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A B S T R A C T   

Difluoromethane (R-32) is a hydrofluorocarbon (HFC) that has been massively used over the last 30 years in 
refrigeration and air conditioning as a primary component of azeotropic or close boiling refrigerant mixtures. 
Despite environmental directives commanded to drastically reduce the use of HFCs, R-32 has excellent ther
modynamic properties and moderate GWP, thus its recovery from depleted mixtures collected from end-of-life 
equipment is sought to synthesize alternative low-GWP refrigerant blends. Membrane separation using com
posite polymer/ionic liquid membranes based on poly-ether-block-amide have shown potential to separate R-32 
from other fluorinated hydrocarbons, yet the development of this type of composite membranes still remains at 
laboratory scale. In this work, a spray coating technique was successfully applied to create defect-free thin se
lective layers of neat Pebax®1657, Pebax®1657/40 wt% [C2C1im][BF4] and Pebax®1657/40 wt% [C2C1im] 
[SCN] coated on porous PVDF substrates. This methodology was transferred from the lab-scale tests (12.6 cm2) to 
a custom pilot set-up (300 cm2). The pilot results confirmed the superior performance and stability of [C2C1im] 
[SCN]-based membranes, which allowed the recovery of up to 64.3% and 67.1% R-32 from the refrigerant 
mixtures R-410A (69.8 mol % R-32 and 30.2 mol % R-125) and R-454B (82.1 mol % R-32 and 17.9 mol % R- 
1234yf) at 6 bar, increasing the R-32 permeate concentration up to 89.6 and 95.9 mol %, respectively. These 
results highlight the need to expand the knowledge of this type of gas separation membranes towards thinner and 
defect-free selective dense layers with the purpose of approaching their real applications.   

1. Introduction 

With the demand for refrigeration and air-conditioning (RAC) 
continuously growing as a consequence of global warming and increased 
wealth and population in tropical regions [1,2], great interest has arisen 
in recovering exhausted refrigerants from end-of-life equipment with 
the aim of recycling the most valuable compounds [3]. To date, most 
working fluids used as refrigerants in vapor-compression cycles consist 
of mixtures of fluorinated hydrocarbons that aim to balance the intricate 
trade-offs between environment, health and safety [4]. In the current 
scenario, hydrofluorocarbon (HFC) mixtures have been widely used 
because of their null ozone depletion potential and excellent thermo
dynamic performance. However, with the ratification of the Kigali 
Amendment to the Montreal Protocol, a new regulatory roadmap (e.g., 
European Regulation 517/2014, U.S. Bill S.2754) was set to drastically 
reduce the manufacture and marketing of HFCs due to their contribution 

to global warming. Under this scenario, some HFCs are being substituted 
by hydrofluoroolefins (HFOs), another family of fluorinated compounds 
that exhibit negligible global warming potential (GWP), good thermo
dynamic performance and low flammability [5]. Consequently, it is 
expected that mixtures of low-GWP HFOs and moderate-GWP HFCs will 
become predominant refrigerant fluids in commercial, stationary and 
industrial refrigeration [6]. A distinguishing feature of HFCs and HFC/ 
HFO refrigerant blends is that they usually exhibit azeotropic or near- 
azeotropic behavior that provides them with better refrigeration per
formance [7]. This characteristic, however, poses a challenge for the 
separation of their individual constituents by conventional distillation 
[8]. In this regard, recent literature reports the progress towards 
advanced separation processes like extractive distillation using ionic 
liquids (ILs) as entrainers [9–15], and adsorption in carbon [16], zeolites 
[17], MOFs [1,18,19] and other porous materials [20]. In addition, the 
separation of refrigerant mixtures with membrane technology is also 
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receiving increasing attention, yet only a few type of polymers have 
been tested as thick membranes based on different poly(ether-block- 
amide) copolymers (PEBA) [21–25], perfluoro(butenyl vinyl ether) 
and perfluoro(2,2-dimethyl-1,3-dioxole) copolymers (PBVE:PDD) 
[26,27], and polymers of intrinsic microporosity (PIM-1) [28]. A com
parison between the separation performance of these membranes can be 
found in the latter work [28]. Beyond polymer membranes, the engi
neering of composite ionic liquid polymer membranes (CILPMs) 
appeared as a powerful approach to enhance gas permeability and 
selectivity in challenging separations of binary refrigerant mixtures 
(namely, R-410A, R-454B and R-513A) [21–23,25], similarly to that 
exhibited in CO2/N2 and CO2/CH4 separations [29,30]. In these works, 
the thermoplastic copolymer poly(ether-block-amide) demonstrated 
outstanding compatibility with several ILs, resulting in composite 
polymer/IL membranes with improved permeability and selectivity 
properties, in which the main role of the IL contained within the polymer 
matrix was to modify the solubility of the gases in the composite films. In 
this context, CILPMs prepared with fluorinated ILs such as [C2C1im] 
[Tf2N], [C2C1im][OTf] and [C2C1im][BF4] (Table 1) notably increased 

the permeability of fluorinated refrigerants, yet only the CILPMs con
taining small molar volume ILs exhibited significantly higher selectivity 
than the neat Pebax 1657 polymer. In particular, CILMPs containing 40 
wt% [C2C1im][BF4] or [C2C1im][SCN] showed the best gas separation 
performance and mechanical stability against feed pressure [23,25]. 

