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A B S T R A C T   

Great efforts have been made to develop versatile membranes with carrier-facilitated transport mechanism for 
olefin/paraffin separation. However, carrier instability has been an overwhelming roadblock, and manufacturing 
stable membranes have not yet been fulfilled, especially for copper salt-based membranes. Herein, a family of 
innovative deep eutectic solvents (DESs) were designed by utilizing Brønsted-acidic ammonium salts as hydrogen 
bond acceptors, which can stabilize CuCl carrier efficaciously. Then, stable copper-decorated deep eutectic 
solvent based supported liquid membranes (Cu-DESMs) were constructed by confining the as-designed DES and 
CuCl into porous support for the effective ethylene/ethane separation, where the morphology, molecular in-
teractions and the structure-performance were revealed. The Cu-DESMs exhibited high ethylene permeability of 
32.7 Barrer and ethylene/ethane selectivity of 26.8, which far exceeded most of copper salt-based membranes. 
Particularly, the Cu-DESMs exhibited long-term stability, and the investigation of carrier stability mechanism 
revealed that deactivation of copper salt-based carriers was included by disproportionation or oxidation re-
actions, and strong hydrogen-bond interactions and encapsulation effect favored carrier stability. This work 
offers preliminary guidance for designing stable carrier, and the ultra-stable Cu-DESMs with Brønsted-acidic 
property will make membrane separation move a step toward practical ethylene/ethane separation.   

1. Introduction 

Olefins, are the essential feedstocks to produce commonly used 
plastics and chemicals, and the separation of olefin/paraffin mixtures is 
critical in the petrochemical industry [1]. Cryogenic distillation is the 
most reliable technology to perform the olefin/paraffin separation, but 
requires huge capital and operating costs, which have created enough 
incentives to develop energy-effective and sustainable alternatives for 
the olefin/paraffin separation. Over the past thirty years, membrane 
technology has evolved as a promising approach for olefin/paraffin 
separation [2,3]. Versatile membranes with novel materials and struc-
tures have been developed such as polymer membranes [4,5], mixed 
matrix membranes (MMMs) [6–10], carbon molecular sieve (CMS) 
membranes [11,12], zeolite membranes [13], metal organic framework 
(MOF) membranes [6,14], and carrier-facilitated transport membranes 
(FTMs) [1,15,16]. Compared with membranes with solution-diffusion 
mechanism or molecular sieving mechanism, membranes with 
carrier-facilitated transport mechanism naturally possess high 

permeability and olefin/paraffin selectivity. Olefin molecules are 
transported initiatively via the carrier, and the separation performance 
of FTMs can be further improved by the rational design of membrane 
matrix and carrier [1,16–18]. FTMs are constantly developing and 
booming with the emergence of novel materials, where 2D nanosheets 
[19–21], MOF [22–24], ionic liquids (ILs) [25–29], and deep eutectic 
solvents (DESs) [30,31] have been utilized as membrane materials for 
the construction of advanced FTMs. 

Despite the intensive research, the carrier chemical stability of FTMs 
is still a daunting challenge, which has been ignored in the multitude of 
previously published papers [32–34]. Currently, the widely used car-
riers for olefin/paraffin separation can be divided into two categories: 
copper(I)-based carriers and silver-based carriers, including metal salts 
(such as AgBF4, AgNO3, and CuCl) or metal nanoparticles. The carrier is 
dispersed into the membrane matrix to generate metal ions (Ag+ and 
Cu+), metal complex ions (CuCl2− ), or positively-charged nanoparticles 
via the interactions with membrane matrix, thus significantly acceler-
ating the transport of olefin molecules. Among them, the 
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positively-charged copper or silver nanoparticles exhibit good stability 
but low olefin/paraffin selectivity, and special electron acceptors are 
needed to activate the surface charge of nanoparticles [35,36]. Silver 
salts possess the best ability to transport olefin molecules, which render 
the resultant membranes with extremely high olefin/paraffin selectivity. 
Meanwhile, several effective strategies have been proposed to stabilize 
silver salt, including the introduction of Al(NO3)3 and Ag2O [37], 
adopting protic ILs as membrane matrix [38–40], as well as developing 
regeneration method that uses a peroxide/acid liquid or vapor phase 
treatment to oxidize the reduced silver carriers [32]. Copper salts have 
the attributes of low-cost, facile availability and satisfactory ole-
fin/paraffin selectivity. Jiang et al. utilized DESs as membrane matrix to 
dissolve CuCl carrier for the ethylene/ethane separation [15,30]. Then, 
Sun et al. fabricated copper(I)-based IL membranes with 
carrier-facilitated transport mechanism for ethylene/ethane separation, 
and the carrier activity can be improved by adding other metal salt such 
as ZnCl2 [41,42]. Although the great potential of membranes containing 
copper salt as carrier has been demonstrated, the development of 
membranes with copper salt as carrier are seriously lagging compared 
with those based on silver salt, and only few research pays attention to 
carrier stability and the development of effective strategy for the 
enhanced carrier stability. 

