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A B S T R A C T   

Ethylene/ethane separation is a critical and energy-consuming process in the chemical industry due to the similar 
properties of the compounds and the great need of ethylene for e.g., polymer production. Many materials have 
been studied for their implementation as membranes as an energetically favorable alternative to conventional 
distillation and adsorption processes. Metal-organic frameworks (MOF) have revealed promising properties as 
highly permeable and selective membranes. Among the most studied and promising MOF candidates is ZIF-8, 
known for its thermal stability and small pores connected by narrow-sized windows. In this work, we present 
an analysis of the influence of parameters such as temperature, feed pressure and feed flowrate on the separation 
of ethylene/ethane through a thin ZIF-8/alumina disc membrane. We observed that the temperature has a sig
nificant effect on the separation. The ethylene permeance increased with decreased temperature and reached 8.1 
× 10− 7 mol/(m2⋅s⋅Pa) at − 30 ◦C. At this temperature, the ethylene/ethane selectivity was 2.5. The study 
concluded with a considerable enhancement of the permeance of ZIF-8 membranes for ethylene/ethane sepa
rations, while maintaining a good selectivity compared to the reported values in the literature. The results have 
important implications for the development of more cost-effective and energy-efficient membrane-based sepa
ration technologies for ethylene purification.   

1. Introduction 

Ethylene (C2H4), as an important feedstock in the industry, is 
commonly produced through steam cracking using ethane (C2H6) or 
naphtha as feedstock. A mixture of C2H4/C2H6 is obtained from the 
process due to the chemical equilibrium. One of the main uses of C2H4 is 
in polymer production, where a high purity (99.9 wt%) is necessary. 
However, the separation of C2H4/C2H6 is challenging because of the 
similar properties of the molecules, shown in Table 1. 

For industrial separation by conventional cryogenic distillation, a 
low-temperature splitter with up to 200 trays in the column is needed 
[1], and the feed to the distillation splitter consists of an ethylene-ethane 
saturated vapor mixture at about − 24 ◦C and 21 bar. To facilitate 
cryogenic distillation in the column using a readily available propylene 
refrigerant at − 36 ◦C as coolant, a high column pressure of around 19 
bar is needed [2]. The high pressure and low temperature process de
mands a huge amount of energy and thereby high costs. Therefore, the 
development of new energy-efficient separation technologies is of great 

interest. Given this scenario, membrane technology has emerged as an 
energetically favorable alternative with a much lower energy demand 
compared with distillation processes [3,4]. Also, hybrid membrane- 
distillation and membrane-adsorption processes are viable alternatives 
as an initial implementation [5]. In any case, high quality membranes 
are needed. 

Polymeric membranes are used in industrial gas separation pro
cesses. However, for olefin/paraffin separations, the mass transfer oc
curs through a sorption–diffusion mechanism, which results in low 
selectivity for molecules with similar adsorption coefficients. This is the 
case for separation of C2H4/C2H6 [6,7]. Copolyimides are promising 
polymers as dense membranes for C2 hydrocarbon separations [8–11]. 
The highest C2H4/C2H6 selectivity of 6.8 is reported for 4,4′-(hexa
fluoroisopropylidene) dipthalic anhydride-1,5-naphthalene diamine 
(6FDA-NDA) copolyimides [8], however, the C2H4 permeability is only 
1.2 Barrer (8 × 10− 12 mol/(m2⋅s⋅Pa) for a membrane thickness of 50 μm) 
[9]. A polymer of intrinsic microporosity membrane (PIM-1, 2,3,5,6- 
tetrafluorophthalonitrile-3,3,3′,3′-tetramethyl-1,1′-spirobisin dane- 
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5,5′,6,6′-tetrol co-polymer) [12] displayed a higher C2H4 permeability of 
535 Barrer (3.6 × 10− 9 mol/(m2⋅s⋅Pa) at a membrane thickness of 50 
μm) at a feed pressure of 1 bar, but a low C2H4/C2H6 selectivity of 1.4. 
The selectivity was lost when the feed pressure was increased to 10 bar. 
PIM-6FDA and PIM-6FDAOH membranes were investigated by Salinas 
et al. [13,14], and their hydroxyl groups enhanced the selectivity with 
slightly compromised C2H4 permeability, but they did not exceed the 
C2H4/C2H6 polymer upper bound (although the membrane overcame 
the C3H6/C3H8 polymer upper bound [8]). In addition, plasticization is 
also an important issue for polymeric membranes, which could reduce 
the separation performance of the polymeric membrane significantly 
[12]. 