However, the selection of the best IL candidates is not the whole 
story. Most polymer/IL membranes are tested as self-supported thick 
dense films (>50 μm) that are not attractive for an industrial applica
tion. Instead, these IL-based membranes should be processed into defect- 
free thin films, in order to provide high gas permeance, and conveniently 
packed. Yet, the production of thin film composite membranes (TFCMs) 
containing free IL is still a quite unexplored field of research. Table 2 
shows a summary of the IL-containing TFCMs reported up to date to the 
best of our knowledge. In all cases, the TFCMs were prepared as 
multilayer composite membranes using a porous support above which 
the selective layer, a blend of either polymer/IL or poly(IL)/IL, was 
casted by different coating techniques. The final thickness of the selec
tive layer ranged between 0.1 μm and a few micrometers. In addition, 
highly permeable polymers such as rubbery PDMS and glassy PTMSP 

Table 1 
Name, molecular structure and molar volume (Vm, at 30 ◦C and 1 bar) of ILs used in Pebax®-based CILPMs [23].  

IL Name Cation Anion CAS No. Vm (cm3⋅mol− 1) 

[C2mim][SCN] 1-Ethyl-3-methylimidazolium thiocyanate 

N+

N

S-N 331717–63- 
6  

151.9 

[C2mim][BF4] 1-Ethyl-3-methylimidazolium tetrafluoroborate 

B-F

F

F

F 143314–16- 
3  

154.8 

[C2mim][OTf] 1-Ethyl-3-methylimidazolium triflouromethanesulfonate 

S

O

O

O-

F

F

F 145022–44- 
2  

188.3 

[C2mim] 
[Tf2N] 

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 
imide 

N-

S

O

O

F
F

FS

O

OF
F

F

174899–82- 
2  

258.5  

Table 2 
Summary of gas separations with IL-containing thin film composite membranes (TFCMs). n.a.: not available. Table S1 of the SI presents the chemical name and CAS 
number of the ILs included in this table.  

Selective layer Support (pore size), filler and 
configuration (area) 

Gutter/ 
Protective layer 

Technique Separation Ref. 

Polymer IL (see Table S1) IL content (wt 
%) 

δ (μm)  

Poly(IL) [C2C1im][Tf2N] 58 0.1 (n.a.), flat (10.2 cm rectangular 
support) 

3M® 
proprietary 

casting line CO2/N2 [35] 

Pebax®2533 [TETA][CF3CO2] 30 0.2–0.5 PSf (20 kDa), flat (n.a.) PDMS dip coating CO2/N2 [36] 
Pebax®1657 [C2C1im][BF4] 20–80 1–2 PVDF (0.5 μm), flat (9.6 cm2) and 

hollow fiber (12.3 cm2) 
PTMSP dip coating CO2/N2, CO2/ 

CH4 

[31] 

Poly(IL) [Pyrr14][Tf2N] 25–40 3–10 PI (n.a.), flat discs (2.1 and 13.1 
cm2) 

PDMS ultrasonic coating CO2/N2 [37] 

Polyamide [C2C1im][Tf2N] 0–5 – PSf (n.a.), flat (n.a.) none interfacial 
polymerization 

CO2/CH4 [38] 

PVP – Nafion [C6C1im][BF4] 
[C6C1im][PF6] 

11.3 – 12.0 
mmol/g % PVP 
33.8 – 35.7 
mmol/g % 
PVP/Nafion 

– PSf (70 nm), flat (n.a.) none polymer-support 
(electrospinning) 
polymer-IL 
(impregnation) 

CO2/CH4 [39] 

PIM-1 [C4C1im]2[Co 
(SCN)4] 

0.4–2 0.5–0.6 PAN (20 kDa), flat (n.a.) none dip-coating O2/N2 [40] 

Pebax®1657 [APMim][Br] 0.01–0.5 0.1 PAN (n.a.), Graphene oxide, flat 
(n.a.) 

PTMSP casting-solution CO2/N2, CO2/ 
H2 

[41] 

Pebax®1657 [DnBM][Cl] 38–42 0.76–1.14 Macroporous PC (894 nm), flat 
(n.a.) 

none inclined-coating CO2/N2/CH4 [42] 

Pebax®1657 [C2C1im][BF4] 20–50 2.9–6.4 PSf (n.a.), flat (15.9 cm2) none co-casting CO2/N2/CH4 [43] 

Polymers: Poly(IL): Polymerized Ionic liquid, PVP: Polyvinylpyrrolidone, PIM: Polymer of intrinsic microporosity, PSf: Polysulfone, PI: Polyimide, PVDF: Poly
vinylidene fluoride, PAN: Polyacrylonitrile, PDMS: Polydimethylsiloxane, PTMSP: Poly(1-trimethylsilyl-1-propyne), PC: Polycarbonate. 
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were used as gutter layer and/or protective layer. Regarding the mem
brane configuration, only Fam et al. [31] fabricated hollow fiber 
membranes, whereas the other authors reported flat membranes. As can 
be seen, none of the reported membrane areas exceeded 16 cm2, thus 
upscaling this type of composite materials still remains as a major 
objective in order to evaluate their reliability and whether they can be 
considered a real alternative for gas separations. Overall, the question 
remains as whether IL-containing TFCMs can outperform polymer 
TFCMs in terms of gas permeance, selectivity and long-term perfor
mance. In addition, all of these IL-containing TFCMs targeted the sep
aration of CO2 from either N2 or CH4. 