In this work, a family of innovative DESs were designed by adopting 
protonated ammonium salts as hydrogen bond acceptors (HBAs) and 
polyol as hydrogen bond donors (HBDs), which rendered the DESs with 
Brønsted-acidity, thus affording long-term carrier chemical stability. 
DESs were voted as membrane matrix due to their distinct advantages of 
low-cost, synthetical accessibility, structural flexibility, facile fabrica-
tion of defect-free membrane, and higher gas permeability in relative to 
solid membranes due to the faster gas diffusion in liquid than solid 
[43–47]. Then, a series of copper-decorated DES based supported liquid 
membranes (Cu-DESMs) with carrier-facilitated transport mechanism 
were constructed by confining as-designed DES and CuCl carrier into 
porous support for ethylene/ethane separation. By the virtue of rational 
design of DESs, the Cu-DESMs exhibited high ethylene permeability and 
ethylene/ethane selectivity, which exceeded the-state-of-the-art mem-
branes. Particularly, the Cu-DESMs possessed long-term stability, which 
was highlighted by comparing with the most prevailing FTMs utilizing 
IL or DES as membrane matrix and CuCl as carrier, revealing the deac-
tivation mechanism of copper salt-based carriers as well as offering 
guidance for realizing carrier stability. 

2. Experimental 

2.1. Materials 

Ethylamine (>98.0%), diethylamine (>98.0%), triethylamine 
(>99.0%), ethanolamine (>98.0%), diethanolamine (>98.0%) and hy-
drochloric acid (HCl, 37.0%) were bought from Shanghai D&B Biolog-
ical Technology Co., Ltd. Ethylene glycol (EG, >99.0%), diethylene 
glycol (DEG, >99.0%) and glycerol (G, 99.5%) were supplied from 
Heowns Biochem Technologies. LLC. 1-Butyl-3-methylimidazolium 
chloride ([Bmim][Cl]) (≥99.5%) was offered by Lanzhou Institute of 
Chemical Physics, Chinese Academy of Sciences. Copper(I) chloride 
(CuCl, AR, 97.0%) was obtained from Macklin Biochemical Co., Ltd and 
recrystallized by HCl prior to use. Nylon support membranes (pore size 
of 0.1 μm, porosity of 75%, average thickness of 100 μm, diameter of 75 
mm) were kindly provided by Haining Zhongli Filtering Equipment 
Corporation (China). Ethylene (C2H4, >99.5%), ethane (C2H6, >99.5%) 
and nitrogen gas (N2, 5 N) were purchased from Air liquid Holding CO., 
LTD. 

2.2. Preparation of Cu-DESMs 

The fabrication of Cu-DESMs comprised four steps: synthesis of 
protonated HBAs via proton-transfer reaction; preparation of DESs via 

simple mixing of HBA and HBD at the desired molar ratio; dissolution of 
CuCl carrier in DESs to get homogeneous membrane liquid containing 
copper complex anions as reactive carrier; fabrication of Cu-DESMs via 
pressure-assisted filtration method (Fig. 1a). The chemical structures of 
HBAs and HBDs are shown in Fig. 1b, and structure of Cu-DESM is shown 
in Fig. 1c. 

Four different protonated ammonium salts of ethylamine hydro-
chloride (EAHCl), diethylamine hydrochloride (DEAHCl), ethanolamine 
hydrochloride (EoAHCl) and diethanolamine hydrochloride (DEoAHCl), 
acting as HBAs, were synthesized by proton-transfer reaction between 
amine and HCl according to previous procedure with slight modifica-
tions [40]. Then, DES was synthesized by simply mixing HBA and HBD 
(including EG, DEG and G) by heating at 60 ◦C under magnetic stirring 
for 8 h until a colorless and homogeneous liquid was formed. The 
copper-decorated DES (Cu-DES) was prepared through dissolving the 
as-purified CuCl into DES by heating at 70 ◦C for 2 h under vigorous 
stirring, followed by degassing in a vacuum oven for 4 h. After that, 
Cu-DESMs were prepared by confining Cu-DES into porous Nylon sup-
port via the pressure-assisted filtration method [31]. The Nylon support 
was firstly placed in a vacuum oven for 4 h to remove residual gas in the 
pores, and Cu-DES was uniformly spread onto the top surface of support 
with a dropper. Subsequently, the membrane was transferred into a 
permeation cell, and the Cu-DES was pressed into the membrane pores 
under the pressure of 1 bar. This procedure was repeated for three times 
until a thin layer of green liquid appeared on the bottom of support, 
which indicated the membrane pores were filled with Cu-DES. Eventu-
ally, Cu-DESMs were obtained by carefully wiping the excess liquid on 
the membrane surface with tissue. Control membranes without CuCl 
carrier were also prepared using the above-described procedure. The 
loading amount of the Cu-DES in the membrane was calculated by the 
following equation: m = m1 - m0, where m0 and m1 were the mass of the 
Nylon support before and after the injection of Cu-DES. When the 
CuCl/[EAHCl][G] mixed solution (molar ratio of HBA and HBD at 1:2 
and CuCl concentration at 3 mol/L) was used, the loading amount was 
346.5 mg. For investigation of carrier stability, two previously reported 
membranes in literature were also fabricated, where DES-FTMs were 
prepared with DES utilizing [Bmim][Cl] acts as HBA and G acts as HBD 
(the molar ratio of [Bmim][Cl] to G at 1:2 and CuCl concentration at 3 
mol/L), and the IL-FTMs were prepared by CuCl-containing IL based on 
[Bmim][Cl] and CuCl (the molar ratio of [Bmim][Cl] to CuCl at 1:2). 
The fabrication procedure was similar with that of Cu-DESMs except for 
the liquid used. 