Other membrane types, e.g., carbon molecular sieve membranes 
(CMS) [14–16], mixed-matrix membranes (MMMs) [17], zeolite mem
branes [18], and MOF membranes could offer improved stability as well 
as selectivity by taking advantage of entropic diffusion selectivity. 
Carbon membranes have exceeded the upper limit of polymeric mem
branes for C2H4/C2H6 separation. The transport properties of CMS are 
dependent on a pore structure resembling narrow slits, characterized by 
a network of larger micropores (approximately 7–20 Å in size) inter
connected by smaller ultramicropore windows (less than 7 Å in size) 
[15]. M-gallate (M(C7O5H4)⋅H2O, M = Ni, Co, Mg) MOFs-based mixed 
matrix membranes showed greater performance for C2H4/C2H6 sepa
ration compared to the pure polymeric membranes [19]. UTSA-280 with 
superb C2H4/C2H6 adsorption selectivity also enhanced the C2H4 
permeability and C2H4/C2H6 separation selectivity of polyimides 
membranes by 15% and 32%, respectively [20]. 

Zeolite [18] and MOF membranes have been studied due to their 
greater potential to overcome thermal, chemical, and mechanical sta
bility issues as well as to achieve higher separation performance 
[21,22]. In 2001, Nikolakis et al. reported the first use of microporous 
FAU-type zeolite NaX membranes for olefin/paraffin separation [23]. 
Later, Sakai et al. [24] reported an C2H4/C2H6 selectivity of 16 with an 
C2H4 permeance of 9 × 10− 8 mol/(m2⋅s⋅Pa) for a zeolite AgX membrane 
containing silver ions. MOF is also an example of crystalline micropo
rous materials that have been implemented as membranes for olefin/ 
paraffin separations revealing much higher separation performance than 
most porous materials [25]. Among them, ZIFs (zeolitic imidazolate 
framework), one type of MOFs with imidazolate ligands, have been 
studied intensively as membrane material for olefin/paraffin separation 
because of their high porosity [26], flexible pore architecture and 
functionality [27,28], and high thermal stability (up to 400 ◦C) [29]. 
ZIF-8 (a Zn 2-methylimidazolate (mIm), i.e. Zn(mIm)2) crystals present 
a SOD-type structure with large cages (11.6 Å in diameter) connected 
through small apertures (0.34 nm) [30]. ZIF-8 membranes showed good 
separation selectivity and permeance for separation of C2H4/C2H6 
mixtures. Bux et al. [31] observed an C2H4/C2H6 separation selectivity 
of 2.8 and an C2H4 permeance of 1.8 × 10− 8 mol/(m2⋅s⋅Pa) at a feed 
pressure of 1 bar and a temperature of 25 ◦C, and the selectivity 
decreased to 2.4 when the feed pressure increased to 6 bar. An ideal 
selectivity of 4.2 was observed at a feed pressure of 6 bar. James et al. 
[32] also reported an C2H4/C2H6 mixture selectivity of around 2.0 and 
an C2H4 permeance of 7.8 × 10− 8 mol/(m2⋅s⋅Pa) for ZIF-8 membranes at 
a feed pressure of 1 bar. An ideal selectivity of 2.3 was observed at a 
membrane temperature of 25 ◦C. The effect of temperature was also 
studied, and it was observed that the permeance decreased with 
increasing temperature from 25 to 100 ◦C, and that the membrane was 

slightly less selective with a separation selectivity of 2.1 at 100 ◦C. No 
data was reported for membrane temperatures lower than 25 ◦C. 
Recently, the Co-gallate MOF membranes reported by Sun et al showed a 
high C2H4/C2H6 mixture separation factor of about 8, the corresponding 
C2H4 permeance was 2.5 × 10− 8 mol/(m2⋅s⋅Pa). The separation factor 
decreased from 8 to 6 when the temperature was increased from 20 to 
100 ◦C, meanwhile, the C2H4 permeance was constant [33]. Oriented 
ZIF-8 membranes prepared on carbon nanotube support showed a high 
C2H4/C2H6 selectivity of about 9, which was 3 times higher than that of 
the randomly oriented ZIF-8 membranes and the C2H4 permeance of the 
oriented ZIF-8 membranes was about 8 × 10− 8 mol/(m2⋅s⋅Pa) [34]. 

