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Abstract

With the development of the petrochemical industry, the demand for light olefins is rapidly increasing. The separation
of olefin/paraffin by membrane technology can save energy consumption and improve separation efficiency. This article
reviews the latest progress in facilitated transport membranes for olefin/paraffin separation. The separation mechanism
and common types of facilitated transport membranes are briefly introduced. Meanwhile, the mechanism of carrier
deactivation and the corresponding strategies to improve the stability of the membranes are summarized. In concluding,
current developments regarding facilitated transport membranes are summarized and directions for future develop-
ment are proposed.

Keywords Facilitated transport - Olefin/paraffin separation - Polymer electrolyte membrane - Silver inactivation

Abbreviations

BMImBF,  1-Butyl-3-methylimidazole tetrafluoroborate
ILs lonic liquids

MOFs Metal organic frameworks

MMMs Mixed-matrix membranes

PAAM Polyacrylamide

PDMS Polydimethylsiloxane

PEBAX Polyetherblockamide

PEO Poly(ethylene oxide)

POZ Poly(2-ethyl-2-oxazoline)

PVDF-HFP  Polyvinylidene fluoride-hexafluoropropylene copolymer
PVP Polyvinylpyrrolidone

p-BQ p-Benzoquinone

SBS Poly(styrene-b-butadiene-b-styrene)

SPPO Sulfonated polyphenoxy

TCNQ 7,7,8,8-Tetracyanoquinodimethane

XPS X-ray photoelectron spectroscopy

8G1 n-Octyl B-p-glucopyranoside
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1 Background

Light olefins such as ethylene and propylene are important raw materials for the petrochemical industry. The most widely
used process for olefin production is the steam cracking of naphtha or light alkanes, followed by catalytic dehydrogena-
tion, which leads to the production of olefin/paraffin mixtures [1]. Therefore, olefins must be separated from the mixtures
before further utilization, and the most common method for olefin/paraffin separation is cryogenic distillation, which
is extremely energy-intensive.

Membrane separation technology has been proposed to replace the cryogenic distillation or be integrated with it to
reduce the energy consumption [2-4]. At present, several membranes for olefin/paraffin separation have been reported
[5-9]. Generally, membranes based on the solution-diffusion mechanism are not ideal for olefin/paraffin separation,
because the physicochemical properties of olefins and paraffins are too close [10]. In addition, the difference in their
molecular dynamic diameters are very small (e.g., the difference between ethylene and ethane is only ~0.3 A), so even
using molecular sieve membranes the selectivity is not high [3, 11]. With the rise of metal organic frameworks (MOFs),
pure MOF membranes were developed for the separation of olefins and paraffins, some of which (e.g., ZIF-8) have
achieved quite high separation selectivity [12, 13]. However, such membranes face the challenge in mechanical strength
and scale-up fabrication [14]. Alternatively, zeolites and MOFs particles were incorporated into polymer matrix to fabri-
cate mixed-matrix membranes (MMMs) [15, 16], while the membrane permeance is still not attractive towards practical
application. To overcome the difficulty of separation due to the similarity of olefins and paraffins, facilitated transport
mechanism has been proposed to achieve a simultaneous increase in olefin permeability and olefin/paraffin selectiv-
ity. The so-called facilitated transport mechanism is that the chemically distinct carrier in the membrane layer can form
complexes with a specific component (such as ethylene) in the feed side, thereby increasing the permeation rate of this
component relative to other components [17]. The olefin/paraffin separation performance of the facilitated transport
membranes is far beyond the permeability-selectivity upper-bound based on solution-diffusion transport mechanism
[18], but for practical application the stability remains to be solved.

In this paper, the latest progress in facilitated transport membrane is briefly reviewed covering aspects of transport
mechanisms, membrane types and the stability issue. Moreover, comments on the challenges and prospects of develop-
ing facilitated transport membranes are given.