2.3. Characterization 

1H nuclear magnetic resonance (1H NMR) spectra were recorded by 
VARIA INOVA 500 MHz spectrometer with deuterated dimethyl sulf-
oxide (DMSO‑d6) as solvent and tetramethyl silane (TMS) as the external 
reference. Attenuated total reflection Fourier transform infrared spectra 
(ATR-FTIR) were collected on a Bio-Rad FTS 6000 FTIR spectrometer 
with 32 scans covering a range of 500–4000 cm− 1. X-ray diffraction 
(XRD) patterns were conducted by using X’Pert Pro X-ray diffractometer 
with a Cu Kα radiation (λ = 1.5418 Å) under a potential of 40 kV and an 
applied current of 40 mA, which was performed from 5◦ to 90◦ with a 
step size of 0.1◦. Deep eutectic points were obtained by a TA Q2000 
differential scanning calorimeter (DSC) according to the following pro-
cedure: the sample (5–10 mg) was enclosed in sealed aluminum pans 
and experienced cooling from room temperature to − 150 ◦C, and then 
heating from − 150 ◦C to 100 ◦C under a continuous flow of dry nitrogen 
with the heating/cooling rate setting at 10 

◦

C/min. Thermal stability 
was determined by a NETZSCH TG 209 thermal gravimetric analyzer in 
the temperature range of 20–690 ◦C in nitrogen atmosphere with a 
healing rate of 10 

◦

C/min. The morphology was observed by Hitachi S- 
4800 Field-emission scanning electron microscopy (SEM) equipped with 
energy dispersive spectrometry (EDS). 

M. Xu et al.                                                                                                                                                                                                                                      



Journal of Membrane Science 659 (2022) 120775

3

2.4. Separation performances 

The separation performances of Cu-DESMs were measured by a 
custom-made apparatus (Fig. S1) according to the below procedure. A 
freshly prepared Cu-DESMs was fixed in a stainless-steel permeation cell 
with a feed compartment and a permeate compartment, which was 
placed inside an air blowing thermostatic oven for easily adjusting 
temperature. And, the pressure of the feed compartment was adjusted by 
a needle valve and the pressure value was recognized by a pressure 
transducer with an accuracy of 0.001 bar. Before measuring gas 
permeability, air tightness inspection of the apparatus was conducted by 
filling with nitrogen at pressure of 2 bar and good air tightness was 
established by the maintenance of constant pressure for 1 h. Then, pure 
C2H4 and C2H6 with a flow rate of 30 mL/min (STP) were introduced 
into a static mixer to get equimolar mixed gas, and the mixed gas entered 
the feed compartment and reached the permeate compartment at 0.1 bar 
through the Cu-DESMs to achieve effective separation. Meanwhile, the 
nitrogen with a flow rate of 20 mL/min (STP) was used as sweeping gas 
and the flow rate was precisely controlled by a mass flow controller with 
an accuracy of ±0.5% and the gas composition was monitored by an 
online gas chromatography system (Model GC 2008B, Lunan, equipped 
with a gas autosampler and a flame ionization detection device) every 
10 min. 

The C2H4 permeability or C2H6 permeability through the membrane 
was calculated according to formula: 

Pi = Ji ×
δ

ΔPi
=

VSTP,i

A
×

δ
ΔPi

(1)  

where Ji is the permeation flux of the component i, cm3/cm2s; δ is the 
membrane thickness, the value is 100 μm; ΔPi is the partial pressure of 
the component i through the membrane, bar; VSTP,i is the volume flow of 
the component i at standard conditions, cm3/s (STP); A is the effective 
area of the membrane, 19.625 cm2 is used in this paper. The gas 
permeability is expressed in Barrer, 1 Barrer = 10− 10 (cm3 (STP) cm)/ 
(cm2 cmHg s). 

The C2H4/C2H6 separation selectivity was defined as the ratio of 
C2H4 permeability to C2H6 permeability: 

S=
PC2H4

PC2H6
(2) 

The gas solubility and diffusivity in Cu-DESMs were determined 
according to the method described in our previous publication [38], and 
the detailed process was presented in Supporting Information. 