Furthermore, it has been reported that the heat of adsorption of C2H6 
(− 17.1 kJ/mol) on ZIF-8 is more negative than that of C2H4 (− 16.2 kJ/ 
mol) [35]. However, it has been concluded [32] that the selectivity of 
the ZIF-8 membrane to C2H4 resulted from the narrow pore opening of 
ZIF-8 (0.34 nm [30]) and flexible structure. These factors favour the 
transport of the smaller molecule (C2H4 with a kinetic diameter of 0.41 
nm as compared to C2H6 with a kinetic diameter of 0.44 nm) from a 
C2H4/C2H6 mixture. Other studies have also suggested that the effective 
aperture size of ZIF-8 for molecular sieving is between 0.40 and 0.42 nm 
by estimating the thermodynamically corrected diffusivities of probe 
molecules with different kinetic diameters [36]. The value is much 
larger than the pore size of 0.34 nm determined from XRD data. In the 
latter case, the effective pore size of ZIF-8 is slightly larger than the 
kinetic diameter of C2H4 and smaller than that of C2H6, which pre
sumably would result in faster diffusion of the C2H4 molecule. The faster 
diffusion overcompensates the adsorption preference of C2H6, therefore, 
the ZIF-8 membrane is C2H4 selective [26]. However, owing to large 
thickness (>5 µm) of the studied membranes, the reported ZIF-8 mem
branes displayed quite low C2H4 permeance (<2 × 10− 7 mol/(m2⋅s⋅Pa)). 
Therefore, for a given separation task, a large membrane area is needed, 
which generates high cost. Since ZIF-8 membranes are more expensive 
than polymeric membranes, membranes with high permeability are 
necessary in order to be competitive. 

In the present study, ultra-thin ZIF-8 membranes were synthesized 
and evaluated for the separation of C2H4/C2H6. The membrane was 
characterized using SEM and XRD and by single component permeation 
experiments for gases with different kinetic diameters. In addition, 
single component permeation experiments of C2H4 and C2H6 were per
formed in a wide temperature range. Finally, permeation experiments 
for an equimolar C2H4/C2H6 feed mixture were performed at different 
feed flowrates, pressures, and temperatures. So far, MOF membrane 
separation at relatively high temperatures has been studied extensively 
and the study on low-temperature separation is scarce. In addition, the 
gas temperatures could be high or low after the removal of water and 
some other impurities, which depends on the techniques used in the 
industry. Therefore, membrane separation at low temperatures is 
necessary for some cases. Considering the feed temperature in conven
tional cryogenic distillation processes could be as low as − 24 ◦C [2] in 
the industry, the membrane separation experiments were performed in a 
wide temperature range of − 30 to 100 ◦C in the present work. 

2. Experimental 

2.1. Materials synthesis and characterization by SEM and XRD 

ZIF-8 membranes used in this study were developed by ZeoMem 
Sweden AB. The membranes were synthesized by seeding and growth. A 
seed suspension of ZIF-8 nanocrystals (ca. 80 nm) in methanol was 
prepared as described in a previous work [37]. Briefly, a zinc nitrate 
aqueous solution was prepared by dissolving 1.0 g of zinc nitrate 
hexahydrate (98% Sigma-Aldrich) in 4 g deionized water. This solution 
was added to a 2-methylimidazole (99% Sigma-Aldrich) aqueous solu
tion under vigorous stirring condition at room temperature. The 2-meth
ylimidazole aqueous solution was prepared by dissolving 11.4 g of 2- 
methylimidazole in 40 g deionized water. ZIF-8 nanocrystals were 

Table 1 
Some crucial properties for ethylene/ethane separations.  

Components Kinetic 
diameter 
(nm) 

Polarizability ×
1025 (cm) 

Critical 
temperature (K) 

Boiling 
point (K) 

Ethylene  0.423  42.5 282 169 
Ethane  0.442  44.5 305 184  
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recovered using centrifuge, and then redispersed in methanol (1 wt% 
ZIF-8 nanocrystals in methanol). 