2 Main text
2.1 Transport mechanism and structures of facilitated transport membranes

The separation of ethylene and ethane is chosen as an example for demonstrating the facilitated transport process (Fig. 1).
The carrier selectively and reversibly interacts with the target molecule (e.g., ethylene), which increases the driving force
of the target molecule through the membrane layer and thus the permeation rate. Because the inert molecule ethane
cannot form specific interaction (e.g., m complexation) with the carrier and be facilitated to permeate, the concentration
of ethane molecules at the permeate side is relatively low. Therefore, compared with membranes based on solution-
diffusion mechanism, such facilitated transport membranes tend to show extremely high separation selectivity [19, 20].
In order to realize facilitated transport, the carriers need to be effectively dispersed on the diffusion path of gases, and
a threshold concentration of carriers is required to activate the facilitated transport mechanism. In addition, the carrier
must maintain its activity to reversely interact with the target molecule, otherwise it will lose the facilitating effect.

2.2 Facilitated transport mechanism

The first metal-olefin complex platinum (l1)-ethylene, which is called Zeise complex, was discovered in 1827. In the early
twentieth century, researchers tried to employ silver (Ag*) salts in olefin absorption systems; however, the mechanism
was not clear until Dewar proposed a preliminary explanation for the interaction mechanism between ethylene and
Ag*in 1951 [21]. Chatt and Duncanson further developed Dewar’s theory and proposed the interaction mechanism of
ni-bond complexation [22]. This complexation occurs when the bonding orbital of the olefin donates electronic density
to the outermost empty orbital of Ag* (5 s) to form a o bond, the strength of which depends on the positive charge of
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Fig. 1 The separation process
of ethylene/ethane via facili-
tated transport membrane
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the metal (such as silver, copper, and gold). The second bond is a m bond, which is formed by the backdonation of the
electronic density from the outermost 4d atomic orbital of the metal to the n"-antibonding molecular orbital of the
olefin [23] (Fig. 2). In 1960, Scholander et al. reported a groundbreaking work on the facilitated transport of oxygen by
the liquid membranes containing hemoglobin as transport carriers [24]. Then the studies related to facilitated transport
membranes has been extended to various fields. Owing to the extraordinary separation performance, facilitated transport
membranes have attracted great research interest worldwide.

Due to the reversible interaction between olefins and some transition metals (especially silver, copper and gold),
the facilitated transport membranes containing these metal ions can realize the efficient olefin/paraffin separation. It
is worth noting that the m complexation between ions and olefins should be strong enough to form interactions while
allowing reversible complexation under appropriate conditions. Among the transition metals, the complexation of silver
is prominent, and its electronegativity is 2.2, which is within the range of 1.6-2.3 and can realize reversible complexation
[25]. Moreover, silver salts possess the lowest lattice energy compared with other metal salts used for facilitated transport.
The low lattice energy is beneficial to improving the solubility of metal cations, and therefore enhancing interaction

Fig.2 The schematic of the Antibonding
complexation effect between * : 5s orbital
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duced with permission from ’
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Fig. 3 The fabrication process
of supported liquid mem-
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Fig.4 The fabrication process
of ion exchange membranes

Porous support

H+ H+ H+ H+ H+ H+

B

|i|+ H* |:_|+ |i|+ |:_|+ I:_|+

Solution dissolving carriers
for facilitated transport

]

Liquid membrane with carriers
confined in the pores

AgT AgT Ag" AgT AgT Ag”

A:g" Aig+ A:g+ A:g+ A:g" A:g+

Polymer membrane lon exchanged membrane
with acid groups | I with silver ions as carriers

Solution dissolving silver salts
for facilitated transport

with olefins [26]. Because of these characteristics, silver is the most commonly used metal for the preparation of olefin/
paraffin separation membranes. In addition, copper is another option because of the relatively low price. However, due
to the instability of Cu™ in the presence of oxidants, very few work on copper serving as carrier has been reported [27].
On the basis of the coordination complexation between silver salts and olefins, the facilitated transport membranes for
olefin/paraffin separation was developed based on supported liquid membranes as the initial form. To further improve
the stability of the separation performance, the researchers proposed ion exchange membranes and polymer electrolyte
membranes for the separation of olefin/paraffin, which will be further discussed.