While detailed studies of polymer-coated TFCMs that evaluate the 
separation performance of membrane modules at pilot plant scale are 
common [32,33], the scale up of IL-based TFCMs for gas separation at 
large scale has not been addressed yet to the best of our knowledge. 
Thus, in this work, we aim to take a step forward in the separation of 
azeotropic and close-boiling mixtures of fluorinated hydrocarbons by 
fabricating polymer and polymer/IL TFCMs with a simple and reliable 
spray coating technique [34], which facilitates the deposition of a thin 
dense layer of the selective material on a substrate, minimizing pene
tration into the porous structure by rapid evaporation of the solvent. 
Another great advantage of spray coating is that it can be easily adapted 
to different types of geometry and larger dimensions of flat sheet 
membranes. And eventually, this work addresses for the first time the 
separation at pilot plant scale of two commercial refrigerant mixtures 
under relevant conditions of pressure and without sweep gas with the 
best TFCMs previously tested at lab-scale. 

2. Experimental 

2.1. Materials 

Poly(ether-block-amide) (Pebax®1657MH grade) was kindly pro
vided in pellets by Arkema. 1-ethyl-3-methylimidazolium tetra
fluoroborate (purity > 98%) [C2C1im][BF4] and 1-ethyl-3-methyl- 
imidazolium-thiocyanate (purity > 98 %) [C2C1im][SCN] were pur
chased from Sigma-Aldrich and IoLiTec, respectively. Hydrophobic 
microporous PVDF flat discs (0.2 µm pore size, 70% porosity, Pall Cor
poration) and roll transfer (0.2 µm pore size, Thermo Scientific) were 
selected as supports. Refrigerant gases were tested either as pure gases 
(difluoromethane (R-32), 1,1,1,2-tetrafluoroethane (R-134a), 2,3,3,3- 
tetrafluoropropene (R-1234yf)), or as gas mixtures, namely, R-410A 
(50:50 wt% R-32 and R-125) and R-454B (69.9:31.1 wt% R-32 and R- 
1234yf). Table S2 of the Supporting Information (SI) summarizes the 
main properties of the F-gases used in this work. All materials were used 
as received. Ethanol (Scharlab) was the solvent used for preparing the 
polymer and polymer − IL casting solutions. 

2.2. Membranes preparation 

Thick dense membranes were prepared following the procedure 
described in our previous works and shown in Figure S1 (Supporting 
Information) [22–24]. Figure S1 also summarizes the spray coating 
methodology that was used to fabricate TFCMs made of Pebax®1657 
following a similar procedure to that reported by Jiang et al. [34]. To 
that end, 3 wt% of Pebax 1657 beads were dissolved in 70:30 wt% 
ethanol/water under magnetic stirring at 70 ◦C for 24 h. Afterwards, for 
the Pebax®1657/IL TFCMs, the IL was added to the polymer solution at 
a polymer:IL ratio of 60:40 wt%, and stirred for 2 h. The PVDF micro
filtration supports were cut and inserted between two stainless steel 
plates provided with window sizes equivalent to the desired effective 
membrane areas, circular-shaped 12.6 cm2 for the lab-scale membranes 
and rectangular-shaped 150 cm2 for the pilot scale membranes. The 
whole assembly was placed over a hotplate at 70 ◦C to enable fast sol
vent evaporation and avoid polymer intrusion into the pores of the 
support. Eventually, the solution was sprayed using an airbrush (0.4 mm 

nozzle, Harder & Steenbeck Colani) in consecutive layers, turning the 
assembly 90◦ each time to obtain a homogenous film. To assess the in
fluence of membrane thickness, TFCMs were sprayed either four or eight 
times. The trials performed to further reduce the number of 4 spray- 
coated layers resulted in membranes that did not withstand operation 
pressures above 8.5 bar. The final weight of the selective layer, deter
mined by weight difference with respect to the support, was 10–20 mg of 
polymer or polymer/IL in the lab-scale, and 500–600 mg in the pilot 
scale membranes. Table 3 presents the whole set of membranes prepared 
in this work, which includes two thick membranes prepared with the 
conventional solvent casting methodology (M1 and M4), and different 
thin film membranes prepared with the spray coating technique using 
both neat Pebax®1657 and blends of Pebax®1657 with 40 wt% IL. Four 
of them were fabricated in the lab-scale size by spraying either 8 coating 
layers (M2, M5) or 4 coating layers (M3, M6), and three of them in the 
pilot scale size with 4 coating layers (M7 to M9). 