The membranes were supported on porous α-alumina discs with a 
pore size of about 100 nm. The thickness of the disc is 3 mm, and the 
diameter is 25 mm. Prior to seeding, the support was calcined at 500 ◦C 
for 6 h and cooled down to room temperature naturally. The support was 
then rinsed by deionized water and immersed in a cationic polymeric 
solution (1 wt% commercial cationic polymer (Redifloc 4150, Eka 
Chemicals AB, Sweden) in water) for 15 min. Afterwards, the supports 
were rinsed by water to remove excess polymer from the surface of the 
supports. The rinsed supports were immersed in the ZIF-8 suspension for 
15 min and then rinsed by methanol to obtain seeded supports. Subse
quently, the seeded supports were immersed in a ZIF-8 membrane syn
thesis mixture and maintained at 30 ◦C for 2 h. The mass ratio of the 
membrane synthesis mixture was 1 g zinc nitrate hexahydrate/21 g 2- 
methylimidazole/365 g water. The as-synthesized ZIF-8 membranes 
were rinsed thoroughly by methanol and dried at room temperature. 

A scanning electron microscope (SEM, FEI Magellan 400 field 
emission) was employed to investigate the morphology of the mem
branes at an accelerating voltage of 3 kV and an emission current of 3 
pA. Due to the low landing energy and the purpose of preserving the 
original morphology, no conductive coating was used on the membranes 
for SEM analysis. A PANalytical Empyrean diffractometer equipped with 
a Cu Kα1 (λ = 0.1541 nm) LFF HR X-ray tube and a PIXcel3D detector 
was used to record the X-ray diffraction (XRD) patterns from 5 to 
30◦with a scanning rate of 0.03◦/s. The voltage and current of the 
generator were 45 kV and 40 mA, respectively. HighScore software 
combined with the ICDD (the International Centre for Diffraction Data) 
database was used to analyze the recorded XRD patterns. 

2.2. Single component and binary mixture permeation experiments 

The membrane was sealed in a stainless steel Wicke–Kallenbach cell 
using graphite gaskets for all permeation experiments. The inner 
diameter of the gasket was 18 mm. Single component permeation ex
periments of He, H2, CO2, N2, CH4, C2H4, C2H6 and SF6 were carried out 
at room temperature using a feed pressure of 1.5 bar and atmospheric 
permeate pressure. No sweep gas was used and the flow rate on the 
permeate side was monitored by a bubble flowmeter. 

Single component permeation experiments using C2H4 and C2H6 
were also carried out in a temperature range of − 30 to 100 ◦C at feed and 
permeate pressures of 1 bar. A flow rate of about 150 NmL/min of 

helium was used as sweep gas. Single component permeation experi
ments using C2H4 and C2H6 were also performed at feed pressures from 1 
to 4 bar at a constant membrane temperature of − 30 ◦C. The permeate 
pressure was 1 bar and helium was used as sweep gas (150 NmL/min). 
The flow rate on the permeate side was measured using a bubble flow
meter. An online Micro GC (Agilent 490) was used to analyze the 
composition of the permeate. For experiments at sub-ambient mem
brane temperatures, the cell was placed in a container, which was cooled 
with recirculating silicone oil provided by a cooling bath. 

Permeation experiments for an equimolar C2H4/C2H6 mixture were 
performed in continuous flow mode. To optimize the feed flow rate, the 
experiment was first carried out at different feed flowrates in the range 
of 300–1600 NmL/min using a Brooks mass flow controller. A back 
pressure regulator on the retentate line was used to control the feed 
pressure, and digital pressure gauges were used to monitor the pressure 
at both sides of the membrane. Then, the experiments were performed in 
a temperature range of − 30 to 100 ◦C, and feed pressure range of 1–4 bar 
using the optimum feed flowrate. The permeate pressure was 1 bar and 
helium was used as sweep gas at a flow rate of about 150 NmL/min. The 
flow rate of sweep gas would affect the partial pressures of C2H4 and 
C2H6 on the permeate side of the membrane. Therefore, the separation 
results may be different. However, in this study, the flow rate of sweep 
gas was maintained constant in all permeation experiments. A bubble 
flow meter was used to monitor the flowrate on the permeate side and an 
online Micro GC (Agilent 490) was used to analyze the composition. 

