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Elucidating the mechanisms of Paraffin-Olefin
separations using nanoporous adsorbents: An overview
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SUMMARY

Light olefins are the precursors of all modern-day plastics. Olefin is always mixed
with paraffins in the time of production, and therefore it needs to be separated
from paraffins to produce polymer-grade olefin. The state-of-the-art separation
technique, cryogenic distillation, is highly expensive and hazardous. Adsorption
could be a novel, sustainable, and inexpensive separation strategy, provided a
suitable adsorbent can be designed. There are different types of mechanisms
that were harnessed for the separation of olefins by adsorption, and in this re-
view, we have focused our discussion on those mechanisms. These mechanisms
include, (a) Affinity-based separation, like pi complexation and hydrogen
bonding, (b) Separation based on pore size and shape, like size-exclusion and
gate-opening effect, and (c) Non-equilibrium separation, like kinetic separation.
In this review, we have elaborated each of the separation strategies from the
fundamental level and explained their roles in the separation processes of
different types of paraffins and olefins.
1Chemical Engineering
Department, Widener
University, 1 University Place,
Chester, PA 19013, USA

2Pacific Northwest National
Laboratory, Richland, WA
99352, USA

3Applied Chemistry and
Environmental Science,
School of Science, RMIT
University, Melbourne,
Australia

4CSIRO Manufacturing
Flagship, Clayton, VIC,
Australia

*Correspondence:
dsaha@widener.edu

https://doi.org/10.1016/j.isci.
2021.103042
INTRODUCTION: NEED AND TYPES OF SEPARATION

Separation of olefins and paraffins is one of the key seven separation needs of the modern world (Sholl and

Lively, 2016). The main type of olefin and paraffin separation is attributed to the purification and isolation of

ethylene from ethane and propylene from propane. Ethylene and propylene are the precursors or mono-

mers of two most important polymeric plastics of modern society, polyethylene and polypropylene. Owing

to the high global demand in plastic production, light olefins have reached an enormous worldwide pro-

duction of 200 million tons with the market value of $ 254.6 billion in 2016. It is expected to reach $ 475.8

billion by 2023 (https://www.marketresearchfuture.com/reports/light-olefin-market-1037 (Accessed June

2018)). The global production of olefins can be approximated as 30 kgs of olefin per person on earth. In

the last decade, the olefin production has increased over 50% owing to the demand from developing coun-

tries (Sholl and Lively, 2016). The key technique to produce C2 and C3 olefins is the steam cracking of

naphtha and C2/C3 paraffins and owing to the thermodynamic constraints, the conversion is not more

than 20–40% (Moulijn et al., 2001). In the pool of product mixtures, the key separation needed lies with

the separation of C2/C3 olefins from their corresponding paraffins. The purity of polymer grade olefin

must be more than 99.95%.

Although the separation of ethylene and propylene are the key separation needs in the class of olefin sep-

aration, there are few other types of olefin separation that are also important in the chemical industry.

(a) Separation of ethylene from acetylene: During the production of ethylene by cracking of ethane, a

few other hydrocarbons are also generated, including acetylene, usually in the range of 1%. Pres-

ence of acetylene in ethylene as the monomer of polymerization is undesirable because, (i) it can

poison the polymerization catalyst (Hu et al., 2015) and (ii) it can form solid metal acetylides that

may block the fluid stream causing explosion in pipelines (Molero et al., 1999).

(b) Separation of propylene from propyne: In the course of production of propylene by steam cracking

of hydrocarbons or petroleum distillate, along with other byproducts, a small amount propyne

(C3H4) is also produced. The concentration of propyne is in the range of 1,000–2,000 ppm (Yang

et al., 2018a, 2018b). In order to obtain the polymer grade propylene, the concentration of propyne

in the feed mixture must be less than 5 ppm. Separation of propyne from propylene is

extremely difficult because of two reasons, (i) similar molecular size of propylene and propyne
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(propylene: 5.253 4.163 6.44 Å3; propyne: 4.163 4.013 6.51 Å3), and (ii) very low concentration of

propyne in the mixture.

(c) Separation of ethylene from the product mixtures of oxidative coupling of methane (OCM): Unlike

conventional methods, synthesis of ethylene from oxidative coupling of methane (OCM) is consid-

ered as more sustainable owing to the high availability of methane as shell gas and its clean nature.

However, the yield of ethylene in OCM is very small and there are several by-products. In OCM,

ethylene needs to be separated (Zhang et al., 2021; Bachman et al., 2018) from C2H6, CH4, CO2,

CO and H2.

(d) Separation of Styrene from ethylbenzene: Styrene is an essential monomer that is employed to

produce varieties of polymeric products, including synthetic rubbers, resins and different thermo-

plastics. Styrene is produced by the partial dehydrogenation of ethylbenzene. Because of the ther-

modynamic constraints, 20–40% ethylbenzene remains in the product stream and it needs to be

removed in order to achieve a polymer-grade styrene.

(e) Separation of Propylene from nitrogen: After completion of polymerization of propylene to poly-

propylene, the product mixture contains unreacted propylene and it is usually purged by nitrogen

gas. Typically, the purgemixture contains 70%N2 and 30% propylene (Ribeiro et al., 2013; Han et al.,

2005; Tan et al., 2019). As of today’s scenario, no industrial method is economically viable to sepa-

rate propylene and hence it is not recovered from the purge mixture. It is sent to a flare stack for

burning in air. It is estimated that around 2,000–4,000 tons of propylene is wasted in this process

that counts for around $ 1.5 million per year for the entire purge mixture including nitrogen (Ribeiro

et al., 2013).

(f) Separation of 1,3-butadiene from C4 hydrocarbons: 1,3-butadiene is the precursor of synthetic rub-

ber. It is generally obtained from the C4 hydrocarbon mixtures containing 1 and 2- butene, isobu-

tene, isobutane and n-butane, where composition of 1,3-butadiene is around 39.5% (Schulze and

Homann, 1989). To obtain polymer-grade 1,3 butadiene, it needs to be separated from the rest

of C4 hydrocarbons.
CURRENT AND STATE-OF-THE ART SEPARATION AND ITS DRAWBACKS

Owing to the very close physiochemical properties of light olefins, such as boiling points, with their corre-

sponding paraffins, it is very difficult to separate them. Figure 1 shows the molecular size, kinetic diameters

and polarizability of different hydrocarbons.

Fractional distillation is the most commonly used separation technology in the process industries for recov-

ery of valuable alkenes, such as ethylene and propylene, from mixtures with the corresponding saturated

alkanes. The boiling points are all below ambient temperature, and therefore the distillation separations

must be carried out under cryogenic conditions. Therefore, the current state-of-the-art separation process

of ethylene from ethane and propylene from propane involves cryogenic distillation that harnesses a small

difference in boiling points between ethylene/ethane and propylene/propane in the cryogenic range. To

obtain a high quality and polymer grade olefins, the distillationmust be operated at the extreme conditions

of temperature and pressure. For cryogenic separation of ethane and ethylene, the distillation columnmust

be maintained at the temperature and pressure of �25�C and 23 bars, respectively, whereas, for the pro-

pane/propylene separation, the distillation column should be maintained at the conditions of �30�C and

3 bar (Saha et al., 2020). The cryogenic distillation column also needs to be very tall, consisting of about

120–180 trays and operating at high reflux ratio. The energy consumption of distillation separations arises

from the need for phase changes in condensers/reboilers; the energy consumption increases with

increasing reflux ratio (required when the relative volatilities are low, as for alkene/alkane mixtures) and

when operating temperature is below ambient. Such a design requires a high energy input (Saha et al.,

2020) of 7GJt�1
. The capital cost of installing cryogenic separation unit of ethylene is around twenty million

dollars with the utility costs more than one million dollar every year (http://seperationtechnology.com/

separation-of-ethylene-from-ethane/ (accessed July 2021)). The operation of a cryogenic distillation unit

is highly energy intensive. It utilizes about 0.12 quads (1 Quad = 1015 BTU) of energy annually in 1991

(Saha et al., 2020), which is equivalent to 0.3% of global energy usage and accounts for the annual energy

consumption of a small country, like Singapore. In addition, the whole process of a cryogenic distillation is

hazardous owing to the exposure of cryogenic temperature.
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Figure 1. Different properties of hydrocarbon molecules

(A) Complex hydrocarbons separation levels according to molecular size difference.

(B) The hydrocarbons classified by the kinetic diameter and polarizability.

(C) Molecular sizes, kinetic diameter and electrostatic potential for different hydrocarbons.
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There are few other separation strategies that are also involved in the separation of different other types of

olefins as mentioned in the later parts of the introduction. In the petrochemical industry, the state-of-the-

art separation technique to isolate ethylene from acetylene includes partial hydrogenation of acetylene to

ethylene by supported Pd catalyst and solvent extraction of cracked olefin by organic solvents, like DMF or

acetone 90 (Hu et al., 2015). The process of dehydrogenation suffers from the need of expensive catalysts

and loss of ethylene because of excessive hydrogenation, whereas the solvent extraction leaves hazardous

and costly solvents as wastes. In order to separate propylene from propyne in an industrial scale, propyne is

usually hydrogenated by noble metals (Ribeiro et al., 2013). The process of hydrogenation is highly energy

intensive and did not improve in 50 years. Owing to the small difference in boiling points of styrene (418 K)

and ethylbenzene (409 K), vacuum and extractive distillation processes were employed to separate them in

an industrial scale and in presence of some polymerization inhibitors, like phenylene diamines or dinitro-

phenols. Extractive distillation is also employed to separate 1,3 butadiene from the rest of the C4 hydro-

carbon mixtures. In this extraction distillation, three types of solvents are usually employed, acetonitrile

(ACN), dimethylformamide (DMF) and N-methyl pyrrolidone (NMP). All the extractive distillation processes

are quite expensive and often leave undesirable and hazardous residues of solvents (Gehre et al., 2017;

Schulze and Homann, 1989).
SEPARATION OF OLEFINS AND PARAFFINS BY ADSORPTION

Unlike traditional processes, like cryogenic distillation, adsorption is a benign, inexpensive and sustainable

process (Saha andGrappe, 2017; Yang, 1987; Do, 1998). In adsorption, one of the components of paraffin or

olefin is preferentially adsorbed in the suitably designed pores of the adsorbent leaving behind the other.
iScience 24, 103042, September 24, 2021 3



ll
OPEN ACCESS

iScience
Review
Therefore, the key challenge of employing adsorption in the separation of paraffin and olefin is designing

and synthesizing the suitable adsorbent that can selectively or preferentially adsorb the olefin or paraffin

component of the mixture. Despite an extremely large number of adsorbents having been synthesized

with time, only a small fraction of themwas proven to be successful in performing the separation. Tradition-

ally, surface modified zeolite, silica or alumina demonstrated the possible separation.