2.3 Facilitated transport membranes with different structures
2.3.1 Supported liquid membranes

Supported liquid membrane is the simplest liquid membrane and the fabrication process is convenient. The microporous
membrane is chosen as the support, which is immersed into the carrier solution (such as silver nitrate). The carrier is
absorbed into the porous support by capillary force (Fig. 3). In 1973, Steigelmann and Hughes from Standard Oil Com-
pany proposed to load the silver nitrate solution in the pores of cellulose acetate membrane to prepare supported liquid
membranes [28]. The mixed ethylene/ethane selectivity of the as-prepared membrane is up to 1280, and the permeance
of the mixture is 30 GPU. Driven by such high performance, they continued their study of this kind of membrane for more
than 10 years. Nevertheless, they were not successful in commercializing this technology. The critical problem lied in the
poor stability of the silver nitrate solution in the membrane pores. During the separation process, owing to the drag of
the gas stream, the carrier solution was gradually swept out from the pores, leading to the decrease of the membrane
selectivity [28]. In order to solve this problem, Teramoto et al. proposed a humidification method extended the lifetime of
the membranes [29], and several subsequent work focused on improving the stability of the solution in the pores of the
supported liquid membranes [30, 31]. However, the inherent instability of the supported liquid membranes, as well as the
demand for humidification of the feed and sweep gas, limits the practical application of the supported liquid membranes.

2.3.2 lon exchange membranes

lon exchange membranes are usually prepared by introducing silver salts into polymer membrane with an acid group
(such as sulfonic acid groups), and then the proton is exchanged by the silver ion. To realize the ion exchange, the polymer
isimmersed in a solution containing silver or other metal salt solution (Fig. 4). The polymer materials commonly chosen
as the matrix of the ion exchange membrane were Nafion and sulfonated polyphenoxy (SPPO) [32]. During the opera-
tion process, the membranes need to be humidified. Otherwise, the silver ions are strongly bound to the anion sites of
the membranes in the absence of water, making them difficult to interact with olefins. Eriksen et al. pretreated Nafion
membrane in glycerin and soaked them in 6 M AgBF, aqueous solution to fabricate ion exchange membranes for the
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separation of humidified ethylene/ethane (1:1, molar ratio) mixture. The as-prepared membranes showed a super-high
selectivity of 1930 and ethylene permeability of 26,800 Barrer (~83 GPU) [33]. Since the carrier is not easily taken out
of the membrane by the gas flow, the ion exchange membranes have a huge advantage compared with the supported
liquid membrane. Although the stability of ion-exchange membranes has been improved, they are generally more costly,
and the necessary humidification step is undesirable for practical application because it brings additional steps to dry
the outlet gas stream from the membrane unit.

2.3.3 Polymer electrolyte membranes

The polymer electrolyte membrane is another facilitated transport membrane, which is composed of a polymer matrix
and metal salt distributed in the polymer. In the polymer matrix, both anions and cations are sufficiently mobile without
the need of solvents or plasticizers to promote ionic motion and conductivity [34]. Therefore, the dissolution behavior
of the metal salt in the polymer matrix and its ionic composition are very important for the ion conduction and mass
transfer properties inside the membrane. Unlike the liquid membrane in which the carrier solution is confined in the
pores of the membrane, the dense electrolyte membrane can maintain the complexing agent even under relatively high
pressure difference across the membrane. In the polymer electrolyte membranes, the salts can dissociate into anions
and cations in the solid state. The interaction between the metal cation of the dissolved salt and the electron donor pairs
of the heteroatoms of the polymer matrix could contribute to the ion-pair separation of the of the dissolved salt, form-
ing a new ion-pair between the cation of the salt and the heteroatoms of the polymer [1]. This new ion-pair interaction
produces a conductive solid for various application, and most related work has been reported on poly(ethylene oxide)
(PEO) conductors for lithium ion conduction in high energy batteries [35]. Nevertheless, the mass transfer characteristics
of silver-based electrolyte membranes have attracted extensive attention in the field of olefin/paraffin separation in the
past few decades.