The permeance of C2H4 was calculated using Equation (1): 

ΠC2H4 =
FC2H4

AΔPC2H4

(mol/(m2 • s • Pa)) (1) 

In Equation (1), FC2H4 is the molar flow rate (mol/s) of C2H4 on the 
permeate side, which was calculated based on the volumetric flow rate 
and composition of the gas stream on the permeate side. A (m2) is the 
actual membrane area for separation and ΔPC2H4 (Pa) is the partial 
pressure difference of C2H4 on the feed and permeate side of the 
membrane. The same formula was used to calculate the permeance of 
C2H6 (Equation (2)): 

ΠC2H6 =
FC2H6

AΔPC2H6

(mol/(m2 • s • Pa)) (2) 

The selectivity αC2H4/C2H6 of the membrane for C2H4 over C2H6 was 
calculated using Equation (3): 

Fig. 1. A) top-view and b) cross-sectional sem images of a zif-8 membrane.  
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αC2H4/C2H6 =
ΠC2H4

ΠC2H6

(3)  

3. Results and discussion 

3.1. Characterization by SEM and XRD 

A top-view SEM image (Fig. 1a) of the ZIF-8 membrane shows that 
the film is continuous and composed of well-intergrown crystals with a 
rombododecahedral habit, characteristic of the ZIF-8 phase. The surface 
appears clean, and no defects in the film could be observed by SEM. The 
cross-sectional SEM image (Fig. 1b) reveals a uniform and continuous 
ZIF-8 film layer with a thickness of around 600 nm. This thickness is 
much lower than for other ZIF-8 membranes reported in the literature as 
discussed in the introduction section. The porous support is clean, and 
no invasion of MOF material is observed by SEM in the pores of the 
support. This is important since such invasion would increase the mass 
transport resistance [38]. 

Fig. 2 presents the XRD patterns of the ZIF-8 membrane and α-Al2O3 
support. The XRD patterns show typical reflections from the ZIF-8 and 
α-Al2O3 phases, no other phase was detected as concluded by compari
son with the reference pattern of ZIF-8 (ICDD PDF card number: 00-062- 
1030). The reflections from the ZIF-8 phase were relatively weak as a 
result from the ultra-thin ZIF-8 film. 

3.2. Single component permeation 

The measured single component permeances at room temperature 
are presented in Fig. 3. The observed He single component permeance 
was 12 × 10− 7 mol/(m2⋅s⋅Pa), i.e. 4 times higher than the permeance 
reported by James et al. for a 5 μm film (3.1 × 10− 7 mol/(m2⋅s⋅Pa)) [32]. 
The membrane also displayed a high H2 permeance of 28 × 10− 7 mol/ 
(m2⋅s⋅Pa) that was 10 times higher than the reported H2 permeance of 
2.8 × 10− 7 mol/(m2⋅s⋅Pa) [32]. The very high He and H2 permeances 
observed in the present work are a result of the very thin film with a 
thickness of just 600 nm in combination with no invasion in the support 
as observed by SEM. On the contrary, a very low SF6 permeance of 2.6 ×
10− 8 mol/(m2⋅s⋅Pa) was observed in the present work. Since the kinetic 
diameter of SF6 (0.51 nm) is much larger than the pore size of ZIF-8, the 
low SF6 permeance indicates a membrane with low density of defects. 
The value of SF6 permeance may be considered not as low as the values 
for ZIF-8 membranes reported in the literature. However, if we consider 
He and SF6 permeances (12 × 10− 7 and 2.6 × 10− 8 mol/(m2⋅s⋅ Pa)) and 
its corresponding He/SF6 ideal selectivity of 44, this value is notably 
higher than the Knudsen selectivity of 6, which suggests that it is a high- 
quality thin film layer of ZIF-8. If we also contemplate the H2 permeance 
(28 × 10− 7 mol/(m2⋅s⋅Pa)) and the H2/SF6 ideal selectivity, this value 
increase one order of magnitude to a value of 106. 