With time, metal-Organic Frameworks (MOFs), covalent organic frameworks (COFs), and hydrogen-

bonded organic frameworks (HOFs) have been introduced with excellent separation characteristics and

several structures of porous materials were reported with superior performance compared to that of tradi-

tional adsorbents. MOFs (Lin et al., 2019) are crystalline porous materials wheremetal nodes are connected

with organic linkers via coordination bonds. On the other hand, COFs are crystalline microporous materials

that self-assemble into two/three-dimensional (2D/3D) network structures with uniform pore sizes linked by

strong covalent bonds as opposed to metal coordination bonds found in MOFs. Given the strong covalent

bond between the molecular building units used in COF synthesis, they have exceptional stability in acidic

and basic media similar to someMOFs. Typically, COFs can be synthesized based on the type of functional

groups used on the molecular building unit. For example, condensation of boronic acid on a molecular

building unit converges to form 2D or 3D COF based on boronate linkages. Therefore over the past

decade, COFs with boroxine, boronate, imine, hydrazine, azine, imide, -P-O, -C=C-, -C-NH-, 1,4-dioxin

linkages have been synthesized using the appropriate functional groups and various types of molecular

building units. HOFs are self-assembled porous structures stabilized by intermolecular hydrogen-bonding

interaction. Significant progress has been made in design and development of HOFs for gas storage and

separation applications. Large number of HOFs are solution processable as opposed to MOFs and COF s

makes them unique.

Recently, surface engineered nanoporous carbons also demonstrated good separation characteristics.

Different types of mechanisms that were employed to separate themixtures are pi complexation, hydrogen

bonding, size exclusion or kinetic separation and these mechanisms are further elaborated in detail in the

later sections. In this regard, the readers should be aware that a lab-scale demonstration of a successful

separation of paraffins and olefins by an adsorbent may not always indicate that it can be successfully em-

ployed in a large scale. Different other factors, including long-term stability, sensitivity to the other environ-

mental conditions, like moisture and cost (economy) of the adsorbent and adsorption processes also play a

crucial role in selecting the adsorbent, which are beyond the scope of this review.

Different adsorption processes that can be employed for gas separation are pressure swing adsorption

(PSA) (Ruthven, 1984; Saha et al., 2016) and temperature swing adsorption (TSA). In PSA, pressure is varied

to adsorb and desorb the preferred component, whereas temperature is varied for TSA. Being a far more

common process in industry, PSA employs multiple fixed bed adsorption columns for continuous adsorp-

tion and regeneration purposes. For two-component (binary) adsorption, the common metric that is used

to study the preferential adsorption of one component over another is referred to as selectivity (a1�2) and

defined as

a1�2 =
x1=y1
x2=y2

(Equation 1)

where component ‘‘1’’ is the preferred component over ‘‘2’’. x and y are the mole fractions of adsorbed

phase and bulk phase, respectively. As the experiment on mixed gas adsorption is extremely cumbersome

owing to the complex experimental requirements, Ideal Adsorbed Solution Theory (IAST) has become very

popular among researchers to calculate the selectivity from pure component gas adsorption isotherms

(Myers and Prausnitz, 1965).

Adsorbent selection parameter (S), is also often used in pressure swing adsorption (PSA) and defined as

(Saha et al., 2010)

S =
Dq1

Dq2
Sads (Equation 2)

where Dq1 and Dq2 are the working capacity of two components, ‘1’ and ‘2’, respectively. Quite often, the

adsorbent selection parameter becomes more useful as it incorporates the working capacity of the individ-

ual gases.
4 iScience 24, 103042, September 24, 2021



Figure 2. Schematic representation of p-complexation
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MECHANISMS OF SEPARATION

Adsorptive separation consists of three key mechanisms, (a) Affinity-based separation, (b) Separation

based on pore size and shape, and (c) Kinetic separation. In the course of three basic separation techniques

of adsorption, the readers should be aware that sometimes multiple separation mechanisms have been

harnessed to achieve some particular separation (Chen et al., 2019).

Because of the very similar physical and chemical properties of olefins/paraffins, it is very difficult to sepa-

rate these molecules from one another. The kinetic diameters of ethane, ethylene, propane and propylene

are very close (ethane: 4.443 Å; ethylene: 4.163 Å; propane: 4.3–5.118 Å and propylene: 4.678 Å) (Saha et al.,

2020). However, sorbents with precise control over pore size/shape (kinetic separation or size exclusion or

also known as beyond equilibrium) and topology can play a significant role in separating closely related

molecules (Li et al., 2018). Apart from these geometrical factors, interactions between host and guest

(hydrogen bonding) that include electrostatics, p-complexation, weak, strong intermolecular directional

and non-directional interactions can also play a crucial role (Equilibrium or thermodynamic separation).

Figure 1 shows the molecular size of different paraffins and olefins (a) their kinetic diameter and polariz-

ability (b) and Isosurface maps of the electrostatic potential (EP) for different hydrocarbons (c).
Affinity-based separation

p complexation

The p-complexation method is the most common and widely used affinity-based separation in the field of

olefin purification. The presence of p-electron cloud and higher quadrupole moment, olefins tend to form

p-complexation few specific metals as opposed to paraffins. It has been presented that p-complexation

can be demonstrated by d-block transition metals of the periodic table, from Sc to Cu, from Y to Ag and

from La to Au of the periodic table. Ag(I) and Cu(I) were most successfully employed to implement p

complexation, whereas Ag(I) was the most prevalent for this purpose. In the course of p-complexation,

the outer d and smolecular orbitals in metals are known to formp bonds with electron rich guest molecules

(Figure 2). The s bond forms via the overlap of the p electron cloud in olefins with vacant outermost

s-orbital of the metal and p bond forms via the metal back donation from d-orbital to the vacant p* anti-

bonding orbitals. The outer s molecular orbital in metal is also known to form p bonds with electron rich

molecules. However, the p-complexation depends on various factors such as number of d- and p-electrons
iScience 24, 103042, September 24, 2021 5
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in metal, olefins and the ability to donate to engage in bond formation. Different types of adsorbents,

including alumina, silica, zeolite, carbon and MOFs demonstrated p-complexation upon surface or struc-

ture modification.

The first MOF explored for separation of olefin/paraffin was using CuBTC (BTC = 1,3,5-benzne-tricarbox-

ylate), which possesses three different types of interconnected cavities; the first is located in the middle of

the unit cell with pore limiting diameter (PLD) of 11 Å with exposed unsaturated open metals sites (OMSs)

which is connected to slightly larger cage with13 Å PLD, whereas the third is a small tetrahedral cavity with

5 Å PLD. The single-component adsorption of ethylene results in an excess of 6 mmol g�1 at 298K and

100 kPa pressure. The steep uptake of ethylene at low pressure was explained by the strong p-complexa-

tion between open metal sites with ethylene molecules. CuBTC with exposed Cu(II) sites was also em-

ployed for propylene and propane separation (Lamia et al., 2009). The X-ray diffraction experiments with

CuBTC suggested that the propane molecule tends to bind in small octahedral pockets. The larger mole-

cules such as butene are excluded owing to the larger size whereas propylene strongly binds with Cu (II)

centers via p-complexation. The existence of such a strong interaction between p-orbitals of propylene

and unsaturated metal sites in CuBTC resulted in selective separation of propylene from propane. This

example provides an importance of OMS in separation of propylene from propane based thermodynamic

equilibria and molecular sieving mechanism to separate out larger molecules such as butene (molecular

sieving).

Like CuBTC, M2(dobdc) (where dobdc = 2,5-dihydroxy-1,4-benzenedicaroxylic acid) (also known as MOF-

74-M) are another class of MOFs with high density of OMS. Extensive experiments on MOF-74 series sug-

gest the OMSs play a significant role in gas adsorption and separation. MOF-74-Mg contains 11 Å channels

and the pore walls are aligned with square pyramidal M2+ centers with accessible OMS for incoming hydro-

carbonmolecules. To further improve the selectivity of C2H4/C2H6, a redox-active MOF-74 was synthesized

with high density of Fe2+ sites as OMS (Bloch et al., 2012). The in-situ neutron diffraction experiments MOF-

74-Fe with various olefins/paraffins showed structure property relationship between host and guest hydro-

carbon molecules. Furthermore, in-situ experiments confirmed that the olefins molecules have interactions

with MOF-74-Fe with shorter Fe�C bond distance (2.4 Å) compared to that of paraffins (3.0 Å), indicating

stronger affinity toward olefins. This strong affinity for each gas was further verified by calculating the

adsorption enthalpy (ethylene: �45 kJ mol�1). The IAST-based selectivity of C2H4/C2H6 was in the range

of 13–18 for an equimolar mixture at 318 K which is higher than zeolite NaX and isostructureal MOF-

74-Mg. The first-principle calculations suggest different types of binding mechanism may contribute to

the elevated adsorption of olefins, including electrostatic force, van der Waal force, and charge transfer

interactions between olefin and OMS. Furthermore, gas-gas interactions were also found to play a critical

role in binding energies.

To further improve the bind efficiencies by OMS, a series of MOFs were synthesized of the type M2(m-

dobdc) (M = Mg, Mn, Fe, Co, Ni; m-dobdc = 4,6-dioxido-1,3-benzenedicarboxylate) by replacing the

organic ligand found in MOF-74 with metal substituted H4(m-dobdc) ligand (Bachman et al., 2017). Among

all the M2(m-dobdc) MOFs, Fe2(m-dobdc) shows the highest C2H4/C2H6 selectivity of 25 and C3H6/C3H8

selectivity of 55 at 298 K and 1 bar. The in-situ X-ray diffraction experiments reveal the improvement in

selectivity arising from increased charge density at the metal sites. Fe2(m-dobdc) and Mn2(m-dobdc)

were also demonstrated as ethylene selective adsorbents for its separation from C2H6, CH4, CO2, CO

and H2 in the OCM reaction (Bachman et al., 2018)

Selective adsorption of propylene over propane was reported in MOF-74-M (M = Mg, Co and Mn). Among

three MOFs tested, MOF-74-Co was proven to have exceptional propylene/propane selectivity of 46 sug-

gestion strong p-complexation between propylene and Co(II) sites. The results of a Grand Canonical

Monte Carlo (GCMC) simulation on MOF-74 (Mg and Co) (Bae et al., 2012) confirmed that MOF-74 series

are olefin selective because of its strong interaction between the OMSs and olefin molecule through

p-complexation. GCMC simulations indicated propylene has a stronger affinity towards MOF-74 over

ethylene because of the significant difference in dipole moment.