3. Results and discussion 

3.1. Chemical structure of Cu-DESMs 

The chemical structures of the DESs and Cu-DESs were investigated 
by 1H NMR and ATR-FTIR spectroscopy, which revealed the formation 
mechanism of DESs as well as mechanisms of carrier activity and sta-
bility. 1H NMR spectra of three DESs at different HBA-HBD molar ratios 
showed characteristic peaks of both EAHCl and G, which confirmed the 
successful synthesis of DESs (Fig. 2a). For example, 1H NMR spectrum of 
DES at molar ratio 1:1 showed chemical shifts at 8.026 ppm (-NH3

+ of 
EAHCl), 4.601 ppm (-OH of G), 3.304 ppm (-CH/CH2 of G), 2.823 ppm 
(-CH2 of EAHCl) and 1.176 ppm (-CH3 of EAHCl). The chemical shift of 
–NH3

+ exhibited the weakened intensity upon mixing with G, and 
decreased significantly from 8.197 ppm to 8.026 ppm, 7.970 ppm, and 
7.893 ppm for the molar ratios of EAHCl to G at 1:1, 1:2 and 1:3, 
respectively, indicating that G molecule inserted into the EAHCl and 
broke the electrostatic interaction between anions and cations. Besides, 
the –OH chemical shift of G also became weak and broad, and shifted to 
down-field from 4.451 ppm to 4.601 ppm, 4.547 ppm and 4.524 ppm for 
the molar ratio of 1:1, 1:2 and 1:3, respectively, which suggested the 
newly-formed hydrogen-bond interactions between G and EAHCl. The 
intermolecular interactions between HBA and HBD were further 
confirmed by ATR-FTIR spectra (Fig. 2b). In the spectrum of DES at 
molar ratio of 1:1, the peak at 3295 cm− 1 was the characteristic peak of 
the –OH stretching vibration, the peaks at 2066 cm− 1 and 1505 cm− 1 

were assigned to the symmetrical stretching vibration and deformation 
vibration of –NH3

+, respectively, and the characteristic peak at 1610 
cm− 1 corresponded to the bending vibration of –NH2 [48]. With the 
molar ratio of EAHCl to G varying from 1:1 to 1:3, the peaks of –OH 
stretching exhibited red-shift while the peaks associated with the amino 
groups exhibited blue-shift, which illustrated the hydrogen-bond in-
teractions were formed between G and Cl− and the ordered structure of 
EAHCl was disrupted. The 1H NMR and ATR-FTIR spectra of DESs with 
different HBA-HBD combinations (Fig. S2) exhibited similar behaviors 
with [EAHCl][G] based DES, which has been detailed in the Supporting 

Fig. 1. (a) Fabrication of Cu-DESMs. (b) Chemical structures of HBAs and HBDs. (c) The structure of Cu-DESM, where EAHCl acting as HBA and G acting as HBD.  
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Information. Obviously, the extent of peak varies with different DES 
structures, which means the intensity of the interactions within DES can 
be tuned by the appropriate selection of HBAs and HBDs. The above 
results confirmed the formation mechanism of DESs that the weakened 
electrostatic interactions between anion and cation as well as newly 
formed hydrogen-bond networks between HBA and HBD for charge 
delocalization accounted for the formation of stable liquid. 

1H NMR and ATR-FTIR spectra of Cu-DESMs provided more infor-
mation about molecular interactions between CuCl and DESs (Fig. 2c–d 
and Fig. S3). After the dissolution of the CuCl in the DESs, the chemical 
shift of –NH3

+ decreased from 7.970 ppm to 7.707 ppm and then to 
7.641 ppm at carrier concentrations of 2 mol/L and 3 mol/L, accom-
panying with the significantly weakened peak intensity (Fig. 2c). 
Meanwhile, –CH3 (EAHCl) also had a broader but significantly weak-
ened peak with the addition of CuCl carrier. The dramatic variation in 
chemical shift and peak intensity of EAHCl was attributed to the 

complexation reaction between CuCl and Cl− to generate [CuxCly]z−

anions as well as the strong hydrogen-bond interactions between 
[CuxCly]z− and proton of –NH3

+ (Fig. 2e and Fig. S4). As for G, the sharp 
splitting peaks of –OH evolved into a broad peak and the corresponding 
chemical shift of –OH moved to up-field and then to down-field with the 
increase of CuCl concentration, which was due to the destruction of 
hydrogen-bond interactions between G and G and the re-construction of 
hydrogen-bond interactions between G and [CuxCly]z− anions. The 
newly formed hydrogen-bond interactions meant the complete solvation 
of [CuxCly]z− anion carriers and rendered the carrier with encapsulation 
effect. As further indicated by ATR-FTIR spectra, the –OH stretching 
vibration peak exhibited blue-shifts after the addition of CuCl, indi-
cating the weakened hydrogen-bond interactions of G-G. With the in-
crease of carrier concentration, the characteristic peak of symmetrical 
stretching vibration of –NH3

+ increased continuously from 2074 cm− 1 to 
2094 cm− 1, while that of bending vibration of –NH2 decreased from 

Fig. 2. Structure and chemistry of Cu-DESMs. (a, b) Investigation of intermolecular interactions deriving the formation of DESs by 1H NMR and ATR-FTIR spectra, 
where [EAHCl][G] based DESs with different molar ratios act as examples. (c, d) Investigation of intermolecular interactions within Cu-DESMs by 1H NMR and ATR- 
FTIR spectra to reveal the mechanism of carrier activity and carrier stability, where the [EAHCl][G] based DES with the molar ratio of HBA and HBD at 1:2 is used. 
(e) Complexation reaction between CuCl and Cl− to generate [CuxCly]z− anions. 
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1618 cm− 1 to 1610 cm− 1, respectively, which demonstrated that the 
strong hydrogen-bond interactions between the –NH3

+ and carriers 
favored the proton transfer from –NH3

+ to carriers, inducing slightly 
deprotonation of –NH3

+ to –NH2 group. Therefore, the adoption of DESs 
with Brønsted-acidity created strong hydrogen-bond interactions be-
tween protonated cation and [CuxCly]z− anions. 