2.3. Membrane characterization 

The morphology of the TFCM surface and cross section was charac
terized using scanning electron microscopy (SEM, Carl Zeiss EVO MA 
15). The samples were prepared by freeze-fracturing in liquid nitrogen 
followed by deposition of a gold thin film using a sputter coater (Balzers 
Union SCD040). Moreover, the Fourier transform infrared spectra (FT- 
IR) of the TFCMs were obtained with the attenuated total reflection 
(ATR) technique at room temperature (wavelength range 400–4000 
cm− 1) in a FT-IR Spectrum 65 (Perkin Elmer, Italy). 

2.4. Gas permeation 

The gas separation performance of the lab-scale membranes was 
assessed in a custom-made stainless-steel permeation cell (8 cm diam
eter) which allows to operate with flat circular membranes of 12.6 cm2 

[22–25]. All experiments were performed at 30 ◦C feeding the pure 
gases or gas mixtures in continuous flow at 20 cm3

STP min− 1. A back
pressure transducer allowed controlling the gas pressure (1.3 – 9.5 bar) 
at the feed side. An argon stream (4 cm3

STP min− 1) swept the permeate 

Table 3 
List of membranes prepared in this work.  

Code Membrane type 
and selective 
layer 

Casting 
technique 

Area 
(cm2) 

Number of 
coating 
layers 

Dense layer 
thickness 
(µm) 

M1 Neat 
Pebax®1657 

solvent 
evaporation 

12.6 – 63 

M2 TFCM-Neat 
Pebax®1657 

spray- 
coating  

8 9.0 

M3 TFCM-Neat 
Pebax®1657 

spray- 
coating  

4 5.4 

M4 Pebax®1657/40 
wt% [C2C1im] 
[BF4] 

solvent 
evaporation  

– 60 

M5 TFCM- 
Pebax®1657/40 
wt% [C2C1im] 
[BF4] 

spray- 
coating  

8 38 

M6 TFCM- 
Pebax®1657/40 
wt% [C2C1im] 
[BF4] 

spray- 
coating  

4 15.5 

M7 TFCM-Neat 
Pebax®1657 

spray- 
coating 

150 4 10 

M8 TFCM- 
Pebax®1657/40 
wt% [C2C1im] 
[BF4] 

spray- 
coating  

4 8.8 

M9 TFCM- 
Pebax®1657/40 
wt% [C2C1im] 
[SCN] 

spray- 
coating  

4 9.3  
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side of the membrane, and a gas chromatograph (Agilent 490 micro GC) 
equipped with a Pora Plot U column and a thermal conductivity detector 
(TCD) analyzed the permeate gas composition. 

The scale-up study was performed in an experimental setup specially 
designed for continuous operation (Fig. 1). The pilot plant membrane 
module (17.5 cm length × 15 cm width) has rectangular-shaped housing 
and enables the insertion of two flat membranes (13.5 × 11.1 cm), 
which are placed in parallel at both sides of a porous sintered stainless- 
steel plate, resulting in an effective permeation area of 300 cm2. The 
TFCMs membranes were sealed with flat VitonTM rings and screwed with 
the shell part of the permeation cell (see the detailed graphical 
description in Figures S2 and S3 of the SI). The membrane module had 
two-inlet channels for the feed gas (50 cm3

STP min− 1) and two outlet 
channels for the retentate stream. Accordingly, the transmembrane flux 
was stablished through both membranes generating a single permeate 
stream that exited the module through the central part of the shell. Note 
that the pressure on the permeate side of both the lab-scale and the pilot- 
scale membrane modules was the atmospheric pressure. 

A mass flow controller (Omega FMA-LP2618A-I) supplied a constant 
feed flowrate of the commercial refrigerant mixture. Mass flow meters 
(Omega FMA-1618A) measured the flow rate at the outlet of the mem
brane cell (permeate and retentate streams) and a back-pressure regu
lator (Bronkhorst EL-PRESS P-702CV P1-control) controlled the 
upstream gas pressure. Pressure gauges were installed at the feed inlet 
and the permeate outlet. In addition, a bubble flowmeter was used to 
check flowrates below the measurable range of the mass flowmeters, 
thus enabling the verification of mass balances. The steady-state gas 
concentration in the permeate and retentate streams was measured 
online by a gas chromatograph (Agilent 8860 GC) equipped with a GC- 
Gas Pro column (60 m and 320 µm i.d.) and a thermal conductivity 
detector (TCD). Table S3 of the SI details the analytical method. In this 
work, all pilot scale experiments were performed at room temperature, 
20 ± 1 ◦C, by feeding refrigerant mixtures (either R-410A or R-454B) at 
several feed pressures (1.5–6 bar). It is worth noting that a sweep gas 
stream was not used in the pilot experiments. 

Gas permeability (P i) of the membranes, expressed in barrer units 
(1 barrer = 10− 10 cm3

STP⋅cm⋅cm− 2⋅s− 1cmHg− 1), was calculated according 
to Eq. (1) 

P i =
Qi⋅δ

A⋅
(

f̂ R,i − f̂ P,i
) (1) 

where Qi
(
cm3

STP⋅s− 1
)

is the transmembrane flow of component i, 

A(cm2) is the membrane area, f̂ R,i and f̂ P,i(cmHg) are the mixed-gas 
fugacity of component i in the retentate and permeate streams, respec
tively, and δ(cm) is the membrane thickness. In addition, gas permeance 
(P i/δ) was also calculated for the TFCMs and expressed in gas perme
ation units 

(
1 GPU = 10− 6 cm3

STP⋅cm− 2⋅s− 1cmHg− 1
)
. 