Apart fromMOFs containing OMSs, an Ag(I) doped porous aromatic frameworks (PAFs) was also reported,

named as PAF-1-SO3Ag (Li et al., 2014). After ion exchange, these compounds were used for adsorptive

separation of ethylene from ethane. The ethylene/ethane separation selectivity of PAF-1-SO3Ag was
6 iScience 24, 103042, September 24, 2021
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reported to be 27, which is very high compared to conventional adsorbents including many other

MOFs. The Ag(I) was stably incorporated to PAF-1-SO3Ag that exhibits a higher adsorption enthalpy

of�106 kJ mol�1 compared to PAF-1 (�14 kJ mol�1) and PAF-1-SO3H (�23 kJ mol�1) because of the strong

p-complexation interaction between Ag(I) and the ethene molecules. The heat of adsorption of ethylene

on PAF-1-SO3Ag was significantly higher than the adsorption enthalpy of MOFs with OMS, signifying

that MOFs containing p-electron rich metal ions is more advantageous for ethylene adsorption than

MOFs with OMSs. Similarly, olefin selective properties also appear inMIL-101(Cr)-SO3Ag that can be attrib-

uted to the presence of Ag(I) (Zhang et al., 2015) The MIL-101(Cr)-SO3Ag showed a higher olefin selectivity

than conventional adsorbents due to the strong interaction by p-complexation between Ag(I) ion and

olefin molecules. The in-situ Infrared experiments with ethylene in PAF-1-SO3Ag and MIL-101-SO3Ag sug-

gest strong infrared spectroscopy (IR) features at 970–980 cm�1 corresponds to the ethylene adsorption on

the surface of porous Materials whereas similar IR bands were absent in PAF-1-SO3H and MIL-101-SO3H

suggesting the importance of Ag(I) in enhancing the ethylene adsorption. The blue shift in -CH2 wagging

mode in IR attributed to the combination of d�p and d�p* interaction between Ag and ethylene.

Controlled reduction of Fe3+ to Fe2+ was performed by activating MIL-101(Fe) at high temperature (150–

250�C) under vacuum (Yoon et al., 2010). The breakthrough experiments with equimolar mixture of propyl-

ene and propane clearly demonstrates C3H6/C3H8 selectivity of 26 suggesting the role of OMS. Selective

adsorption of propylene over propane was reported in MOF-74-M (M = Mg, Co and Mn). Among three

MOFs tested, MOF-74-Co was proven to have exceptional propylene/propane selectivity of 46 suggestion

strong pi complexation between propylene and Co(II) sites. Like MOFs, researchers also explored hyper

cross-linked polymers (HCPs) doped with Ag(I) ions for efficient separation of propylene from propane.

The column breakthrough experiments using equimolar mixture of propylene and propane suggest the

propylene is preferentially adsorbed by Ag(I) doped HCP.

MIL-100(Fe) is one of the MOFs reported for propylene/nitrogen separation (Ribeiro et al., 2013). The MIL-

100(Fe) with a 3D tetrahedron structure consists of of Fe octahedra and oxo-central organic linker with two

types of mesopore. MIL-100(Fe) has high propylene/nitrogen selectivity at 2.5 bar and 70�C, and since the

propylene adsorption isotherm remains linear up to 2 bar, excellent working capacity of propylene can be

obtained even with moderate pressure in the regeneration step. Most of the sorbents discussed above will

bind olefin strongly because of the pi complexation mechanism or pore walls functionalized with hydrogen

bonding groups or size-exclusionmechanism. Overall N2 weakly interacts with pore walls of the frameworks

as a result of low adsorption capacity. Therefore, MOFs with open metal sites or pore size approximately

the size of olefin kinetic diameter can be used to improve olefin/N2 selectivity.

In another study, eight different stable MOFs including microporous, mesoporous and functionalized

MOFs were synthesized and tested for the selective separation of propylene over nitrogen. Among these

MOFs, CAU-1, the ultramicroporous MOFs decorated with amine functional groups were reported to

exhibit the highest IAST selectivity of 236 and 313, respectively, at 298 K and 273 K under atmospheric con-

dition, which is greater than those of zeolite 5A and microporous carbon. The remarkable selectivity and

high Qst of propylene were attributed to the presence of a small tetrahedral cage of pore size 5 Å and

the amino functional groups. This is further confirmed by DFT calculations showing strong electrostatic

interactions between the amino group and the C atoms of the C = C bond in propylene. Breakthrough ex-

periments, stability and recyclability tests suggested that CAU-1 is an ideal adsorbent material for propyl-

ene/nitrogen separation in a typical industrial condition (Tan et al., 2019).

Styrene is usually obtained by the dehydrogenation of ethylbenzene. However, owing to the thermody-

namic constraints, the reaction is not completed and hence a large amount of unreacted ethylbenzene al-

ways remains mixed with styrene. A MOF structure, Co-MOF-74, was reported with open metal sites

(OMSs) that can separate the xylene isomers and C8 aromatics, including ethylbenzene (Gonzalez et al.,

2018). It is known that the unsaturated Co2+ site of Co-MOF-74 is capable of separating ethylbenzene

by thermodynamic equilibrium owing to the different degree of interactions between each adsorbate

and the adsorbent. However, it has a low selectivity in which it cannot fully separate styrene and ethylben-

zene. It was found that ethylbenzene can be better separated by the size exclusionmechanism described in

the section ‘‘separation based on size-exclusion’’.

The successful report of p complexation in the other type of adsorbents has also been reported. The

p-complexation of ethylene and propylene on Ag(I)-doped and micro-mesoporous carbons has been
iScience 24, 103042, September 24, 2021 7



Figure 3. DFT calculation results revealing the bond formation between Ag(I) and p orbital of olefin on graphitic

carbons surface

(A) Ag(I) and p orbital of ethylene.

(B) Ag(I) and p orbital of propylene, DeLuca et al., 202, Copyright 2021 Elsevier.
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reported along with density function theory (DFT) to explain the fundamental chemistry. Ag(I) doping was

enhanced by sulfurization of porous carbon that increased the selectivity of ethylene and propylene over

ethane and propane, respectively (Saha et al., 2020; De Luca et al., 2021). DFT-based computation (De

Luca et al., 2021) revealed that Ag(I) forms a bond with p-orbital of ethylene and propylene in the narrow

slit shaped pores of width 5.23 Å. The calculated bond lengths were 2.33 Å and 2.31 Å for ethane and pro-

pane, respectively (Figure 3). It was also revealed that Ag(I) makes a bond with the p-orbital of sp2 hybrid-

ized graphitic carbon on the opposite side of slit pore in the presence of ethane and propane thereby

rejecting the alkane molecule. This phenomenon corroborates the selectivity of Ag(I) functionalized carbon

to the alkene molecule, i.e., ethylene and propylene. The DFT calculation also revealed that the enthalpy of

adsorption of ethylene and propylene is 6.1 to 3.6 times higher than that of ethane and propane, respec-

tively, that further corroborates the selectivity of Ag(I)-doped carbon towards an alkene. Molecular orbital

(MO) analysis revealed the partial overlap between p-orbital of an alkene and s or d-orbital of Ag(I) that

supports the theoretical support of the p-complexation process. Cu(I)-doped and hard-templated meso-

porous carbons (CMK-3) and surfactant templated mesoporous carbons were successfully reported as

ethylene selective adsorbent for ethane/ethylene separation. Recently, Cu(I) doped mesoporous carbon
8 iScience 24, 103042, September 24, 2021
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(Jiang et al., 2013), activated carbon (Gao et al., 2016) also reported to be an ethylene selective adsorbent

and it was demonstrated that it can separate ethylene from the product mixture of oxidative coupling re-

action of methane (OCM).

The p-complexation of olefins was successfully implemented for zeolite materials as well. Inclusion of addi-

tional materials within the zeolite framework was performed by ion exchange or dispersion method. CuCl

dispersed faujasite zeolite (NaX) (Miltenburg et al., 2006) and Li+ exchanged 13X (Grande et al., 2010)

demonstrated successful separation of ethylene and propylene from their paraffin counterparts. The

p-complexation has also been exploited by different types of lattice cations of zeolite-based materials,

like, zeolite 13X (Schmittmann et al., 2020; Pu et al., 2018), ITQ-32 (Gutiérrez-Sevillano et al., 2010; Palomino

et al., 2007) carbon-nanotube doped-ZSM-58 (Selzer et al., 2018) and aluminosilicates (Luna-Triguero et al.,

2020). A systematic study was performed to understand the role of few metals in influencing pi complexa-

tion in zeolite materials. In this work, seven metal ions, Ag, Na, K, Li, Cu, Ba, La and mixed metal and

hydrogen ions of Ba/H and La/H were impregnated onto Engelhard Titanosilicate (ETS-10) (Anson et al.,

2008) zeolite. The IAST-based adsorption selectivity of ethylene over ethane decreases in the order of

Na > K > Li > Cu � Ba > Ba/H > La > H. Despite Ag and Cu demonstrated poor selectivity compared to

other cations, they demonstrated a better gas swing capacity (for application in pressure swing adsorption,

PSA) and rectangular type of ethylene adsorption isotherm demonstrating a better adsorbate-adsorbent

interaction.