The thermal properties of Cu-DESMs were also probed by DSC and 
TG characterizations. DSC curves displayed typical eutectic points of 
DESs between − 100 ◦C and − 80 ◦C, and the eutectic point increased 
with the decrease of molar ratio of HBA to HBD (Fig. 3a and Fig. S5). 
After the addition of carrier, the eutectic point of Cu-DES increased up to 
− 79.36 ◦C and was still much lower than the melting points of the parent 
HBA and HBD, which suggested the Cu-DES still maintained the DES 
characteristics and the as-designed DESs were robust to achieve high 
carrier concentration. Moreover, the thermal decomposition tempera-
tures of the DESs and Cu-DES were higher than 200 ◦C (Fig. 3b), con-
firming the satisfactory thermal stability. In addition, the Cu-DES 
showed a two-stage decomposition and the reduced rate of mass loss, 
demonstrating the enhanced thermal stability, which was favorable for 
gas separation in a large range of operating temperature. 

3.2. Morphology of the Cu-DESMs 

The morphology of Cu-DESM was investigated by SEM and EDS 
mapping. The optical image of Cu-DESM revealed a transparent and 
green membrane, which suggested the successful membrane fabrication 
(Fig. 4a). The surface image of Nylon support presented a hierarchical 
pore structure with pore size ranging from 100 nm to 1 μm (Fig. 4b). 
Regarding to Cu-DESM, the membrane pores were full of Cu-DES due to 
the positive capillary force and assistance of additional pressure 
(Fig. 4c). The cross-section images of Nylon support exhibited a typical 
sandwich configuration with a robust fiber middle layer between spongy 
top layer and bottom layer, which provided sufficient mechanical sup-
port and abundant pores for accommodations of Cu-DES (Fig. 4d–f). As 
further confirmed by cross-section images of Cu-DESM (Fig. 4g–i), Cu- 
DES was penetrated and connected throughout the entire membrane, 
and no unfilled pore was observed, which suggested the extremely 
compatibility between Nylon support and Cu-DES. Moreover, the EDS 
mapping revealed the well-distribution of Cu, Cl, N, C and O elements 
(Fig. 4j), which indicated that the Cu-DESM was successfully prepared. 

3.3. Structure-performance relationship of Cu-DESMs 

The structure-performance relationship of Cu-DESMs was 

investigated, including the effect of HBA, effect of HBD, effect of CuCl 
concentration and effect of molar ratio of HBA to HBD. As shown in 
Fig. 5a, the as-designed Cu-DESMs exhibited high C2H4 permeability 
and C2H4/C2H6 selectivity due to the rational structure design of HBAs 
and providential HBA-HBD combinations. The [EAHCl][G] based Cu- 
DESM exhibited the highest C2H4/C2H6 selectivity of 26.8 and excel-
lent C2H4 gas permeability of 32.7 Barrer, while the [DEAHCl][G] based 
Cu-DESM obtained a slightly higher C2H4 permeability of 36.5 Barrer 
and lower C2H4/C2H6 selectivity of 18.2, which was attributed to the 
different cation sizes of HBAs. Larger cation size of HBA meant weaker 
electrostatic interactions between cation and anion, which resulted in a 
looser membrane structure, thus accelerating gas diffusion to get higher 
gas permeability. Compared with [EAHCl][G] based Cu-DESM, the Cu- 
DESMs fabricated with EoAHCl and DEoAHCl exhibited reduced gas 
permeabilities and C2H4/C2H6 selectivity. With extra hydroxyl groups in 
the HBAs, the newly-formed hydrogen-bond interactions within mem-
branes afforded more compact membrane structure with high viscosity 
of Cu-DESs, which blocked the diffusion of C2H4 and C2H6. The 
[DEoAHCl][G] based Cu-DESM possessed a lower gas permeability than 
[EoAHCl][G] based Cu-DESM, which suggested the enhanced hydrogen- 
bond interactions by more hydroxyl groups dominated compared with 
the weakened electrostatic interactions due to larger cation size. Fig. 5b 
demonstrated the great effect of HBDs on the separation performance of 
Cu-DESMs. The effect of HBDs on C2H4 permeability followed the order: 
EG > DEG > G, and for the C2H4/C2H6 selectivity, a different order was 
observed: G > EG > DEG. The C2H4 permeabilities of Cu-DESMs with EG 
and DEG as HBAs were 299.4 Barrer and 116.6 Barrer, which were 
almost 9.2 and 3.6 times of that of G based Cu-DESM. This can be 
explained that G possessed more hydroxyl groups and generated stron-
ger hydrogen-bond interactions, which resulted in the increased vis-
cosity of Cu-DES, thus impeding gas diffusion and obtaining low 
permeability. However, C2H4/C2H6 selectivities of EG and DEG based 
Cu-DESMs were only 14.8 and 9.3, and G based Cu-DESM obtained the 
highest C2H4/C2H6 selectivity of 26.8. Compared with Cu-DESM with 
EG or DEG as HBDs, stronger hydrogen-bond interactions between hy-
droxyl from G and Cl− from CuCl in G based Cu-DESM can weaken the 
interactions between Cu+ and Cl− , which effectively increased the in-
teractions between Cu+ and C2H4 molecules. 

