
paraffins, some of which (ZIF-8) have achieved quite high separation selectivity reaching 300 for gas 
mixture. However, such membranes are faced with challenges in terms of low mechanical strength 
and difficult scale-up fabrication. 

Covalent organic frameworks (COF) are a class of porous materials containing light elements 
(hydrogen, boron, carbon, nitrogen, oxygen and silicon) linked by strong covalent bond. Since COF 
are light materials having strong covalent bonds, they show low density, good thermal and chemical 
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stability, and inherent porosity with a well-defined pore aperture, ordered channel structure, large 
surface area and multi-dimensions. Compared to MOF, 3-D COF can provide a higher fraction of 
accessible surface area for gas separation [81]. The large-scale production of COF may be developed 
to advance the design and application of new COF adsorbents to included into membranes with 
specific structural properties for propylene/propane separation.  

The ideal membranes for propylene/propane separation should have easy fabrication, low cost 
and high efficiency with an appropriate pore size between 4.0–4.3 Å which can be tailored via 
careful synthesis. Several polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) di-block 
copolymers with different molecular weights were synthesized by Rangou et al. [82]. The pore sizes 
are between 22–48 nm. So self-organized isoporous membranes could be optimized by the reaction 
conditions to highly reduce the pore size for gas separation. This is the main challenge for the future, 
not only for propylene/propane separation. 

Although membrane-based technology for propylene and propane was developed, more work is 
still needed to improve on the results obtained. Future works should include: 
(1) Selection of more rigid molecular sieve having suitable pore size, especially  covalent organic 

frameworks (COF) controllable assembly for olefin/paraffin separations at the lab-scale. 
(2) Combination of two or more methods (hybrid processes) to fabricate thinner flat membranes or 

hollow fiber modules, such as IMMP, to put MOF layers on the inside or outside of polymer 
hollow fibers as the flexible polymer support could improve the membranes stability. Then, 
prepare spiral wound modules and hollow fiber modules to determine their suitability and 
overall properties under commercial application conditions; i.e. over a wide range of 
temperature, pressure and gas concentration.  

(3) Study the gas permeation under more realistic feed conditions; i.e. similar to industrial 
conditions composition. 

(4) Improve the long-term stability of facilitated transport membranes and anti-aging CMS 
membranes. 

(5) Modeling of the membrane permeability, selectivity and stability would be helpful to better 
optimize the properties and reduce the costs of not only olefin/paraffin separations, but any gas 
separation in general. 
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