Fig. 2. XRD pattern of a ZIF-8 membrane and α-Al2O3 support. The red bars 
represent the reference pattern of ZIF-8 (ICDD PDF card number: 00-062-1030). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 3. Single component permeances at room temperature as a function of the 
kinetic diameter of the respective molecule. 

Fig. 4. C2H4 and C2H6 single component permeances (left axis) and ideal selectivity C2H4/C2H6 (right axis) as a function of temperature at a feed pressure of 1 bar (a) 
and as a function of feed pressure at − 30 ◦C (b). 
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The single component permeances of C2H4 and C2H6 were 5.0 and 
2.0 × 10− 7 mol/(m2⋅s⋅Pa), respectively, and the corresponding C2H4/ 
C2H6 ideal selectivity was 2.5. These C2H4 and C2H6 permeances were 
much higher than the respective reported permeances of 0.78 × 10− 7 

mol/(m2⋅s⋅Pa) and 0.39 × 10− 7 mol/(m2⋅s⋅Pa), respectively, by James 
et al. [32] or 0.2 × 10− 7 mol/(m2⋅s⋅Pa) and 0.1 × 10− 7 mol/(m2⋅s⋅Pa) 
reported by Bux et al. [31]. At the same time, the ideal selectivity of 2.5 
observed in the present work was slightly higher than the ideal selec
tivity of 2.0 observed by James et al. and Bux et al. [31,32]. All the 
results observed here show that the membrane in the present work was 
highly permeable and had few defects, in agreement with the thin ZIF-8 
film layer, open support, and well intergrown ZIF-8 crystals. 

The single gas permeance of C2H4 observed in the present work was 
higher than the single gas permeance of N2 and CH4, even though the 
molecular size of the first is larger. This must be a result of the higher 
heat of adsorption of C2H4 (− 16.2 kJ/mol) on ZIF-8 as compared to the 
heats of adsorption of N2 (− 13.4 kJ/mol) [39] and CH4 (-11.8 kJ/mol) 
[40]. The higher heat of adsorption of C2H4 is caused by the higher 
polarizability and quadrupole moment of C2H4 with values of 42.5 ×
1025 cm3 and 1.5 × 1026 esu cm2, respectively, which are much higher 
than those of N2 (17.4 × 1025 cm3 and 1.5 × 1026 esu cm2) and CH4 
(25.9 × 1025 cm3 and 0 esu cm2) [41,42]. 

The influence of the temperature on the single component per
meances of C2H4 and C2H6 was studied at a feed pressure of 1 bar with 1 
bar helium as sweep gas and the results are shown in Fig. 4a. The per
meances of C2H4 and C2H6 increased with decreasing temperature, 
presumably due to more adsorption at lower temperatures. This should 
result in a higher difference in concentration of adsorbed molecules at 
the feed and permeate side of the membrane, i.e., increased driving force 
and thereby a higher permeance. 

The C2H4 permeance increased from 2.7 × 10− 7 to 11 × 10− 7 mol/ 
(m2⋅s⋅Pa), i.e., by about 300% when the temperature was decreased 
from 100 to − 30 ◦C. However, the C2H6 permeance only increased by 
127%, from 1.1 × 10− 7 to 2.5 × 10− 7 mol/(m2⋅s⋅Pa) although the heat of 
adsorption for this molecule is more negative than that for C2H4. This is 
due to the fact that the C2H6 molecules are larger than those of C2H4 and 
close to the effective pore windows of ZIF-8. As we reported in previous 
work, the surface barrier of molecules is dependent on the size of the 
molecules and the pore size [43]. Furthermore, the surface barrier may 
probably be caused by the “pore blocking” or “pore narrowing” of the 
microporous materials during the molecule uptake process [44]. The 
former causes the total blockage of most of the surface with only a tiny 
fraction left open. The latter would result in higher activation energy 
than the diffusion-limited uptake. Both cases cause an extreme reduction 
of the flux rate all over the external surface, thereby low flux. Conse
quently, the surface barrier for the larger C2H6 molecules in ZIF-8 pores 
is higher due to the high activation energy, and as a result, the per
meance of C2H6 was lower than that of C2H4. Moreover, the permeances 
of both C2H4 and C2H6 increased with decreasing temperature because 
of more adsorption at lower temperatures. However, the permeance of 
C2H4 increased more significantly than that of C2H6, which was ascribed 
to the lower surface barrier and faster diffusion for the smaller C2H4 
compared to that for C2H6 (in line with the kinetic diameters given in 
Table 1). Therefore, the synergetic effects of adsorption, surface barrier, 
and diffusion contributed to the higher C2H4 permeance and higher 
C2H4/C2H6 selectivity at lower temperatures. Furthermore, the differ
ences in the surface barrier and diffusion for C2H4 and C2H6 resulted 
from their molecular size and pore size of ZIF-8 as discussed above. As a 
result, the ideal selectivity of C2H4/C2H6 continuously increased from 
2.2 to 4.3 when the temperature decreased from 100 to − 30 ◦C. Fig. 4b 
shows the influence of feed pressure on the single component permeance 
of C2H4 and C2H6 at − 30 ◦C. The permeances of both C2H4 and C2H6 as 
well as the ideal selectivity were almost constant when the feed pressure 
increased from 1 to 4 bar. The first is due to the fact that the permeation 
flux increase is compensated by the augmentation of the pressure 
gradient; the second can be explained by the absence of defects in the 