As seen from Fig. 5c, the effect of CuCl concentration on separation 
performances of Cu-DESMs was also investigated and highlighted by 
comparing with the control DESM without CuCl carrier. The C2H4 
permeability and C2H6 permeability of the DESM without carrier were 
8.06 Barrer and 3.88 Barrer, respectively, and the corresponding C2H4/ 
C2H6 selectivity was only 2. In contrast, at the CuCl concentration of 3 

Fig. 3. The thermal properties of Cu-DESMs. (a) DSC and (b) TG curves of DES and Cu-DESMs.  
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mol/L, the C2H4 permeability and C2H4/C2H6 selectivity of the Cu- 
DESM reached up to 32.7 Barrer and 26.8, respectively, which were 
much higher than those of DESM without carrier, confirming the carrier- 
facilitated transport mechanism. The drastic increase of C2H4/C2H6 
selectivity further suggested the as-designed DESs were ideal solution 
for CuCl carrier to obtain high carrier activity. With the increase of CuCl 
concentration from 1 mol/L to 3 mol/L, the C2H4 permeability increased 
linearly, while the C2H6 permeability decreased remarkably. Based on 
the solution-diffusion theory [49,50], the permeability could further be 
represented as the product of thermodynamic solubility and kinetic 
effective diffusivity. With the increase of CuCl concentration, more 
carriers were available to coordinate with C2H4, while the solution of 
C2H6 was suppressed due to the salting-out effect, which leads to the 
sharp increase of the solubility selectivity. Both the C2H4 diffusivity and 
C2H6 diffusivity decreased with increasing CuCl concentration, thus the 
diffusivity selectivity decreased slightly due to the larger decrease of 
C2H4 diffusivity, which was probably due to the larger size of 
[CuxCly(C2H4)n]+ complex. Moreover, it can be clearly concluded that 
C2H4/C2H6 selectivity was dominated by the solubility selectivity 
(Table S1). 

The molar ratio of HBA to HBD also regulated the separation per-
formances of Cu-DESMs, which easily obtained the different combina-
tions of C2H4 permeability and C2H4/C2H6 selectivity (Fig. 5d). As the 

molar ratio of HBA to HBD decreased from 1:1 to 1:3, the C2H4 and C2H6 
permeabilities of the Cu-DESMs gradually decreased, but the C2H4/C2H6 
selectivity increased significantly. For example, the C2H4 permeability 
and C2H4/C2H6 selectivity of Cu-DESM at molar ratio of 1:1 were 52.1 
Barrer and 20, respectively. When the molar ratio reduced to 1:3, the 
C2H4 gas permeability dropped to 16.9 Barrer but the C2H4/C2H6 
selectivity moderately elevated to 31.9. With the decrease of molar 
ratio, more G molecules were involved in membrane to create stronger 
hydrogen-bond interactions, which increased the viscosity of Cu-DES, 
thus reducing C2H4 and C2H6 permeabilities simultaneously. However, 
benefiting from carrier-facilitated transport mechanism, the decrease 
degree of C2H4 permeability was much lower than that of C2H6 
permeability, which contributed to the significant increase of C2H4/ 
C2H6 selectivity. 

3.4. Optimization of operating conditions 

Process optimization was also conducted to get effective separation. 
Accordingly, the effects of operating temperature and partial pressure 
on separation performances of Cu-DESMs were investigated. With the 
operating temperature increasing from 25 ◦C to 55 ◦C, opposite trends 
were observed in the gas permeability and separation selectivity 
(Fig. 6a). The C2H4 permeability increased from 32.7 Barrer to 53.7 