The hopping mechanism was proposed to explain the facilitated transport phenomenon in the membranes [36]
(Fig. 5). Silver ions are fixed in the polymer by coordination with polymer oxygen. When the olefin permeates through
the membrane layer, the olefin can form coordination complexation with the silver ions, and hop to another neighbor-
ing silver ion. After many times of hoping along the silver ions, the olefin can be released at the downstream of the
membrane. In contrast, the paraffin cannot complex with silver ion, leading to the preferential permeation of olefins
through the membrane.

Pinnau and Toy firstly developed poly(ethylene oxide) (PEO)-based electrolyte membranes for olefin/paraffin sepa-
ration [37]. The polar functional groups of PEO could coordinate with silver ions and contribute to the dissociation
of salts. Compared with ion-exchange membranes, this membrane realized facilitated transport of ethylene without
the humidification of feed gas, which is a great breakthrough for the facilitated transport membranes. Kang et al. dis-
solved silver salts into other polar polymers, such as poly(2-ethyl-2-oxazoline) (POZ), polyvinylpyrrolidone (PVP) and
poly(styrene-b-butadiene-b-styrene) (SBS), and the performances of the membranes far exceeded those of the previous
supported liquid membrane and ion exchange membrane [38, 39]. They studied different types of silver salts and poly-
mers to prepare electrolyte membranes, which exhibited extremely high selectivity and permeability [26]. However, the
interaction between functional groups of polymer and silver ions may cause silver ions to be reduced to elemental silver.
Over time, the growth and agglomeration of elemental silver led to the formation of pores or defects at the interface of
metal nanoparticles and polymer chains. In the long-term permeation experiment, the gases can easily pass through the
defects with low mass transfer resistance, severely reducing the selectivity [40]. In addition, the reducing gas (such as H,)
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in the feed gas will aggravate the deactivation of silver ions, further decreasing the membrane performance. Therefore,
the stability of membrane performance is a key factor restricting the development of polymer electrolyte membranes,
and some solutions are summarized in detail below.

The polymer electrolyte membranes can be regarded as a solid mixture of the polymer and the metal salt, and the
movement of ions in the polymer electrolyte is realized by the thermal motion of the polymer segment. The polymer
chain of the polymer electrolyte membrane generally contains electron-donating groups (O, S, N, etc.), which can complex
with the cation of the metal salts to form a coordination bond. Commonly used polymer materials include PEO, POZ, PVP,
polyacrylamide (PAAm), polyetherblockamide (PEBAX) [41, 42]. In solid polymer electrolyte membranes, the permeation
of olefins mainly relies on the facilitated transport mechanism, and traditional solution-diffusion process is not dominant.
Therefore, the intrinsic separation performance of the polymer material in the polymer electrolyte membrane has little
effect on the separation performance, as long as the main chains of the polymer material possess flexibility and a certain
number of polar groups for coordination with the transition metal ions.

Pinnau et al. found that the presence of heteroatom oxygen in the polymer could accelerate the complexation of
silver ions with the polymer, enhancing the solubility of the silver salt in the polymer [37]. Kim and co-workers proposed
the facilitated transport will not work until the concentration of the carrier reaches a threshold, which depends on the
relative magnitude of the interaction strength of silver ions with polymer ligands and that with their counter-anions
[43]. When the interaction strength of silver ions with polymer ligands is weaker than that with their counter-anions,
the threshold concentration is low, and vice versa. For various polymer ligands, the threshold concentration of silver
ions followed this order: phthalate > amide > ketone=C=C > ester. PEO is a polymer material commonly used to prepare
solid polymer electrolytes. Its main chain possesses relatively regular polyether groups, but its high crystallinity reduces
the flexibility of the polymer segment. The polyether-containing block copolymer PEBAX is a thermoplastic elastomer
material which is composed of rigid polyamide segments and flexible polyether segments, and the heteroatom oxygen
can coordinate with transition metal ions especially silver ions. Moreover, PEBAX with different compositions has been
commercialized and owns good mechanical property and chemical stability, exhibiting great potential in the fabrication
of olefin/paraffin separation membranes.