membrane (in line with the low SF6 permeance and with the high sep
aration selectivity observed) through which pressure dependent viscous 
flow would be produced. 

3.3. Separation of an ethylene/ethane (50/50) mixture 

Since the highest permeance and ideal selectivity values were 
observed at − 30 ◦C in the single gas experiment, the separation of the 
equimolar mixture was carried out at this temperature first. Fig. 5 il
lustrates the permeance and selectivity while varying the feed flow rate 
of an equimolar C2H4/C2H6 mixture at a membrane temperature of 
− 30 ◦C. The feed pressure was 1 bar, and helium was employed as sweep 
gas. The C2H4/C2H6 mixture selectivity increased slightly from 2.4 to 2.6 
when the feed flowrate increased from 340 to 1000 NmL/min. This can 
be ascribed to the effect of concentration polarization. The C2H4 per
meance and C2H4/C2H6 mixture selectivity were almost constant when 
the feed flowrate was higher than 1000 NmL/min. To eliminate the ef
fect of concentration polarization, a feed flow rate of 1000 mL/min was 
used for the following experiments. 

To investigate the effect of feed pressure, an equimolar C2H4/C2H6 
mixture was fed to the membrane while varying the feed pressure in the 
range from 1 to 4 bar. The membrane temperature was maintained at −
30 ◦C, and the feed flow rate was kept constant at 1000 NmL/min and 
helium was employed as sweep gas. Fig. 6 illustrates the C2H4 and C2H6 

Fig. 5. Effect of feed flow rate on the C2H4 and C2H6 permeances (left-axis) and 
C2H4/C2H6 mixture selectivity (right-axis) for a feed comprising an equimolar 
C2H4/C2H6 mixture at a feed pressure of 1 bar and a membrane temperature 
of − 30 ◦C. 

Fig. 6. Effect of feed pressure on the C2H4 and C2H6 permeances (left axis) and 
C2H4/C2H6 mixture selectivity (right axis) at a membrane temperature 
of − 30 ◦C. 
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permeances and C2H4/C2H6 mixture selectivity. The highest C2H4/C2H6 
mixture selectivity was about 2.4 at a feed pressure of 1 bar, and it 
decreased to 2.1 at a feed pressure of 4 bar. The results show the opti
mum feed pressure was the atmospheric. This reduced selectivity at 
higher feed pressure may be associated to competitive adsorption of 
C2H6 in ZIF-8 at higher pressure [27]. 

Fig. 7 depicts permeances and C2H4/C2H6 mixture selectivity as a 
function of membrane temperature in the range of − 30 to 100 ◦C at a 
feed pressure of 1 bar for an equimolar C2H4/C2H6 mixture. The highest 
C2H4 permeance was observed at the lowest investigated temperature 
(− 30 ◦C) and was 8.1 × 10− 7 mol/(m2⋅s⋅Pa). The C2H4/C2H6 separation 
selectivity was 2.5 at − 30 ◦C, lower than the ideal C2H4/C2H6 separation 
selectivity of 4.3 at the same temperature (see Fig. 4a), presumably due 
to the competitive adsorption of C2H6 in the mixture [32]. The C2H4/ 
C2H6 mixture selectivity slightly decreased from 2.5 to 2.1 when the 
temperature increased from − 30 to 100 ◦C. The observed separation 
selectivity follows the same trend as the ideal selectivity but is lower 
because of the explanation given above. 