Fig. 4. The morphology of Cu-DESM, where [EAHCl][G] based DES has been used with the molar ratio of HBA and HBD at 1:2 and the concentration of CuCl at 3 
mol/L. (a) Optical image of Cu-DESM. (b, c) Surface SEM images of Nylon support and Cu-DESM. (d, e, f) Cross-section SEM images of Nylon support and highlighting 
its spongy top layer at high-resolution. (g, h, i) Cross-section SEM images of Cu-DESM and highlighting the saturated pores with Cu-DES. (j) The corresponding EDS 
mapping of Cu-DESM collected from the surface of the Cu-DESM in Fig. 4c. 
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Barrer and the C2H6 permeability increased from 1.2 Barrer to 3.6 
Barrer. The increase of operating temperature weakened the molecular 
interactions within membranes but enhanced the chain flexibility, 
which significantly enhanced the gas diffusion through the membranes, 
thus contributing to the increase of C2H6 and C2H4 permeability. How-
ever, the increase of C2H6 permeability was larger than that of C2H4 
permeability, which was attributed to the negative effect of temperature 
on the carrier-facilitated transport mechanism. The increased tempera-
ture crippled the complexation between [CuxCly]z− anion carriers and 
C2H4, thus leading to the limited increase of C2H4 permeability. 
Therefore, the C2H4/C2H6 selectivity decreased from 26.8 to 15.1. As 
shown in Fig. 6b, as the partial pressure increased from 0.1 bar to 0.85 
bar, the C2H4 permeability experienced a steady decrease from 32.7 
Barrer to 13.1 Barrer, which was attributed to the limited carrier num-
ber. The carriers were easily saturated even at low pressure and failed to 
coordinate with C2H4 molecules at high pressure [38]. In contrast, the 
C2H6 permeability was almost unchanged with the increase of the partial 
pressure, which further confirmed the C2H6 permeation through 
Cu-DESMs was mainly dependent on solution-diffusion mechanism. 
Therefore, the C2H4/C2H6 selectivity reduced from 26.8 to 14.1. When 
the partial pressure increased to 1.0 bar, the gas permeability of C2H4 
and C2H6 increased stupendously and the C2H4/C2H6 selectivity was 1.0, 
which indicated the membrane pores were punctured. The C2H4/C2H6 
selectivity remained higher than 10 even under high temperature at 
55 ◦C and partial pressure at 0.85 bar, which exhibited competitive 
operating stability of Cu-DESMs. Therefore, the ultimate pressure of 
Cu-DESMs reached up to 1.7 bar. 

3.5. Stability of Cu-DESMs 

Long-term stability was a crucial property for membrane separation. 
As revealed by Fig. 6c–d, both C2H4 and C2H6 permeabilities of Cu- 
DESMs experienced a decline in the first 2 h for separation due to the 
increased viscosity of Cu-DESs induced by the evaporation of absorbed 
moisture, and then leveled off with a slight fluctuation during the 
continuous 160-h operation. And the C2H4/C2H6 selectivity remained 
stable at around 27.0, which suggested the excellent stability of Cu- 
DESMs and great potential for long-time operation. However, it should 
be noted that the membrane was protected by the permeation cell and 
inert gases during permeation, which offered a dark and safe environ-
ment isolated from the oxygen and moisture. 

The carrier stability was further investigated by placing the Cu- 
DESMs in a plastic-Petri-dish for two years without any protection. 
The Petri-dish has access to air and the Cu-DESMs contact with the ox-
ygen, H2O, and light. For comparison, the stability of prevailing DES or 
IL based carrier-facilitated transport membranes (DES-FTMs and IL- 
FTMs) after two-year storage was also investigated to reveal the deac-
tivation mechanism and stabilizing strategy of CuCl carrier [30,42]. As 
seen from Fig. 7a–b, both DES-FTM and IL-FTM suffered from severe 
deterioration, and some reddish-brown clusters were uniformly 
dispersed on the surface of DES-FTM, while the whole surface of IL-FTM 
was completely covered by fine reddish-brown particles with obvious 
agglomerations, indicating instability and deactivation of CuCl. In 
contrast, the Cu-DESM remained green and transparent, which was 
unchanged in relative to pristine membrane and indicated the excellent 
stability of Cu-DESM (Fig. 7c). As revealed by Fig. 7d, the surface of 
DES-FTM exhibited some particle clusters consisted of stone-like 

Fig. 5. Structure-performance relationship of Cu-DESMs. (a) Effect of the HBAs. (b) Effect of the HBDs. (c) Effect of the CuCl concentration. (d) Effect of the molar 
ratio of HBA to HBD. The test conditions: CuCl concentration of 3 mol/L, the molar ratio of HBA to HBD of 1:2, the pressure of 0.1 bar, the temperature of 25 ◦C and 
the gas flow rate of 60 mL/min (STP) with equal molar of C2H4 and C2H6 unless otherwise stated. 
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particles larger than 10 μm but the membrane pores were still full of 
CuCl/DES. IL-FTM also had some particle clusters with angular shape 
and much smaller size, and many pores were empty without any liquid, 
which suggested the complete destruction of IL-FTM (Fig. 7e). Fortu-
nately, Cu-DESM reported in this work remained the pristine 
morphology (Fig. 7f). The good chemistry stability of Cu-DESM was 
further confirmed by ATR-FTIR spectra, no additional peak was detected 
with the extending of time (Fig. 7g). Therefore, the carrier stability 
followed the order: Cu-DESM > DES-FTM > IL-FTM, which suggested 
the DES based membrane possessed better stability due to the encap-
sulation effect that carriers were solvated and encapsulated by HBD 
molecules to prevent carrier from moisture and oxygen gas. 