The component fugacity in the mixture was calculated as 

f̂ i = ∅̂i⋅pi (2) 

where ∅̂i is the mixed-gas fugacity coefficient of component i, which 
was determined using the REFPROP property method of Aspen Plus, and 
pi is the partial pressure. 

The separation performance was evaluated in terms of ideal gas pair 
selectivity for the pure gases, 

αi/j =
P i

P j
(3) 

where i and j are the pure permeance of the most and least permeable 
gases, respectively. Whereas in experiments dealing with mixed gas 
permeation, the separation factor was calculated as, 

SFi/j =
yi
/

yj

xi
/

xj
(4) 

where y and x are the mole fraction composition in the permeate and 
feed streams, respectively. In this context, the separation factor is 
influenced by process variables such as the transmembrane pressure and 
the feed flowrate, among others, and by the intrinsic properties of the 
membrane material. 

For the evaluation of the pilot plant performance, the following in
dicators were determined: R-32 purity (mol %) in the permeate stream, 
which was directly measured from GC/TCD analysis, R-32 recovery (%) 
(Eq. (5)), and the stage cut (Eq. (6)), 

Fig. 1. Schematic design of the pilot plant system and the equipment. (1) Pressure regulator, (2) 0.1 and 1 µm coalescence filters, (3) feed stream mass flow 
controller, (4) membrane cell, (5) backpressure regulator, (6) retentate, permeate and GC-inlet mass flow meters and pressure indicators, (7) valves, (8) low range 
bubble flowmeter, (9) gas cylinders, (10) GC-TCD, (11) PC. Figure S3 (Supplementary material) magnifies the description of the pilot scale membrane test cell. 
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RecoveryR− 32(%) =
Qpermeate

R− 32

Qfeed
R− 32

x100 =
Qpermeate⋅xpermeate

R− 32

Qfeed⋅xfeed
R− 32

x100 (5)  

Stagecut(%) =
Qpermeate

Qfeed x100 (6) 

where Qpermeate
R− 32 , Qfeed

R− 32, Qpermeate, Qfeed are the R-32 and total flowrates 
(cm3

stp⋅min− 1) in the permeate and feed streams, respectively. xpermeate
R− 32 and 

xfeed
R− 32 stand for the molar composition of R-32 in the permeate and feed 

streams, respectively. 

3. Results and discussion 

3.1. FTIR characterization of Pebax®1657/IL-TFCMs 

Fig. 2 shows the FTIR spectra of the support, the thick membranes 
and the TFCMs. The representative peaks of the PVDF support at 1400 
cm− 1 and 874 cm− 1 were attributed to the bending and wagging vi
bration of the bond C–H. Additionally, the peaks observed at 1180 cm− 1 

and 838 cm− 1 were assigned to C-F stretching and bending vibration, 
respectively [44]. On the other hand, the characteristic peaks of the neat 
Pebax 1657 membrane M1 were attributed to N–H stretching and N–H 
bending vibrations at 3298 and 1539 cm− 1, respectively, the -O-C=O at 
1735 cm− 1 and the H-N-C=O at 1632 cm− 1, all of them representative of 
the rigid PA segment [21]. The peak at 1086 cm− 1 was assigned to the C- 
O-C stretching vibration of the soft PEO segment [45], and at 2935 and 

2862 cm− 1 the symmetric and asymmetric vibration of the C–H bond, 
respectively [46]. With the addition of ILs, [C2C1im][BF4] and [C2C1im] 
[SCN], the characteristic peaks detected at 3155 and 3095 cm− 1 were 
assigned to the stretching vibrations of the bond C–H in the imidazole 
ring [47]. For the CPILM M4 functionalized with [C2C1im][BF4], the 
peaks at 750 and 520 cm− 1 were related to the symmetric stretching and 
the bending vibrations of the B-F bond, respectively. Moreover, the bond 
C-O-C was red-shifted from 1086 cm− 1 to lower frequencies at 1049 
cm− 1 [31]. For the thiocyanate-based membrane M9, the characteristic 
peaks of -C≡S, -C≡N and -S-C≡N appeared at 1165, 1565 and 2055 
cm− 1 [48]. The FTIR spectrum of the TFCMs M3, M6, and M9 revealed 
the same bands observed in the thick membranes of analogous compo
sition. Moreover, none of the Pebax/IL peaks appeared in the support 
side (see Fig. S4 of the supplementary information). These facts 
demonstrate that the selective layers (either Pebax or Pebax/IL) of the 
TFCMs were successfully deposited over the surface of the porous PVDF 
support. Likewise, the IL was adequately integrated within the com
posite selective layer, as the FTIR spectra of the CILPMs and the anal
ogous TFCM with the same composition exhibited the same FTIR 
profiles. 