Table 2 summarizes the C2H4 permeances and C2H4/C2H6 mixture 
selectivities measured in this study and those reported in the literature 
for selected ZIF-8, polymer, and zeolite membranes. The observed per
meance of the ZIF-8 membrane in the present work is significantly 
greater than those reported for polymeric and zeolite membranes. In 

addition, we observe a much higher C2H4 permeance than the reported 
values in the literature for ZIF-8 membranes. For instance, the C2H4 
permeance reported by James et al. [32] was 10 times lower than the 
value we observed, which was most probably because their membrane 
was 10 times thicker than the membrane presented in this study. 
However, the C2H4/C2H6 separation selectivity reported by James et al. 
[32] was similar to ours. The C2H4 permeance reported by Valadez 
Sánchez et al. was quite high about 7 × 10− 7 mol/(m2⋅s⋅Pa). However, 
the C2H4/C2H6 mixture selectivity was only 1.3 at 1 bar and room 
temperature [46]. In the present work, the higher C2H4/C2H6 separation 
performance was mainly ascribed to the relatively higher C2H4 per
meance, which is a result of the thin ZIF-8 film layer. Meanwhile, the 
relatively low SF6 permeance, i.e., few defects in the membranes also 
contributed to the high C2H4/C2H6 separation selectivity, in which the 
diffusion of the C2H4 molecules (kinetic diameter of 0.41 nm) through 
the microporous ZIF-8 structure are favored over those of C2H6 (kinetic 
diameter of 0.44 nm). 

4. Conclusions 

High quality and ultra-thin ZIF-8 membranes were evaluated for 
C2H4/C2H6 separation, with particular emphasis on the effects of tem
perature. Higher selectivity and permeability were observed at lower 
temperature. The adsorption of C2H6 is stronger than that of C2H4, 
which resulted in a lower C2H4/C2H6 mixture selectively compared to 
the ideal selectivity. However, due to the large surface barrier to the 
large molecule C2H6, the membrane is C2H4 selective under all studied 
conditions. The low thickness of the ZIF-8 membrane and clean support 
contributed to the high permeance while the selectivity was comparable 
to previously reported values because of the low density of defects in the 
ZIF-8 film layer as indicated by the low large molecules SF6 permeance. 
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Fig. 7. Effect of temperature on the C2H4 and C2H6 permeances and C2H4/C2H6 
separation selectivity for an equimolar C2H4/C2H6 mixture at a feed pressure of 
1 bar. 

Table 2 
Comparison of reported permeances and selectivities for the C2H4/C2H6 mixture using various membranes.  

Type of membranes Permeance (10− 7 mol/(m2⋅s⋅Pa)) Selectivity 
C2H4/C2H6 

Operating conditions Membrane thickness Ref. 

C2H4 C2H6 

ZIF-8 8.2  3.3 2.5 − 30 ◦C, 
1 bar 

600 nm This work 

ZIF-8 4.3  1.9 2.2 Room T, 
1 bar 

600 nm This work 

ZIF-8 0.8  0.4 2.0 Room T, 
1 bar 

~5 µm James et al., 2017 [32] 

ZIF-8 0.85  0.4 – Room T 
2 atm 

~5 µm James et al., 2020 [45] 

ZIF-8 0.2  0.1 2.6 Room T, 
1 bar 

25 µm Bux et al., 2011 [31] 

ZIF-8 7.0  5.2 1.3 Room T, 
1 bar 

– Valadez Sánchez et al., 2020 [46] 

1.6  0.8 2.1 Room T, 
1 bar 

– 

Polyimide 0.8  0.3 4.4 35 ◦C, 
0.5 bar 

25 µm Staudt-Bickel et al., 2000 [11] 

Co-Polyimides 8 × 10− 5  1.3 × 10− 5 6.8 35 ◦C, 
2 atm 

~50 µm Chan et al., 2003 [9] 

Zeolite AgX membrane 0.9  5.6 × 10− 2 16 30 ◦C, 
1 atm 

3.5 µm Sakai et al., 2019 [24]  
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