The p-complexation has also been successfully employed for different mesoporous silica materials,

including Ag(I)/SBA-15 (Grande et al., 2004), Cu(I)/SBA-15 (Basaldella et al., 2006), Ag(I)/MCM-41 (Iucolano

et al., 2008), Cu(I)/MCM-48 (Le et al., 208). AgNO3-dispersed silica gel Rege et al., 1998) and Cu(I) or Ag(I)-

doped aluminosilicate materials (Kargol et al., 2004). Ag(I)-doped SBA-15 and MCM-41 showed the pref-

erential adsorption of propylene over propane whereas Cu(I) doped MCM-48 demonstrated preferential

adsorption of ethylene over ethane. Density function theory (DFT) was investigated to study the geometry

of molecular moieties during adsorption and energetics of ethylene and propylene adsorption that further

confirmed the presence of p-complexation (Jiang et al., 2006). The structural conformation revealed that

Ag(I) is coordinated by the three hydrogen bonds between two oxygen atoms of silanol groups and one

from the anion originating from silver salt. The electron density difference confirmed the partial transfer

of electron from Ag 4d-orbital to the p orbital of ethylene forming the Ag-C2H4 bond along with hybridi-

zation of Ag 5s-orbital with the same p-orbital of ethylene. In the neighborhood of adsorbing atoms, the

strongest binding energy is present between Ag and ethylene, which is 0.80 eV. The similar scenario was

also observed between Ag(I) and propylene (Jiang et al., 2006) suggesting the similar p-complexation.

Hydrogen bonding

Hydrogen bonding is a type of weak chemical bond formation represented as X�H$$$Y in which a

hydrogen bond is formed between hydrogen atom (H) and a foreign atom (Y). The energy of a hydrogen

bond lies within 40 kcal mol�1 to 0.25 kcal mol�1 depending on the electronegativity of X and Y, or in other

words, degree of acidity of X and degree of basicity of Y. It has been well recognized that hydrogen bonds

play a significant role in chemistry and biology. The hydrogen bond strength can be categorized in to partly

covalent (O�H$$$O, N�H$$$O etc.) to electrostatic (C�H$$$O, N�H$$$S etc.) and partly van der Waals

type (C�H$$$p, C�H$$$ClC, C�H$$$FC etc.) depending on how the hydrogen atom is connected to the

system (Figure 4). The hydrogen atoms in olefins and paraffins possess different levels of acidity and it

may be harnessed to switch the selectivity between olefins to paraffins or vice versa for a suitable adsor-

bent. For example, hydrogen atoms in C2H2 molecule (pKa = 26) are more acidic compared to C2H4

(pKa = 45) and C2H6 (pKa = 62). As a result, C2H2 forms stronger hydrogen bonds with sorbent molecules

over C2H4, likewise C2H4 forms stronger hydrogen bonds over C2H6. Similarly, C3H6 forms stronger

hydrogen bonds with sorbents because of the higher acidic hydrogen atoms (pKa = 44) over C3H8

(pKa = 50). Several research groups have utilized these hydrogen bonds to design MOFs and hydrogen

bonded frameworks for selective capture of olefins from paraffins and vice versa.

An excellent example for the role of hydrogen bonds for improved C3H6/C3H8 selectivity is observed in a

MOF with metal azolate framework (known as MAF-23) using flexible linker (bis(5-methyl-1H-1,2,4-trizol-

3yl)methane (H2btm)) (Wang et al., 2019a, 2019b). The pore size (3.6 Å) in MAF-23 is smaller than many

guest molecules; however, MAF-23 shows excellent performance towards C4 hydrocarbon separation

due to the flexible nature of the organic linker. Authors post-synthetically modified MAF-23 by oxidizing
iScience 24, 103042, September 24, 2021 9



Figure 4. Elucidation of different types of hydrogen bonding strengths Modified from Desiraju, 2002.
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highly acidic methylene (-CH2) group in H2btm to hydrophilic keto group (-C=O) to result in MAF-23-O.

In MAF-23-O, the propylene breakthrough was much later (2.4 mmol g�1) than propane (0.7 mmol g�1)

suggesting that after oxidation C3H8 adsorption was significantly reduced. The single-component

adsorption experiments showed propylene adsorption uptake in MAF-23-O was 1.4 mmol g�1, whereas

propane was as low as about 1.1 mmol g�1 at 1 bar and 298 K (Figure 5A). The IAST selectivity was calcu-

lated as 8–9 for MAF-23-O while 3–4 for MAF-23. The calculated binding energies for C3H6 in MAF-23-O

was found to be 54 kJ mol�1 compared to 34 kJ mol�1 for propane. GCMC simulation confirmed that

propane has large number of C-H$$$O hydrogen bonds compared to propylene but it was compensated

by the highly acidic nature of hydrogen atoms in propylene that provided the strong host guest binding

energy.

A series of isostructural MOFs was synthesized by using 4,40-dipyridylacetylene as organic linker, copper

metal node pillared with hexafluorosilicate (SiF6
2�) or hexafluorogermante (GeF6

-) anions forming a 3D

network structure known as SIFSIX-2-Cu-i and GeFSIX-2-Cu-i (i = interpenetrated) (Wang et al., 2020).

The pore apertures of GeFSIX-2-Cu-i and SIFSIX-2-Cu-i were found to be 4.5 and 4.7 Å, respectively.

The GeFSIX-Cu-i shows high C3H6 capacity (2.69 mmol g�1) compared to that of C3H8 (1.80 mmol g�1) un-

der identical conditions. Similarly, SIFSIX-Cu-2-i has slightly lower C3H6 capacity (2.65 mmol g�1) compared

to GeFSIX-2-Cu-i. The IAST selectivity values of C3H6/C3H8 on GeFSIX-2-Cu-i and SIFSIX-2-Cu-i were found

to be 4 and 5 at 298 K and 1 bar, respectively. The density functional theory (DFT) simulations suggest the

C3H6 molecule is bound by two GeF6
- anions from different nodes via -C=H$$$F and C-H$$$F hydrogen

bonds (2.127 Å and 2.377 Å) from C3H6. Similar interactions were found with C3H8 molecules. However,

the acidity of hydrogen atoms in propylene is stronger than that of propane leading to stronger interaction

between C3H6 and GeFSIX-2-Cu-i. Besides hydrogen bonds, p$$$p interactions between propylene and

the pyridine ring was also found to strengthen the interaction between C3H6 and the framework of

GeFSIX-2-Cu-i.

Similarly, hydrogen bonding interactions have been extensively used to separate acetylene from hydrocar-

bons by functionalizing the pore surface with electronegative atoms. An excellent performance of SIFSIX-2-

Cu-i was reported for acetylene separation from ethylene (Cui et al., 2016). The remarkable C2H2 selectivity

of SIFSIX-2-Cu-i was also shown in the breakthrough experiment, which results in 99.998% purity of C2H4

(Figure 5B). The first principle calculations and neutron diffraction experiments with C2D2 molecule sug-

gested that C2D2 is strongly bound through the C�H$$$F hydrogen bonding and van der Waals interaction

with organic linker. The SIFSIX-Cu-2-i contains four exposed F atoms and each exposed F atom binds to

one C2H2 molecule through multiple Hd+$$$Cd� dipole-dipole interactions.
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Figure 5. Adsorption isotherms on some MOFs

(A and B) MAF-23-O for propylene and propane adsorption isotherms (Wang et al., 2019a, 2019b) Copyright 2019, John Wiley and Sons (B) C2H2 (filled

circles) and C2H4 (filled triangles) adsorption isotherms of the SIFSIX series at 298 K (Cui et al., 2016) Copyright 2016, The American Association for the

Advancement of Science.

(C) C2H2, C2H4, C2H6 and CH4 adsorption isotherms in NOTT-300 at 293 K Yang et al., 2015) Copyright 2014, Nature Publishing Group.

(D) The single-component C3H8 (purple) and C3H6 (orange), and equimolar mixture of C3H6/C3H8 isotherms of KASUT-7 at 298K (Cadiau et al., 2016)

Copyright 2016, The American Association for the Advancement of Science.

(E) The breakthrough experiment of KAUST-7 for C3H6/C3H8 equimolar mixture at 298 K (Cadiau et al., 2016) Copyright 2016,The American Association for

the Advancement of Science.

(F) Pure C2H4 and C2H6 adsorption isotherms of Co-gallate MOF at 298 K (Bao et al., 2018) Copyright 2018, John Wiley and Sons.

(G) The breakthrough curves of M-gallate MOFs (M = Co, Mg, and Ni) for the equimolar C2H4/C2H6 mixture at 273 K (Bao et al., 2018) Copyright 2018, John

Wiley and Sons.

(H) Pure C2H2 (circles) and C2H4 (triangles) adsorption isotherms of UTSA-200a (red) compared with SIFSIX-2-Cu-i (blue) (Li et al., 2017a, 2017b) Copyright

2017, John Wiley and Sons.

(I) The breakthrough curves for C2H2/C2H4mixtures with UTSA-200a, SIFSIX-2-Cu-i, SIFSIX-1-Cu, SIFSIX-3-Zn at 298 K. (Li et al., 2017a, 2017b) Copyright 2017,

John Wiley and Sons
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MUF-17 (MUF = Massey University Framework) possesses one-dimensional zig-zag channels that are lined

with amino and carboxylate group and coordinated water molecules can separate both bulk and trace

acetylene from ethylene and carbon dioxide mixtures. For instance, at 293 K and 1.0 bar, the C2H2 uptake

is 3.01mmol/g, whereas the C2H4 andCO2 uptake are 2.15mmol/g and 2.51mmol/g respectively. Similarly,

at low pressure 0.01 bar, C2H2 uptake is more than double that of C2H4 and CO2. Based on pure component

isotherms at multiple temperatures, adsorption enthalpies (Qst) were evaluated to determine the

binding strength between the framework and guest molecules. A very high Qst value was reported for
iScience 24, 103042, September 24, 2021 11



Figure 6. IAST calculated selectivity versus pure component uptake plot

(A and B) 1:1 (v/v) mixture of C2H4:C2H6 and (B) 1:99 (v/v) mixture of C2H2:C2H4 for some of the selective MOFs at 1 bar and

room temperature.
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C2H2 (49.5 kJ/mol) when compared to C2H4 and CO2, respectively at zero loading. To gain further insight

into themechanism of adsorption, DFT-D3 calculations were performed to identity the preferential binding

sites of the guest molecules in MUF-17. Consistent with the Qst values, C2H2 form strong interactions with

the framework. The polar hydrogen atom of C2H2 interact with the coordinated oxygen atoms of a frame-

work carboxylate group through ChCCCCO hydrogen bonding with a distance of 2.34 Å. In addition,

the negative carbon atom of C2H2 molecule interacts with a hydrogen atom of an amino group, with a dis-

tance 2.46 Å, much shorter than the sum of van der Waals radii of hydrogen (1.20 Å) and carbon (1.85 Å).