3.2. From lab-scale to large-scale Pebax®1657/IL-TFCMs 

The thickness of the membranes fabricated with the conventional 
solvent casting technique, M1 and M4, was determined in nine different 
points using a Mitutoyo digital micrometer MDC-25PX (accuracy ± 1 
μm), obtaining values of 63 ± 3 and 60 ± 2 µm, respectively. On the 
other hand, the thickness of the TFCMs was evaluated indirectly from 
single gas permeation tests as the ratio between the gas permeability in 
the thick membranes and the gas permeance through the analogous 
TFCMs, and further confirmed with SEM images. 

Fig. 3 illustrates the evaluation of the selective layer thickness of lab- 
scale TFCMs, from single gas permeation tests at 30 ◦C and 1.3 bar feed 
pressure. Table 4 summarizes the background data used to build Fig. 3. 
Initially, we measured the single gas permeability (y-axis) of R-32, R- 
134a and R-1234yf in experiments with the thick membranes M1 and 
M4, and the permeance (x-axis) of the same gases through the TFCMs 
M3 and M6 prepared with the spray coating technique by spreading 4 
layers of the coating solution onto the PVDF support. The slope of the 
linear fit for each dataset is considered the effective membrane thick
ness, which was 4.3 µm for the TFCM of pure Pebax®1657 M3, and 15.5 

Fig. 2. FTIR spectra of Pebax, CILPM and IL-based TFCM. (1) PVDF support, (2) 
Neat Pebax (M1), (3) Neat Pebax TFCM (M3), (4) Pebax 1657-[C2C1im][SCN] 
(40 wt%) CILPM [25], (5) Pebax 1657-[C2C1im][SCN] (40 wt%) TFCM (M9), 
(6) Pebax 1657-[C2C1im][BF4] (40 wt%) CILPM (M4), (7) Pebax 1657- 
[C2C1im][BF4] (40 wt%) TFCM (M6). Blue line (IL bands), red line (PVDF 
bands), black dotted lines (Pebax bands). 

Fig. 3. Indirect estimation of the selective layer thickness of TFCMs from a plot 
of gas permeability data against gas permeance of TFC-Pebax®1657 (M3, ○) 
and TFC-Pebax®1657/40IL (M6, △). 
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µm for the TFCM of Pebax®1657-[C2C1im][BF4] (40 wt%) M6. In 
addition, Figure S5 of the SI shows the SEM images of the cross sections 
of M3 and M6 TFCMs, from which the average thicknesses were 5.4 ±
0.6 µm and 15.5 ± 1.3 µm, respectively. The SEM values are in good 
agreement with those obtained in Fig. 3, which validates the charac
terization of the TFCMs thickness. 

Finally, the spray coating technique was also successfully applied 
onto the porous PVDF supports of higher area (150 cm2) used in the pilot 
plant tests. We fabricated three different large scale TFCMs, neat 
Pebax®1657 (M7, 10.1 ± 2.1 µm), Pebax®1657-[C2C1im][BF4] (40 wt 
%) (M8, 8.8 ± 1.5 µm) and Pebax®1657-[C2C1im][SCN] (40 wt%) (M9, 
9.3 ± 1.7 µm). The thickness of the sprayed coated layers was visualized 
in the SEM images (Fig. 4), in which some penetration of the dense layer 
is observed in the most superficial part of the pores of the PVDF support. 
Overall, large defect-free IL-containing membranes with dense layer 
thicknesses lower than 10 µm were obtained, which were capable of 
withstanding operating pressures up to 8.5 bar. 

3.3. Single and mixed-gas permeation properties of lab-scale TFCMs 

This section focuses on the permeation results obtained with the 
membranes that were tested at laboratory scale. The single gas per
meance data of refrigerants R-32, R-134a and R-1234yf through the 
TFCMs prepared with Pebax®1657 (M2 and M3) and Pebax®1657/40% 
IL (M5 and M6) are collected in Table 4. As expected, gas permeance 
followed the order R-32 > R-134a > R–1234yf, and the TFCMs exhibited 
superior performance, i.e., higher permeance, as the thickness of the 
selective layer decreased. In particular, the spray coating of four selec
tive layers increased 15-fold the permeance of the three F-gases, in good 
agreement with the reduction achieved in the selective layer thickness, 
from the 63 μm thick sample (M1) to the 5.4 μm TFCM (M3). Note
worthy, the ideal selectivity for the gas pairs R-32/R-1234yf and R- 
134a/R-1234yf maintained similar values in the homogeneous thick 
films and the analogous TFCMs with the same composition. In addition, 
as a consequence of the solubility changes produced by the IL, the ideal 
selectivity for target gas pairs was significantly improved: αR32/R1234yf 
increased 90%, from 9.4 (M3) to 17.9 (M6), and αR134a/R1234yf increased 
37%, from 4.9 (M3) to 6.7 (M6). 