In the facilitated transport membrane, the carrier forms complexation with olefins and transport olefins via the hop-
ping mechanism. Therefore, the selection of carrier has significant influence on membrane performance. The carrier is
usually transition metal salt, which dissociates into cations and counter-ions in the membrane, and the cations can com-
plex with olefins. The stronger the electronegativity of the metal ion is, the stronger the electron-withdrawing ability is,
and the complex formed by the metal ion and the olefin is more stable. When designing facilitated transport membrane,
the complexation and decomplexation ability of metal ion should be considered at the same time. The reasonable elec-
tronegativity range of metal ions is 1.6-2.3 [25]. Bearing this in mind, metals including Mn, Fe, Co, Ni, Cu, Mo, Rh, Pd, Ag
and Pt can be chosen as facilitated transport carriers. Considering the factors including performance and cost, Ag (I) and
Cu (I) ions are suitable carriers for olefin/paraffin separation. Due to the instability of Cu (I) when exposed to oxidants,
silver salts are the most widely investigated carriers.

One critical factor influencing the efficiency of cation is the relative strength of the interaction between cations and
olefins and that between cation and counter-ion. If the interaction between the cation and the counter-ion is weaker,
it is easier for the cation to complex with olefins, contributing to more efficient facilitated transport. The criteria for
evaluating the interaction strength between cation and its counter-ions is the lattice energy of the corresponding salt.
The smaller the radius of counter-ion, the greater the electrostatic force between counter-ion and cation, and the cor-
responding lattice energy is higher. Taking the silver salts as an example, the lattice energy order of the commonly used
salts is: AQNO; > AgCF;SO; > AgClO, > AgBF,. Accordingly, the facilitated transport membranes containing AgBF, gener-
ally exhibited the highest separation performance [44].

3 Stabilization of facilitated transport membranes

Though the olefin/paraffin separation performance of the polymer electrolyte membranes can be quite high, how to
maintain membrane performance in long-term operation remains great challenge. The silver ions in the membrane could
react with other substances to be inactivated, resulting in a sharp decrease in membrane performance. For instance,
silver ions will be reduced to elemental silver (Ag®) and inactivated when exposed to light or reductants such as H,.
In addition, it will react with the impurity such as H,S and C,H, in the feed stream to form Ag,S and Ag,C.. It is worth
mentioning that Ag,GC, is very explosive, making the entire separation process extremely dangerous. A small amount
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(~10 ppm) of these impurities in the feed stream is sufficient to cause a sharp drop in the selectivity of the facilitated
transport membranes [42].

The key step for improving the stability of the polymer electrolyte membranes is suppressing the inactivation of the
carrier (mainly Ag™). To this end, many attempts have been made to improve the stability of Ag* (Table 1). The strategies
summarized in the table can be divided into four categories: (1) introducing additives into membranes; (2) designing
the structure of polymers; (3) replacing Ag* with silver nanoparticles; (4) regenerating deactivated Ag* with oxidants.
These methods will be introduced and compared in detail.

3.1 Introducing additives

The first method is to introduce additives such as surfactants, HBF, and Al(NO3);. The stabilizing mechanism of these
additives varies from each other. Park et al. introduced a nonionic surfactant (n-octyl B-p-glucopyranoside (8G1)) into
the membrane to suppress the growth and agglomeration of metal particles via steric hindrance (Fig. 6). The protective
layer formed on the surface of the silver particles maintained the separation performance for 30 days [45]. However, this
strategy did not solve the reduction problem. Researchers found that the reduction of Ag* by POZ or other polymers
usually led to the increase of H* concentration in the membrane [50].