Similar geometry is observed for C2H4 guest molecule despite a significantly weaker interactions with

the framework. Both the size and the electrostatic interaction between the guest molecule and the frame-

work play a crucial role in distinguishing C2H2 and C2H4 with a large adsorption enthalpy difference (Qazvini

et al., 2019a, 2019b).

These sets of examples show the importance of hydrogen bonding interactions between host and guest

along with appropriate pore size to improve C2H4/C2H6, C2H2/C2H4 and C3H6/C3H8 selectivity. Further-

more, Figure 6 shows the IAST calculated selectivity and the individual component uptake for gas mixtures

C2H4/C2H6 and C2H2/C2H4 in some of the top performingMOFmaterials at 1 bar. As seen in Figure 6, there

is a tradeoff between the uptake and selectivity values i.e., MOF with higher selectivity is reported to have

lower uptake capacity and vice versa. Hence developing high-performance materials having both high up-

take and selectivity is desirable (Zhang et al., 2020; Chen et al., 2021; Zhu et al., 2021).

A hydroxy functionalized MOF known as NOTT-300 was reported for ethylene and ethane adsorption by

harnessing hydrogen bonding (Yang et al., 2015). The single-component gas adsorption suggested that

NOTT-300 possessed higher adsorption capacity toward C2H4 (4.28 mmolg-1) compared to C2H6 with

an adsorption capacity of 0.85 mmolg-1 significantly lower than C2H4 at 1 bar and 293K (Figure 5C). The

IAST calculation shows the selectivity of 48.7 higher than MOFs with open metal sites including HKUST-1

(4.0), MOF-74-Co (6.0), MOF-74-Fe (13.6) and PAF-1SO3Ag (27). The in-situ synchrotron powder X-ray

diffraction experiments reveal that the M-OH groups and phenyl rings in NOTT-300 involved in multiple

C-HCCCO and C-H . Pi interactions with adsorbed C2H4. The C2H4 molecule is about 4.62 Å

(CCCCO) away from M-OH group whereas C2H6 molecule is further away from the M-OH group with

CCCCO distance of 5.07 Å.

Hydrogen bonding along with molecular sieving was responsible for separation of propyne from propylene

in a flexible MOF composed of [Cu(bpy)2(OTf)2] (bpy = 4,40-bipyridine, OTf� = trifluoromethanesulfonate)

known as ELM-12 (elastic layered structured MOF, ELM) (Li et al., 2017a, 2017b). It possesses dumbbell

(6.1 Å 3 4.3 Å 3 4.3 Å) and ellipsoid-shaped (6.8 Å 3 4.0 Å 3 4.2 Å) pores, which are separated by

dynamic OTf� groups. The pores in ELM-12 are close to the molecular size of propyne molecules. The sin-

gle-component adsorption experiments on ELM-12 showed exceptional uptake towards C3H4 (2.55 mmol

g-1) compared to C3H6 (0.67 mmol g-1) at 298K and 0.1 bar, resulting in IAST selectivity of 84 and 279 for

1/99 and 50/50 mixture of propyne and propylene, respectively. The neutron diffraction experiments
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suggested that the C3H4 molecule has a relatively strong hydrogen bonding (C�H$$$O) with the OTf�

groups and the dynamic OTf� group changes the pore by adjusting its position according to the C3H4

loading. Therefore, a high C3H4 selectivity of ELM-12 can be described as a molecular sieving effect

coupled with strong hydrogen bonding between C3H4 and ELM-12 inside the framework.
Separation based on pore morphology

Separation based on size-exclusion

Pore size and shape of porous materials play a critical role in many gas separations. Traditionally, size and

shape-based separations were commonly observed in zeolite (zeolite 3A and 5A) and carbon molecular

sieves (CMS). Separation based on size-exclusion, often referred to as steric separation, incorporates

the rejection of one or more molecules, which are larger than the pore opening of the adsorbent material.

If successful, this type of separation generally provides higher efficiency and purity of the separated prod-

ucts compared to other mechanisms. Besides a few handfuls of adsorbents, it is quite challenging to obtain

a desired and specific pore size within the adsorbents in traditional types of adsorbents such as zeolites and

carbons. On the other hand, pore sizes and shapes of MOFs can be controlled quite precisely by the choice

of organic linkers, and metal clusters present in their crystals. MOFs can also be post-synthetically modified

to control pore size to exclude one molecule over the other. As mentioned earlier, owing to the very similar

size of the hydrocarbon molecules, it is highly necessary to precisely control the pore size and shape of the

MOFs to utilize the separation by size exclusionmechanism. If successfully controlled, the unique geometry

of pores in the MOFs can be a powerful tool to efficiently separate the hydrocarbons with a diameter dif-

ference of less than 0.5 Å. Several articles were published on controlling the pore size of MOFs to separate

olefins from other hydrocarbons and we provided a short glance on a few of the prominent articles in the

sections below.

A Co-gallate MOF was synthesized using gallic acid with a pore aperture of 16.8 Å2 which is slightly larger

than the C3H6 (16.4 Å2) and smaller than C3H8 (21.2 Å2), indicating a potential for molecular sieving effect

(Liang et al., 2020). Single component C3H6 and C3H8 adsorption suggest on Co-gallate MOF shows a C3H6

uptake capacity of 66.6 cm3/g (STP) at 1 bar which is higher than other M-gallate (M = Ni and Mg) MOFs. In

contrast, Co-gallateMOF has an extremely small amount of C3H8 uptake (5.2 cm
3/cm3, STP) which is several

orders of magnitude lower capacity than those of M2(dobdc) or M2(m-dobdc) discussed earlier. The higher

C3H6 adsorption capacity and lower C3H8 capacity of Co-gallate MOF results in exceptional selectivity to-

wards C3H6/C3H8 separation compared to other MOFs. To further demonstrate the selectivity, the dynamic

breakthrough experiments with 50%/50% mixture of C3H6/C3H8 show longer retention time for propane

(28 min) compared to that of C3H8. To elucidate the mechanism, the neutron powder diffraction experi-

ments with C3D6 molecules suggest the C3D6 molecule is stabilized inside the pore walls of the Co-gallate

MOF through strong and weak hydrogen bonding including C�D$$$O, O�H$$$p and C�D$$$p interac-

tions between C3D6 molecules and hydroxyl/aromatic rings of the ligand. The combination of pore size

and hydrogen bonding between C3H6 and Co-gallate MOF enable the selective separation of these closely

related molecules with exceptional selectivity.

KAUST-7 (also known as NbOFFIVE-1-Ni) is a family of ultra-micro porous materials constructed using 2D

square grid composed of pyrazine linked with nickel nodes that are pillared via inorganic building blocks

(NbOF5
-) in the third dimension to obtain a periodic net with cubic topology (Wang et al., 2018a, 2018b).

The KAUST-7 is the structural analogue of the previously reported SIFSIX class of MOFs. The previously re-

ported SIFSIX-3-M (M = Cu, Ni and Zn) exhibits direct CO2 capture from air; however, it was unable to

adsorb the olefin/paraffin mixtures, like, propane and propylene, owing to its larger pore apertures

(5–7 Å). Eddaoudi and co-workers down sized the pore aperture (3–4.8 A) by replacing the SiF6
2� pillars

with SIFSIX-3-Ni with larger NbOF5
�2 pillars. The pore aperture in KAUST- 7 found to be optimum for sepa-

rating propane and propylene. Based on single component adsorption, KAUST-7 allowed the adsorption

of C3H6 but restricted C3H8 because of the unfavorable pore size. The propylene adsorption uptake was

found to be 2.7 mmol g�1 at 1 bar and 298 K, and propane was negligibly adsorbed (Figure 5D). The

equimolar mixed gas adsorption along with breakthrough experiments suggests a complete molecular

exclusion of propane from propylene using KAUST-7 (Figure 5E). In addition, the gas uptake capacity

and size-exclusion were fully maintained even after 10 cycles of adsorption and desorption.

The Yttrium-based Y-abtc (abtc: 3,30-5,50-azobenzene-tetracarboxylates) MOF has been developed along

with three other MOFs by combination of Zr6 and Y6 secondary building units (SBUs) and two organic linkers
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(bptc (3,30,5,50-biphenyltetracarboxylates) and abtc) (Wang et al., 2018a, 2018b). Amongst these three

MOFs, Y-abtc has the optimal pore size that can only adsorb propylene and exclude propane completely.

The pore sizes in Zr-abtc and Zr-bptc are large enough to adsorb both propylene and propane. On the

other hand, the pore aperture in Y-bptc is too small to adsorb either propylene or propane. Multi compo-

nent breakthrough experiments using Y-abtc reveal the material can produce propylene with 99.5% purity.

Similar to propylene-propane separation, separation of ethylene from ethane was also studied using a size-

exclusion mechanism in a cobalt-based gallate MOF capable of selectively separating ethylene from

ethane (Bao et al., 2018). The gallate-based MOFs have a zig-zag shaped channel with pore sizes of

3.47–3.69 Å that is smaller than the kinetic diameters of ethylene and ethane. However, the pore size of

the MOF is larger than the molecular cross-section of ethylene (3.28 Å) but smaller than that of ethane

(3.81 Å). In this unique pore architecture, ethylene can diffuse through the pore channel to become selec-

tively adsorbedwhereas ethane can be rejected. ThisMOF showed equilibrium ethylene uptake capacity of

3.37 mmol g�1 at 1 bar and 298 K, unlike 0.3–0.4 mmol g�1 of ethane under the same conditions (Figure 5F).

The breakthrough test of M-gallate MOFs (M = Co, Mg, and Ni) for C2H4/C2H6 mixture showed that all M-

gallate MOFs can completely separate C2H4 and C2H6, and the adsorbed C2H4 can be easily desorbed by

helium or vacuum (Figure 5G). The same research group reported a MOF that could completely exclude

ethane compared to ethylene by adjusting the pore size/shape (Lin et al., 2018a, 2018b). Consisting of a

1D channel of robust organic ligand, UTSA-280 has a cross-sectional area of 14.4 Å2. Therefore, it can

only allow entry of ethylene, which has a relatively small cross-sectional area (13.7 Å2) compared to that

of ethane (15.5 Å2). The ethylene adsorption capacity of UTSA-280 is 2.5 mmol g�1 at 1 bar and 298 K,

but ethane adsorption is negligible (0.098 mmolg�1). UTSA-280 has demonstrated the pure ethylene pro-

ductivity of 1.86 mol kg�1 in a breakthrough experiment under dynamic mixture flow.