The element distribution of DES-FTM, IL-FTM and Cu-DESM as well 
as crystalline structure were investigated by EDS mapping and XRD 
patterns. As for DES-FTM (Fig. 7h), the main elements were Cu and Cl 
and the O content was low, and the XRD curve showed the diffraction 
peaks of CuCl2, which suggested the carrier deactivation mechanism was 
dominated by the disproportionated reaction. While IL-FTM was abun-
dant with Cu and O elements (Fig. 7i), and the XRD curve showed the 
diffraction peaks of basic cupric carbonate, which suggested oxidizing 
reaction resulted in carrier deactivation. In contrast, Cu-DESM exhibited 
the unchanged element distribution (Fig. 7j) and XRD pattern with the 
pristine membrane, which suggested their excellent stability. Compared 
with DES-FTM and IL-FTM, the good long-term carrier stability of Cu- 
DESM mainly attributed to the strong hydrogen-bond interactions be-
tween HBA and copper complex anion (Fig. 7m) and the encapsulation 
effect by HBD molecules (Fig. 7l). On the one hand, the HBA possessed 

Brønsted-acidity and spontaneously generated strong hydrogen-bond 
interactions with copper complex anion, which not only enhanced car-
rier activity but also enhanced carrier stability. On the other hand, the 
copper complex anions were solvated and encapsulated by HBD mole-
cules, which protected carrier from moisture and oxygen gas and thus 
promoted carrier stability. 

3.6. Comparison 

Various membranes with different materials and structures had been 
used in C2H4/C2H6 separation, including polymers membranes [4,5], 
CMS membranes [12,51], MMMs [8,52], MOF membranes [14,22], IL 
membranes [16,28], and DES membranes [31]. The separation perfor-
mance of the Cu-DESMs prepared in the work were compared to the 
literature data as well as the Robeson upper bound proposed by Koros 
[53], and the detailed corresponding data can be found in Tables S2–S7. 
As demonstrated in Fig. 8, the performances of Cu-DESMs exceeded the 
upper bound for polymer membranes, and were superior to most of the 
CMS membranes and MMMs. The Cu-DESMs took the separation per-
formance of copper salt-based FTMs to a new level, and their separation 
performances were much better than that of previously reported FTMs 
utilizing copper salt as carrier even with the consideration of the 
thickness of the membranes (Fig. S6). Although the separation perfor-
mances of the Cu-DESMs in the work were slightly lower than the per-
formances of silver salt-based FTMs, Cu-DESMs were still very 
competitive considering the much lower cost of copper salts as well as 
good stability. 

Fig. 6. Optimization of operating conditions and long-term stability of Cu-DESMs, where the [EAHCl][G] based DES is used with the molar ratio of HBA and HBD at 
1:2 and CuCl concentration at 3 mol/L. (a) Effect of operating temperature. (b) Effect of partial pressure. (c, d) Long-term stability of Cu-DESMs during continuous 
160-h operation. Test conditions: the pressure of 0.1 bar, the temperature of 25 ◦C and the gas flow rate of 60 mL/min (STP) with equal molar of C2H4 and C2H6 
unless otherwise stated. 
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4. Conclusions 

In summary, deactivation mechanism of CuCl carrier such as 
oxidation and disproportionation reactions in the previously reported 
membrane was revealed and Brønsted-acidic property was proposed to 
stabilize CuCl carrier. A series of copper-decorated DES based supported 

liquid membranes (Cu-DESMs) were constructed by utilizing DESs with 
Brønsted-acidic property as matrix and CuCl as carrier for highly effi-
cient ethylene/ethane separation, whose successful fabrication was 
confirmed by SEM and EDS characterizations. The investigation of 
membrane chemical structure revealed that the complexation reaction 
between CuCl and Cl− generated copper complex anions as active 

Fig. 7. Comparison of the stability of Cu-DESMs with the previously reported CuCl/IL-FTM and CuCl/DES-FTM to highlight the deactivation mechanism and sta-
bilizing strategy of CuCl carrier, where [EAHCl][G] based DES is used with the molar ratio of HBA and HBD at 1:2 and the CuCl concentration of 3 mol/L (a, b, c) 
photos of DES-FTM, IL-FTM and Cu-DESM after two-year storage without any protection. (d, h) SEM images and corresponding EDS mapping of DES-FTM. (e, i) SEM 
images and EDS mapping of IL-FTM. (f,ji) SEM images and EDS mapping of Cu-DESM. (g) FTIR spectra of Cu-DESMs after storage for different times. (k) XRD patterns 
of DES-FTMs, IL-FTMs, Cu-DESMs after two-year storage. (l) Encapsulation effect by HBD molecules for carrier stability. (m) Hydrogen-bond interactions between 
[CuxCly]z− and proton of –NH3

+ for carrier stability. 
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carrier, and the strong hydrogen-bond interactions occurred between 
protonated cation of HBA or HBD and active carrier. Moreover, the 
separation performances of Cu-DESMs could be tailored by the molec-
ular design of HBA and HBD, as well as the optimization of HBA/HBD 
molar ratio and CuCl concentration, which outperformed most of the- 
state-of-the-art membranes in the literatures. Particularly, Cu-DESMs 
obtained good stability and was highlighted by comprehensive com-
parison with the prevalent CuCl based FTMs, which was attributed to the 
strong hydrogen-bond interactions between HBA and copper complex 
anion and the encapsulation effect by HBD molecules. This work will 
arouse more attention for carrier-stability study, and deep insight of 
carrier deactivation mechanism will shed light on design robust mem-
branes for energy-intensive gas separations. 
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