In order to suppress the reduction process, Kim and co-workers tried to introduce HBF, in the AgBF,/POZ membrane,
which is aimed at shifting the balance of the reduction reaction to the direction of Ag* regeneration and preventing the
formation of elemental silver [41]. The control experiments verified that the addition of a small amount of HBF , can effi-
ciently inhibit the reduction of Ag*. Kang et al. proposed introducing Al(NO,); into the AgBF,/POZ membrane to inhibit
Ag* reduction [46]. The addition of AI(NO,); could weaken the interaction between polymer functional groups and Ag*
with the use of electrostatic interaction between Ag* and NO;™. The interaction between Ag*/NO;~ and Al;*/BF,” is the
reason for adjusting the chemical environment of Ag*. X-ray photoelectron spectroscopy (XPS) results showed that the
presence of Al(NO;); reduced the binding energy of valence electrons in silver ions compared with that in the original
membrane. Therefore, the electron density of Ag* can be adjusted to reduce the oxidation ability of Ag*. The results
showed that the introduction of AI(NO;); maintained the performance of polymer electrolyte membranes for 14 days.

The introduction of ionic liquids (ILs) can also improve the stability of membrane performance. In this case, Ag* was
distributed in both the polymer matrix and the ILs phase, which promotes the transport via fixed and mobile carri-
ers at the same time, leading to higher permeability and selectivity. Ortiz et al. introduced 1-butyl-3-methylimidazole
tetrafluoroborate (BMImBF,)/AgBF, into the polyvinylidene fluoride-hexafluoropropylene copolymer (PVDF-HFP). The
as-prepared membrane showed the propylene permeability of 6630 Barrer and propylene/propane selectivity of 700,
which was maintained for 10 days [18].

3.2 Designing polymer structures

Researchers have tried to design the polymer structure to improve the stability of membrane performance, selecting
inert polymers or fluorinated polymers. Kang et al. dispersed silver salts in an inert polymer polydimethylsiloxane (PDMS)
to fabricate facilitated transport membranes [47]. Unlike the dissociation of salt into cation and anion in a polar matrix,
silver ionic aggregates were formed in the inert polymer. This does not seem to work because only free silver ions interact
with olefins. However, when the olefin permeated through the membrane, the coordination of olefin to the silver ions
gradually converted the silver ionic aggregates into the free ions that could work. It took 100 h to completely dissolve the
silver salt, and then the membrane reached steady state. The propylene/propane selectivity of the membrane reached
200, and the propylene permeance is 15 GPU, which could be kept for one week. This remarkable result proved that it
is feasible to introduce silver salts into inert polymers, even though these polymers do not possess functional groups
that can dissolve silver salts.

Another effective polymer is the fluorinated polymer. Generally, fluorinated polymers can withstand harsh conditions
such as chemical corrosion and not be easily oxidized by Ag*. In 2016, CMS Company reported facilitated transport
membranes based on fluorinated polymers [48]. Silver ion was introduced into the polymer matrix by ion exchange with
the proton of the sulfonic acid group on the polymer chain. Different from the previous immersion of the membrane
into the silver salt solution to achieve ion exchange, the polymer and the silver salt can be dissolved in the same solvent,
so the silver ionomers can be formed to realize the facilitated transport. They prepared two types of fluorinated poly-
mers. One of them was based on PDD/VF/PPSF polymer, showing relatively high propylene/propane selectivity of 95.7
and propylene permeance of 276 GPU; the other was based on Aquivion D79-25BS polymer, showing relatively higher
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Table 1 The strategies for improving the stability of facilitated transport membranes