Similar size-exclusion strategy was further extended to exclude ethylene from themixtures of acetylene and

ethylene by reducing the pore size of the adsorbent in an ultra-microporous MOF. In this study, MOF struc-

ture was created using a shorter 4,40-azopyridine (zapy, length 9.0 Å) organic linker with cupper metal node

and SiF6
2� pillars to obtain SIFISIX-14-Cu-i (also known as UTSA-200) instead of 4,40-dipyridylacetylene

(dpa, length 9.6 Å), which was used in SIFSIX-2-Cu-i (Li et al., 2017a, 2017b). The SiF6
2� and pyridine rings

are connected via C�H$$$F hydrogen bonding to restrict the rotation of pyridine rings that result in the

pores size of 3.4 Å in UTSA-200. Such a unique pore size is smaller than the kinetic diameter of C2H4

(4.2 Å) but larger than that of C2H2 (3.3 Å). The single-component C2H2 and C2H4 adsorption indicate

that UTSA-200 adsorbs C2H2 with a very steep uptake (116 cm3 cm�3) at 1bar and 298 K. On the other

hand, UTSA-200 almost rejects C2H4 (0.24 mmol g�1) because of the reduced pore size (Figure 5H). The

IAST calculation suggested the selectivity of over 6000 at 1 bar and 298 K for binary mixtures of C2H2/

C2H4 (1/99, v/v). In addition, the results of breakthrough experiments for C2H2/C2H4 separation under in-

dustrial process conditions showed that UTSA-200a has the potential to effectively separate C2H2 and

C2H4 compared to other SIFSIX materials (Figure 5I). The exceptional selectivity arises from the small

pore size in UTSA-200 along with C�H$$$F interactions with acetylene and SiF6
2� pillars. The molecular

exclusion of C2H4 has also been observed in different other MOFs, like UTSA-100, UTSA-200, ELM-12

and JCM-1 by precisely reducing the pore size with the help of organic linkers, metal nodes, inorganic pil-

lars or functionalization of the pore walls to harness the hydrogen bonding groups resulting in further

improvement of C2H2 uptake capacity and C2H2/C2H4 selectivity.

Given the subtle differences in the molecular size and shape of C8 hydrocarbons, styrene and ethylbenzene

can be separated via size-exclusion mechanism as well (Dey et al., 2021). A copper-based flexible MOF,

named MAF-41 can undergo structural changes when guest molecules approach (Zhou et al., 2019).

MAF-41 was proven to adsorb 2.31 mmol g�1 of styrene at 298 K and 1 bar, whereas the adsorption of ethyl-

benzene is negligibly smaller. The size of ethylbenzene is excluded because it is too large to fit in the pores

of MAF-41. This phenomenon results in the selective separation of styrene by molecular sieving effect with

highly pure styrene (99%). It is generally claimed that the separation of C8 hydrocarbons by size-exclusion is

an ideal separation mechanism because it provides high adsorption selectivity, excellent efficiency and

large energy-savings.

Apart from size – exclusion mechanism, the selectivity of styrene over ethylbenzene is driven by either en-

thalpic and/or entropic effects at saturation conditions, such as commensurate freezing, size entropy,

length entropy, commensurate stacking and face-to-face stacking. A computational screening study was
14 iScience 24, 103042, September 24, 2021
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done based on Configurational Bias Continuous Fractional Monte Carlo (CB/CFCMC) method on a series

of MOFs with different topology and pore channel including MAZ, AFI and DON zeolites (1D-channel),

MIL–47, MIL-53 and MAF -X8 (rhombohedric channels), and MOF-CJ3 respectively, to examine the sepa-

ration mechanism of styrene and ethylbenzene mixture at 433 K. Size – exclusion effect is found at satura-

tion condition inMFI zeolite where strong styrene selectivity occurs. However, in MAZ, AFI and DON zeolite

structures and MIL-53 MOF, face-to-face stacking is observed where the molecules undergo a molecular

reorientation to fit the channel dimensions favoring styrene selectivity. In both MIL–47 and MAF-X8 struc-

tures, commensurate stacking, which favors styrene molecules with stacking arrangements that are

commensurate with the dimensions of 1D channels is observed at both low and saturation conditions.

Among several mechanisms, commensurate stacking offers the best mechanism for the separation of sty-

rene and ethylbenzene as well as the best trade-off between saturation capacity and selectivity (Torres-

Knoop et al., 2015).

Separation based on gate-opening

MOFs, with their combination of inorganic metal subunits and organic ligands, have a multitude of varia-

tions that can lead to unique interesting properties. A particular subset of MOFs, known as the flexible

MOFs, possesses a specific property that makes it very useful in the adsorptive separation of gases. The

flexible MOFs can undergo phase transformations resulting in an alteration of the shape and size of their

pores in response to the external stimuli, such as temperature, pressure, and, most importantly, interac-

tions with guest molecules. The two most notable transformations of MOFs in the course of the gas sep-

aration are known as gate-opening and breathing effects. In a gate-opening transformation, a MOF can

open its porous structure in response to external stimuli, i.e., a specific gas molecule, to transfer from a

non-porous structure to a porous structure. This transformation allows the MOF to adsorb the same gas

molecules that aided in this transition, thereby allowing its selective uptake from its mixture with other en-

tities. This effect also facilitates the diffusion of the gaseous entity onto the inner core of the MOF thereby

increasing the overall uptake capacity. These two transformations are often desirable to perform some spe-

cific selective gas separations.

A flexible MOF, named as RPM3-Zn, was employed for the selective separation of hydrocarbons by gate-

openingmechanism (Nijem et al., 2012). RPM3-Zn wasmade from the ligands of 4,40-biphenyldicarboxylate
(bpdc) and 1,2-bipyriylethylene (bpee). The authors employed Raman spectroscopy and van der Waals

density functional (vdW-DFT) to elucidate the gate-opening mechanism. It was observed that when ethane

is incorporated within the MOF structure, its -CH3 groups would form a weak hydrogen bond with the non-

coordinated C=O bond of the bpdc ligand. It would also cause the dihedral angle originating from the two

rings in bpdc to decrease resulting in gate opening effect. In this MOF, hydrogen bonding between adsor-

bate and adsorbent plays a unique role in the gate opening phenomenon. In the case of ethylene, the

hydrogen bond may form not only with the noncoordinated C=O of the bpdc ligand, but also with the

C=C and the C-C bonds along with the two rings. This latter interaction enormously increases the dihedral

angle of the rings compared to what was caused by an ethane molecule. Because of such additional

hydrogen bonding, the gate-opening pressure for ethylene was found to be higher than that of ethane

that potentially allows the selective adsorption of ethane from the mixture of ethane and ethylene.

Selective adsorption of 1,3-butadiene from other C4 hydrocarbons was demonstrated in a flexible MOF (Ye

et al., 2017; Liao et al., 2017). In this study, the group synthesizes a MOF by reacting a ditopic ligand of

4-(3,5-dimethyl-1H-pyrazol-4-yl) benzoic acid (H2mpba) with the Zn (II) salt of Zn(NO3)2
.6H2O. This group

of researchers was able to create a uniqueMOF structure with this ligand andmetal center by using toluene

as a template that also served as a guest molecule to uniquely control the pore size by its presence. Toluene

from the cavities of this MOF can be removed by heating, which results in smaller pores and channels. Inter-

estingly, the pristine structure of this MOF can be restored by exposing it to toluene thereby showing the

unique structural flexibility of this MOF. This MOF demonstrates atypical step-wise adsorption isotherms of

N2 and CO2 with three consecutive stages. Those steps indicate the three stages of expansion of the

structure thereby generating the breathing effect. This group of researchers examined the capability of

toluene-free MOF to adsorb different C4 hydrocarbons, namely n-butane, n-butene, isobutane, isobutene,

and 1,3-butadiene. They discovered that each hydrocarbon was adsorbed with a different degree of gate-

opening effect. The order of the adsorption was 1,3 butadiene < n-butene < n-butane < isobutene < isobu-

tane. This also determined that the order is linked to the smallest cross-section of each molecule. The

hydrocarbons can start getting adsorbed as soon as the gate opens enough for each hydrocarbon to orient
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its smallest cross-section through the pore which combines the gate-opening mechanism with a size-exclu-

sion mechanism.

An anion pillared flexible MOF known as TIFSIX-14-Cu-i, similar to SIFSIX and GeFSIX, can selectively cap-

ture propyne from propylene (Yang et al., 2018a, 2018b). TIFSIX-Cu-i is made up of 2D square grid nets

composed of cuppermetal nodes coordinated with 4,40-azopyridne bridged with TiF6
2- anion pillars in third

dimension. The unique chemistry of hybrid ultra-microporous materials allowed to fine tune the aperture

size at a very narrow scale (0.1–0.2 A) whichmakes it adequate for olefin/paraffin separation. Single-compo-

nent propyne adsorption suggest both TIFSIX-14-Cu-i and GeFSIX-14-Cu-i show gate opening behavior;

however, the TIFSIX-14-Cu-i showed fast response toward propyne which was reflected in gate-opening

pressure of 500 ppm compared to that of 1,330 ppm for GeFSIX-14-Cu-i. The TIFSIX-14-Cu-i not only

has a high propyne adsorption uptake (2.18 mmol g-1) at low pressure (<0.01 bar) compared to SIFSIX-

2-Cu-i and GeFSIX-14-Cu-i, but also showed a high propyne/propylene selectivity of 355 at 1 bar. The

DFT simulations suggested that the pyridine ring was entitled to expand the channel in TIFSIX-14-Cu-i

as soon as propyne was introduced whereas the GeFSIX-14-Cu-i has more restricted ring rotation resulting

in a greater hindrance towards propyne. As a result, GeFSIX-14-Cu-requires a high pressure to accommo-

date the propyne molecule (1,300 ppm). Furthermore, the propyne was stabilized by strong hydrogen

bond -ChC�H$$$F and C�H$$$F between C3H4 and TIFSIX-14-Cu-i. The IAST calculation suggested

TIFSIX-14-Cu-i exhibit highest C3H4/C3H6 (1/99) selectivity of 355 compared to 217 (GeFSIX-14-Cu-i) and

41 (SIFSIX-14-Cu-i) under the identical conditions. Owing to this propyne affinity, TIFSIX-14-Cu-i shows

great separation performance in breakthrough experiments under dynamic conditions.
Diffusion and kinetics-based separation

Diffusion or kinetics-based separations is a unique type of separation mechanism. Unlike affinity or size

exclusion-based separation, equilibrium adsorbed amount is not the key factor to achieve such separation;

instead, the difference in diffusivity values of gaseous components is harnessed to achieve the desired sep-

aration (Do, 1998). Although kinetic separation has been used for a long time to separate air in a commer-

cial scale, application of such technique to separate olefins is rather few.