Another consequence of the IL immobilization within the selective 
layer concerns the effective thickness achieved for the same number of 
coating layers sprayed over the porous support. For the same number of 
coating layers (M5 relative to M2, and M6 relative to M3), the gas 
permeance achieved through the TFCMs that incorporated IL in the se
lective layer was lower than through the neat Pebax-TFCMs for all gases. 
This was expected for R-134a and R-1234yf, whose solubility in the 
composite material decreases with respect to the neat polymer due to 
unfavorable entropic effects that hinder the absorption of these large 
molecules into small molar volume ILs, but not for the smallest R-32, 
whose solubility is enhanced in the presence of the IL [C2C1im][BF4] 
[24]. Therefore, this effect could be attributed to a higher mass transfer 
resistance that is likely due to some degree of selective layer penetration 
into the porous support, a fact that would explain the higher thickness 
estimated for the IL-based TFCMs. 

A whole picture of the progress achieved with the fabrication of 
defect-free TFCMs is shown in Fig. 5 for one of the most important 
systems found in novel refrigerants, i.e., the pair R-32 and R-1234yf. As 
can be seen, for Pebax®1657 membranes (M1—M3), the R-32 per
meance significantly increased (1380%) from the thick membrane (M1) 
to the thinnest TFCM (M3), while the ideal R-32/R-1234yf selectivity 
remained fairly constant. For the Pebax®1657/40%IL membranes, the 
same effects are observed, i.e., the gas permeance increased (284%), and 
the ideal gas selectivity remained constant, as the thickness of the se
lective layer decreased from the CILPM M4 to the TFCMs M5 and M6. 
Overall, the synergy of reducing the selective layer thickness and func
tionalizing the polymer material with selective ILs can be observed Ta
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comparing thick polymer membrane M1 and the IL-based TFCM M6, the 
R-32 permeance increased 1271% due to the reduction of the selective 
layer thickness, and the R-32/R-1234yf ideal selectivity increased 85% 
thanks to the addition of 40 wt% IL. These findings highlight the need of 
dedicating more research efforts to improve the casting techniques in 
order to fabricate competitive defect-free IL-based membranes with 
thinner selective layers. 

Fig. 4. SEM images of cross-section of the TFCM used in the pilot plant ex
periments. The dense selective layers are: a) Neat Pebax®1657 (M7), b) CILPM 
Pebax®1657 / 40 wt% [C2C1im][BF4] (M8) and c) CILPM Pebax®1657 / 40 wt 
% [C2C1im][SCN] (M9). Porous PVDF was used as support. 

Fig. 5. Ideal R-32/R-1234yf selectivity as a function of membrane type: neat 
Pebax®1657 (M1), TFCM-Pebax (M2 and M3), CILPM Pebax®1657/40 wt% 
[C2C1im][BF4] (M4), TFCM- Pebax®1657/40 wt% [C2C1im][BF4](M5 and 
M6). Data obtained at 1.3 bar feed pressure and 30 ◦C. 

Fig. 6. Separation of mixture R-454B at lab scale: (a) Mixed-gas permeance of 
R-32 (○) and R-1234yf (Δ), and (b) R-32/R-1234yf competitive selectivity as a 
function of R-454B feed pressure (1.3–8.5 bar) through the TFCM-Pebax (M3, 
open symbols) and the TFCM-Pebax®1657/40 wt% [C2C1im][BF4] (M6, filled 
symbols). Feed flowrate: 20 cm3

STP min− 1. Temperature: 30 ◦C. 
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Next, the separation performance of the TFCMs was assessed under 
relevant pressure and mixed gas feed conditions. To that end, two 
refrigerant blends that include R-32 in their composition were selected: 
(1) R-454B, a newly commercialized HFC/HFO mixture (82.9:17.1 mol 
% R-32 and R-1234yf) (GWP = 466); and (2) R-410A an equimass 
mixture of R-32 and R-125 (GWP = 2088). Collecting R-410A from end- 

of-life equipment is regarded as secondary source of R-32, which can be 
reused for the formulation of new HFC/HFO mixtures. Tables S4 and S5 
of the SI present the whole collection of experimental results and the 
most relevant findings are detailed below. 

Fig. 6 shows the gas permeance results achieved when feeding R- 
454B as a function of the feed pressure (1.3–8.5 bar). As can be seen, the 
permeances of R-32 and R-1234yf sharply increased with the feed 
pressure, following the same trend in both TFCMs made of Pebax (M3) 
and Pebax/40% IL composites (M6). This pressure-dependence per
meance can be attributed to a significant plasticizing behavior of the 
membrane material due to the highly condensable nature of the refrig
erant gases [49,50]. As a result of this effect, the enhancement of R- 
1234yf permeance at higher pressure was more significant than that 
observed for R-32, and consequently, the separation factor gradually 
decreased at increasing pressure. 

Similarly, Figure S6 shows the mixed-gas permeance of R-32 and R- 
125 and the resulting separation factor as a function of R-410A feed 
pressure through the same TFCMs. The pressure-dependence behavior of 
the mixed-gas permeance and the separation factor is comparable to that 
described in the previous case study. That is, an increase of the per
meance of both gases, which is more significant for the least permeable 
gas R-125, and a 77% decrease of the resulting competitive selectivity 
between 1.3 and 9.5 bar. These results evidence the trade-off between 
gas permeance and separation factor of the prepared TFCMs for sepa
rating fluorinated hydrocarbon mixtures under high pressures relative to 
their vapor pressure, and reinforce the need for assessing the real sep
aration performance of novel membrane materials under relevant 
pressure and composition conditions. 