No. Strategy Mechanism Duration of stable ~ References
operation
1 Introduce surfactants into Provide steric hindrance effect to inhibit the growth and agglom- 30 days [45]
membrane eration of Ag nanoparticles
2 Introduce HBF, into mem- Shift the balance of the reduction reaction to the direction of Ag* 4 h [41]
brane regeneration
3 Introduce AI(NO,); into mem-  Weaken the interaction between Ag* and functional groups of 14 days [46]
brane polymers to reduce the oxidation ability of Ag*
4 Introduce ionic liquids into Improve the stability of Ag* via the introduction of ionic liquids 10 days [18]
membrane
5  Choose inert polymer Reduce the reaction between Ag* and functional groups of poly- 7 days [47]
mers
6  Choose fluorinated ion- Fluorinated polymers are resistant to chemical and thermal condi- 270 days [48]
exchange polymer tions, and the silver ionomers possess high stability
7  Choose Ag nanoparticles as The surface of Ag nanoparticles can be polarized by electron 100 h [49]
carrier acceptor molecules, which can avoid the problem of Ag* reduc-
tion
8  Employ oxidants to regener-  In-situ regeneration of Ag* via the introduction of oxidants N/A [42]
ate Ag*

N/A not applicable

Fig.6 Theschematic ofinhib- -

iting the growth of nanoparti- o & 1/'. \_\.
cles via addition of surfactant Inhibit the growth of e
Ag nanoparticles . CotbysOg (8G1)

L

propylene permeance of 311 GPU and comprised selectivity of 52.1. Long-term test demonstrated that the membrane
could continuously operate for 270 days, and has been moved to a pilot-scale separation test in May of 2017 [51].

HOH,C

HOts+- OCH,(CH,)sCH

_________________________________

3.3 Other strategies

Apart from designing the structures of polymers, researchers have also tried to employ silver nanoparticles to replace Ag*
as a facilitated transport carrier, which can avoid the problem of silver reduction during membrane operation. However,
in order to make zero-valent nanoparticles capable of facilitating the transport of olefins, it is necessary to introduce an
electron acceptor molecule, such as p-benzoquinone (p-BQ) [49] or 7,7,8,8-tetracyanoquinodimethane (TCNQ) [52] to
form charge polarization on the surface of the nanoparticles (Fig. 7). Moreover, some other relevant factors including
the loading amount and size of nanoparticles, and their distribution along the gas diffusion pathway are important as
well. The concentration of silver nanoparticles reported in literature is higher than 30 wt%, and the diameter should be
less than 30 nm [52]. Smaller silver nanoparticles can further improve the mass transfer efficiency of olefins.

In addition, Merkel et al. proposed in-situ regeneration of Ag* through oxidants as studying the stability of AgBF,/
PEBAX 2533 membrane [42]. They tested the membrane in the feed containing Ag*-inactivating components, and
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Fig.7 The schematic of the
possible polarization mecha-
nism of the Ag nanoparticles
by 7,7,8,8-tetracyanoqui-
nodimethane (TCNQ) [28].
Reproduced with permission
from American Chemical
Society

found that the selectivity dropped sharply. Nevertheless, when the tested membranes were exposed to mixed steam of
H,0,/HBF, or directly immersed into the solution, the membrane performance can be partially or completely recovered.
Therefore, they considered that the recycled regeneration step can extend the lifetime of the membranes. Nevertheless,
they pointed out that the inactivation caused by H,S has not been solved, and the feasibility of the industrial application
of the recycled regeneration process needed to be further evaluated.

4 Conclusion

At present, the technology of facilitated transport membranes for olefin/paraffin is still in the research stage, among
which polymer electrolyte membranes are the most promising membrane material. Although some companies have
developed membranes with excellent performance and relatively good stability, the practical application of such mem-
branes remains to be further demonstrated. The critical problem lies in the deactivation of silver ions in the polymer.
Some strategies including the addition of additives, design of polymers, selection of silver nanoparticles, and recycled
oxidation regeneration methods have been proposed. However, the effect of impurities that deactivate silver ions in the
feed stream has not been studied in most works, which should be emphasized in the following work. Secondly, more
convenient and efficient strategies for improving the stability of silver-based membranes should be explored. Thirdly,
it is necessary to further study the mechanism of facilitated transport, and establish reasonable models to describe the
facilitated transport phenomenon and better guide the design of membrane structure and optimization of separation
performance. Finally, the feasibility of industrial scale-up should be considered during the design and fabrication of the
facilitated transport membranes towards the practical olefin/paraffin separation.
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