In the micropore domain, the intracrystalline diffusivity may be related to adsorbed amount by a well-

known equation (Ruthven, 1984),
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(Equation 3)

This equation is often applied for one-term approximation and given as (Saha et al., 2008; Saha and Deng,

2010)
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wheremt is the amount adsorbed at time t,mN is the saturation uptake, rc is the intracrystalline radius and

Dc is the intracrystalline diffusivity. Dc=r
2
c is referred to as diffusive time constant. The kinetic selectivity (Sk )

based on the difference in intracrystalline diffusivity may be calculated as (Lee et al., 2011; Saha et al., 2017),
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(Equation 5)

where i and j are the faster and slower moving components, respectively.

The effective kinetic diffusivity (S) may also be defined as (Liu et al., 2015, 2017)

S =
K1

K2

ffiffiffiffiffiffi
D1

D2

s
(Equation 6)

where ‘‘1’’ and ‘‘2’’ are the faster and slower diffusing species, K is the Henry’s constant and D is the intra-

crystalline diffusivity. The K-values may be obtained from the linear portion of the isotherms.

The self-diffusivity of ethane and ethylene within pure Si chabazite (Si-CHA) was measured by

pulsed field gradient (PFG) nuclear magnetic resonance (NMR) spectroscopy (Hedin et al., 2008). Within
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the (3.70 Å 3 4.17Å) pore Si-CHA, it was observed that self-diffusivity of ethane and ethylene at 101.3 kPa

and 300.1 K are 0.48 3 10�8 cm2s�1 and 3.1 3 10�8 cm2 s�1 respectively. Such a difference of diffusivity can

denote the possible kinetic separation of those gases. In other work, the ratio of diffusivity of propylene to

propane in Si-CHA and DD3R zeolite was reported to be as high as 104 suggesting a kinetic separation of

thosematerials (Ruthven, 1984). Carbonmolecular sieves (CMS) synthesized from different sources demon-

strated kinetic separation of propylene over propane (Liu et al., 2015, 2017). CMS was synthesized by the

carbonization of cation exchange resin of monosulfonated polystyrene crosslinked by monosulfonated di-

vinylbenzene and polyvinylidene chloride (PVDC). It was reported that effective micropore size that influ-

enced the kinetic separation was controlled by the crystallinity of precursor and pyrolysis temperature,

whereas the crystallinity was dominated by the comonomer type and content. The propylene and propane

diffusivities were 1.0 3 10�9 cm2/s and 1.1 3 10�11 cm2/s, respectively, at 100 kPa and 90�C. This high ratio

was suitable for the propylene/propane separation by kinetic methods. It was also reported that the kinetic

selectivity, recovery and working capacity was better for CMS material compared to that of zeolite 4A. In

another work, zeolite 4A and carbon molecular sieves were also employed for ethane/ethylene and pro-

pane/propylene separation (Rege et al., 1998).

A good example of separation of propylene by kinetics in MOF-basedmaterial was reported with themodi-

fication of MOF TO consisting of Zn(II) as secondary building units and 1,2,4,5 tetrakis (carboxyphenyl)ben-

zene and tans-1,2-dipyridylethene struts (Lee et al., 2011). The four modified MOF structures that were

created are DTO, DBTO and BTO, where D and B indicate deprotonated acetylene containing strut and

dibrominated strut, respectively. It was reported that DBTO and BTO possess the superior kinetic selec-

tivity of propylene over propane of 11 and 12, respectively, compared to that of parent MOF, TO (2.5).

DTO demonstrated an inferior kinetic selectivity (1.4). In all those structures, the intracrystalline diffusivity

of propylene was one order of magnitude lower compared to that of propane. In a separate work, A mixed

linker MOF consists of benzotriazole (BTA) and benzimidazole (BIM) as linkers and Zn metal centers with

BTA/BIM ratio 4/1 demonstrated kinetic separation of ethane and ethylene (Lyndon et al., 2020). Kinetic

separation has also been performed for propane/propylene separation by zeolite imidazolate framework

(Li et al., 2009).
Paraffin selective adsorbents for olefin separation

Despite the largest volume of research has been directed towards developing the olefin selective adsor-

bents that mostly harnesses the p-bond complexation or size-exclusion separation, it has been claimed

that paraffin selective adsorbents can produce the polymer grade olefin easily and at a lower cost. In an

adsorption column containing olefin selective adsorbent, olefin remains adsorbed in the column, whereas

paraffin comes out from the other end of the column. In the course of desorption, olefin is contaminated

with the paraffin that is present in themobile phase. Therefore, to obtain the high purity olefin, a large num-

ber of cycles are usually necessary, which increases both the cost and energy-input of the process very

heavily. On the other hand, a paraffin selective adsorbent can transfer the olefin to the mobile phase,

thereby minimizing the possibility of paraffin contamination. Such an ethane selective adsorbent may

not require multiple separations steps to obtain polymer-grade olefin.

The readers should be aware that selectivity towards paraffin for olefin separation does not involve any new

mechanism of separation. All the mechanisms explained earlier, except p-complexation and OMS can be

harnessed to generate paraffin selectivity of an adsorbent, depending on how a specific adsorbent has

been designed and synthesized.

A flexible MOF ZIF-7 was reported to separate ethane and ethylene by using a gate-opening mechanism

(Gücüyener et al., 2010). In ZIF-7, the gate-opening pressure for ethane is lower than that of ethylene. It can

be attributed to the fact that the three-lobe shaped pores allow ethane and its three-fold symmetric methyl

group to better interact with the pore surface of the adsorbent decorated with benzene rings. Thus, the

enhanced interaction between ethane and pore surface allows the pore mouth to open at a lower pressure

compared to that of ethylene causing superior adsorption of ethane under the same conditions of temper-

ature and pressure. Similar effect was also responsible for elevated adsorption of propane compared to

that of propylene, but to a smaller extent, owing to the additional methyl group present in propane mol-

ecules. The breakthrough experiments with ZIF-7 demonstrated a delayed release of ethane at a pressure

higher than the gate-opening pressure of ethylene thereby suggesting that the MOF could still retain its

selectivity to ethane at the elevated pressure. Further work combining DFT calculations and
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Figure 7. Comparison of the preferential

(A and B) C2H6 and (B) C2H4 adsorption sites in MUF- 15 identified from the DFT – D3 calculations (Co, blue; O, red; C,

gray; H, pastel magenta),
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thermodynamic analysis of the adsorption – desorption isotherms elucidated the gate opening mechanism

underlying the ethane selectivity in ZIF-7. DFT calculations based on a cluster model showed that both

C2H6 and C2H4 interactions are dispersive in nature, slightly higher in C2H6, which is attributed to the larger

number of CHCCC p interactions. In addition, DFT computed energy profiles revealed the subtle differ-

ence in the way they form adsorption complex with external surface, where ethene adsorption causes a sig-

nificant distortion of the ZIF-7 cage structure, thereby blocking the cage entrance (Van Den Bergh et al.,

2011).

A MOF structure with iron(III) peroxide 2,5-dioxido-1,4-benzenedicarboxylate [Fe2(O2) (dobdc) (dobdc
4�:

2,5-dioxido-1,4-benzenedicarboxylate)] was reported as an ethane selective adsorbent (Li et al., 2018).

The parent Fe2(dobdc) MOF, like most other MOFs, features unsaturated open metal sites and results in

selectivity towards olefins over paraffins. By allowing the Fe centers to form Fe–peroxo bonds on the

pore surface, the MOF effectively switched the selectivity from ethylene to ethane. Further analysis from

neutron powder diffraction demonstrated that deuterated ethane molecule (C2D6) was bonded through

the peroxo-group by forming a relatively strong hydrogen bond. In addition, the size and shape of ethane

molecules matches with the pore geometry thereby originating stronger van der Waals interactions be-

tween ethane and pore surface. These effects culminated in a selectivity of 4.4 for ethane compared to

that of ethylene.

Although Fe2(O2)(dobdc) MOF exhibits good selectivity and ethane uptake, the structure is not stable in air

and also requires higher energy for regeneration. To overcome this issue, fabricating adsorbents that

combine high selectivity with uptake is of special interest. A robust MOF termed MUF-15 was synthesized

using inexpensive precursors such as cobalt acetate and isophthalic acid (H2ipa) in a water/methanol

mixture. The structure shows selective ethane uptake over ethylene with a selectivity of two and can be

easily regenerated and recycled without any loss in the separation performance. MUF-15 represents a

rare combination of MOF structure consisting of both high pore volume and pore size closing matching

with the guest molecule that shows distinct preference for adsorbing ethane reaching almost

4.69 mmol/g at 293 K and 1 bar. In addition, 1 kg of this MOF produces nearly 14 L of ethylene in a single

adsorption cycle based on an equimolar C2H4/C2H6 mixture. To delve deeper into the adsorption mecha-

nism of selective ethane/ethylene adsorption in MUF-15, first principles dispersion-corrected DFT-D3 cal-

culations were performed. The predicted static binding energy for ethane is around�36. 7 kJ/mol, whereas

it is 35.0 kJ/mol for ethylene, which is in accordance with the experimental values. As shown in Figures 7A

and 7B, the preferred binding site identified from DFT calculation for ethane molecules is located in a

pocket surrounded by four phenyl rings. The stronger host-guest interactions can be attributed to van

der Waals interaction between the C2H6 and the neighboring p electron clouds. There exists C-HCCCp

interactions between all six hydrogens of ethane and three adjacent phenyl rings, dominated by dispersion

interaction, as compared to other noncovalent interactions involving permanent dipoles/quadrupoles.
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Figure 8. IAST selectivity for 1:1 (v/v) C2H6/C2H4 and C2H6 uptake for some of the best performingMOFs at 1 bar

and room temperature
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However, for ethylene molecule, its lower binding energy can be attributed to the reduce number of

C-HCCCp interaction and to the lack of strong permanent dipoles on the framework. Besides dispersion

interaction, C2H6 a more polarizable molecule can interact more strongly by the induced dipole interac-

tions with the framework compared to the less polarizable C2H4 molecule. Overall, MUF-15 possesses

good regenerability, stability and productivity, making it an ideal adsorbent material for selective separa-

tion of ethane over ethylene in industrial settings (Qazvini et al., 2019a, 2019b).

There exists a trade-off between adsorption selectivity and capacity in a separation process at industrial

conditions, with high selectivity results in high degree of purity with less cycles needed, but with high ca-

pacity the regeneration time is longer. Figure 8 shows the IAST calculated C2H6/C2H4 selectivity and C2H6

uptake for several top performingMOFs at 298 K and 1 bar. Ultimately, for an adsorbentmaterial to be used

in industrial scale, several other factors such as cost, scale-up, stability and regenerability need to be

considered. A different approach was undertaken by maximizing the larger number of intermolecular inter-

actions between C2H6 and the host to make a MOF structure more selective to ethane over ethylene (Lin

et al., 2018a, 2018b; Liao et al., 2015). To demonstrate this effect, authors synthesized two MOFs, Cu(ina)2
(ina = isonicotinic acid) and Cu(Qc)2 (Qc = quinoline5-carboxylic acid). These two isoreticular MOFs

possess hydrophobic interiors with lack of strong adsorption sites that led authors to study ethane and

ethylene separation. The Cu(ina)2 MOF featured larger pores and was only slightly selective to ethane.

The Cu(Qc)2, however, possessed smaller pores and demonstrated the highest ethane selectivity of 3.4,

which was achieved bymaximizing the contact area between ethanemolecule and the pore surface thereby

allowing the better adsorbent-adsorbate interactions. The same group extended this concept by

designing a hydrogen bonded framework known as HOF-76a by avoiding strong hydrogen bonding do-

nors. The pore structure of HOF-76a shows a non-polar surface with triangular channels. These structures

enable it to preferentially adsorb ethane over ethylene with a IAST selectivity of 2 at 296K and 1 bar

pressure.

In addition to separation, the research has also been directed to develop amethod to maximize the ethane

uptake of aMOFs with an aim to achieve a high ethylene recovery from the outlet stream (Yang et al., 2020a,
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2020b). In this study, a method was developed by using a pore-space-partition strategy in which a partition-

ing agent (organic ligand) was introduced into the hexagonal channels resulting in the partitioned acs net

known as a pacs net. In addition, the partitioning agent helps in two ways. First, it eliminates the openmetal

site (OMS) that is responsible for preferential binding to ethylene molecule by p complexation. Eliminating

the OMS allows the pore surfaces to be relatively inert and hence could support as an ideal adsorption site

for ethane molecules. Second, partitioning of the pores creates an ideal geometry of the pore surface that

can well fit the ethane molecule for its preferential adsorption. These effects culminated into the genera-

tion of several MOFs with remarkable ethane uptake capacity of as high as 154.2 cm3/g [compared to a

ethane uptake is 74.3 cm3/g showed by Fe(O2) (dobdc)] with a relatively lower selectivity of 1.75 for ethane

compared to that of ethylene. Despite the lower selectivity, its high ethane uptake makes it competitive for

the separation of ethane from ethylene with the added benefit of being more stable and requiring less en-

ergy for regeneration.

Although there is a lot of recent development in generating ethane selective MOFs (Tang and Jiang, 2020;

Solanki and Borah, 2020) there has been rather a few developments in making propane selective MOFs.

The most propane selective MOF to date is [Ni(bpe)2(WO4)] (bpe = 1,2-bis(4-pyridyl)ethylene) which was

reported in 2020 (Yang et al., 2019). The Ni(bpe)2(WO4) MOF forms a catenated cage that has a cavity

size of 5.6 Å, lined with aromatic groups. This cavity size is close to the kinetic diameter of propane. This

typical size of the cage resembles a close fit of the propanemolecule thereby allowing better van derWaals

interactions between propanemolecule and pore surface. The electronegative aromatic groups present on

the pore surface also provided additional binding sites for propane adsorption. These effects allow the

Ni(bpe)2(WO4) to display a propane selectivity in the range of 1.62–2.75. Despite this success, the uptakes

and selectivity of propane selective MOFs are well behind those of ethane selective MOFs and more

research on material development is required.

For carbonaceous adsorbents, the selectivity toward ethane is usually harnessed by the interactions

between ethylene and polar heteroatom content of the carbon surface, like oxygen and nitrogen. The

carbonaceous adsorbents were synthesized from the precursor of fructose (Xiao et al., 2018) for oxygen

functionalized carbon and polydopamine (Liang et al., 2018) or glucosamine (Wang et al., 2019a, 2019b)

for nitrogen -doped carbon. IAST-based selectivity of ethane over ethylene was reported to be as high as

(Liang et al., 2018) 20 in the lowest pressure and ethane to ethylene ratio of 1:15. DFT calculations re-

vealed that(Liang et al., 2018; Wang et al., 2019a, 2019b) pristine sp2 hybridized carbon surface favors

ethylene adsorption owing to the p - p interactions between ethylene and delocalized p bond of carbon.

However, introduction of few oxygen and nitrogen functional groups on the carbon surface is proven to

strongly favor the ethane molecule. The oxygen functional groups that were confirmed to favor ethane

adsorption are hydroxyl, carboxylate and ketone groups, whereas the nitrogen-containing groups that

demonstrated ethane selectivity are graphitic and pyridinic nitrogen. The calculations found that carbox-

ylate group is the most effective in attracting ethane with the adsorption energy of �44.6 kJ/mol (for

ethylene:-39.2 kJ/mol), whereas graphitic nitrogen is most effective among nitrogen functionalities

with adsorption energy of ethane as �13.4 kJ/mol (for ethylene: �12 kJ/mol). A different computation

study revealed that introduction of N or O functionalities on sp2 hybridized carbon decreases the

bond distance between carbon surface and ethane molecule from 3.34 Å to 3.03 Å, whereas such occur-

rence increases bond distance between carbon surface and ethylene from 3.30 Å to 3.68 Å, thereby

favoring the ethane molecule. Besides calculation, a hypothesis was also put forward incorporating

van der Waals’s force as a contributing factor. It is claimed that enhanced van der Waals’s force could

be responsible for the enhanced adsorption of ethane compared to ethylene (Wang et al., 2019a,

2019b). It is postulated that a slightly larger size and high polarizability of ethane (kinetic diameter:

4.44 Å, polarizability: 44.7 3 1025 cm3) compared to that of ethylene (kinetic diameter: 4.163 Å, polariz-

ability: 42.5 3 1025 cm3) are expected to cause a stronger van der Waal’s force between ethane and car-

bon surface thereby increasing its adsorbed amount. Computation studies also revealed that ethane

adsorption is better in the narrow micropores of 6–10 Å with the adsorption energy of �6.6 kJ/mol

compared to that of larger pores. Nonetheless, all the pores demonstrated the higher adsorption energy

for ethane over ethylene.

It was also reported that nanoporous boron nitride (Saha et al., 2017) demonstrates selectivity of

ethane and propane over ethylene and propylene, respectively, but the computational studies were not

reported.
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Figure 9. Different types of MOF-structures employed for olefin separation and their corresponding separation mechanisms
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CONCLUSIONS AND FUTURE RECOMMENDATIONS

The study and research on the separation of light olefins and paraffins by adsorption have been very pop-

ular among researchers worldwide. There are several adsorbents that demonstrated remarkable paraffin-

olefin separation performance. Among them, MOFs have proven to be a potential adsorbent for olefin and

paraffin separation because of its large surface area and porosity, functionalized pore surface, and flexible

pore size/shape. Starting with the first research on olefin and paraffin separation using MOF in 2002, MOFs

have been developed to study olefin and paraffin separation until now. Considering the industrial demands

of hydrocarbons, continuous research is needed in the future. In this paper, we have described several

proposed separation mechanisms such as p-complexation, hydrogen bonding, kinetic separation, size-

exclusion, and gate-opening of MOFs (Figure 9). As mentioned earlier, more research on paraffin-selective

adsorbents should be explored in order to perform a low-energy intensive operation and to obtain high-

purity olefins. The overall challenge of paraffin-olefin separation by adsorption arises from (a) materials

perspective and (b) engineering perspective.

Despite some adsorbents, mostly MOFs have demonstrated unprecedented performance in paraffin-olefin

separation, their real-world application could be limited by the high cost and energy input during synthesis

phase as most of the synthesis protocol utilizes solvothermal technique. More research should be directed
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towards alternative routes of synthesis, like mechanochemical or microwave methods. Recovery and recy-

cling of spent solvent may also improve the cost of the synthesis as well.

Too properly understand the separation performance, column breakthrough experiments with the realistic

conditions must be performed and it is quite encouraging to find that more and more scientific works with

actual breakthrough experiments along with simulations are being reported. It is important to analyze the

recovery and purity of the desired component as they do not always reciprocate with each other. It is also

important to study the cyclability during the process of continuous adsorption and desorption. Enthalpy of

adsorption and desorption during the cyclability is an important parameter to consider as heating of

adsorption bed during loading and cooling of the same bed during desorption will influence the working

capacity and operation cycle. In addition, most of the research works simulated the gas mixtures from the

processing conditions of a conventional olefin source; however, with time, some other non-conventional

techniques of generating light olefins are being popular, like oxidative coupling of methane (OCM), fluid

catalytic cracking (FCC), and methanol to olefin (MTO) conversion. The future research work should also

target the processing conditions of those olefin sources as well. Gas adsorption isotherms on mixture of

gases constituting similar product mixture may also help understand the realistic separation condition

as well.

It is recommended that more research, especially on the engineering side, needs to be performed to

implement those adsorbents onto a large or industrial scale. Different factors that need to be examined

are long-term stability, chemical resistance to surrounding environmental conditions, like moisture, regen-

eration and cyclability, pelletization, mechanical stability, good processability, cost of synthesizing/

manufacturing of the adsorbents in large scale and overall economy of the PSA system. In the near future,

all this information can be fed into a unified process simulation and optimization database that can be used

to calculate the feasibility of using a particular adsorbent in designing a PSA system.
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