Fig. 7. R-32 flowrate in the permeate as a function of feed pressure for the 
separation of R-410A refrigerant blend. Membranes compared are all made of 
neat Pebax®1657: thick membrane at laboratory scale (M1 ●), TFCM at lab
oratory scale (M3 ○) and TFCM at pilot plant scale (M7 △). 

Table 5 
Experiments performed at pilot plant scale for the separation of R-410A blend (69.8 mol % R-32, 30.2 mol % R-125). Room temperature T = 20 ± 1 ◦C, feed flowrate =
50 cm3

stp⋅min− 1, without sweep gas in the permeate stream.  

Code TFCM composition Thickness 
(µm) 

Feed Pressure 
(bar) 

Stage cut 
(%) 

R-32 
recovery (%) 

R-32 Permeate 
composition (% mol) 

R-32 Retentate 
composition (% mol) 

R-32 Exit partial 
fugacity gradient (bar) 

M7 Neat Pebax®1657 10.1 ± 2.1 1.5  3.04  3.68  84.4  68.2  0.15    
3  22.6  27.3  84.3  65.3  1.02    
5  52.2  58.6  78.3  56.6  1.85    
6  71.0  78.3  76.9  47.8  1.86 

M8 Pebax®1657 / 40 wt% 
[C2C1im][BF4] 

8.8 ± 1.5 1.5  4.20  5.22  86.7  68.9  0.18    

3  33.0  39.8  84.2  63.2  1.00    
5  58.0  67.8  81.6  52.3  1.65    
6  76.0  86.2  79.1  44.2  1.66 

M9 Pebax®1657 / 40 wt% 
[C2C1im][SCN] 

9.3 ± 1.7 1.5  1.00  1.29  89.6  68.6  0.14    

3  18.8  25.2  88.5  64.8  1.05    
5  42.4  53.4  88.2  57.1  2.09    
6  46.8  64.3  87.2  51.9  2.47  

Table 6 
Experiments performed at pilot plant scale for the separation of R-454B blend (82.9 % mol R-32, 17.1 % mol R-1234yf). Room temperature T = 20 ± 1 ◦C, feed 
flowrate = 50 cm3

stp⋅min− 1, without sweep gas in the permeate stream.  

Code TFCM composition Thickness 
(µm) 

Feed Pressure 
(bar) 

Stage cut 
(%) 

R-32 
recovery (%) 

R-32 Permeate 
composition (% mol) 

R-32 Retentate 
composition (% mol) 

R-32 Exit partial 
fugacity gradient (bar) 

M8 Pebax®1657 / 40 wt% 
[C2C1im][BF4] 

8.8 ± 1.5 1.5  5.0  5.72  94.9  82.1  0.264    

3  32.8  37.2  93.9  78.6  1.32    
5  63.2  70.9  93.0  62.5  2.01    
6  74.2  81.2  90.7  55.4  2.18 

M9 Pebax®1657 / 40 wt% 
[C2C1im][SCN] 

9.3 ± 1.7 1.5  2.8  3.24  95.9  81.6  0.236    

3  22.8  26.2  95.2  79.1  1.32    
5  45.2  51.9  95.1  64.1  2.04    
6  59.0  67.1  94.3  62.9  2.54  
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3.4. Tfcms performance at pilot plant scale 

Once evaluated the performance of lab-scale TFCMs, the separation 
of R-410A with a TFCM coated with neat Pebax®1657 dense layer (M7) 
was assessed at pilot scale, and the results compared with the analogous 
thick film (M1) and TFCM (M3) lab-scale membranes. Fig. 7 shows the 
permeation rates of R-32 (QR− 32) through the three membranes. The 
higher area of M7 significantly increased the permeate flow rate in the 
pilot plant with respect to the lab-scale membranes M1 and M3. The fact 
of increasing the permeation area ~ 24 times led to a remarkable in
crease in permeate flow rate. For instance, at 5 bar feed pressure, R-32 
permeate flowrate increased from 4.29 in M3 to 20.4 cm3

STP min− 1 in 
M7. At this point, it is worth noting that the pilot plant experiments were 
performed in the absence of sweep gas in the permeate side, unlike the 
laboratory scale experiments, a fact that reduced the pressure gradient 
between both membrane sides in pilot scale experiments. 

Next, we tested the performance of the IL-based TFCMs M8 and M9 
for separating two feed gas mixtures, R-410A and R-454B, at different 
feed pressures between 1.5 and 6 bar. Tables 5 and 6 collect the detailed 
results of stage cut, retentate and permeate compositions, exit driving 
force (pressure gradient between feed and permeate side) and R-32 re
covery (R-410A separation). 

Fig. 8 shows the trade-off between the R-32 purity achieved in the 
permeate stream and the recovery of R-32 at different feed pressures, 
using contour lines to gather data points obtained at the same feed 
pressure. The highest R-32 purity in the permeate corresponds to M9, 
the TFCM with a selective layer of Pebax®1657-40 wt% [C2C1im][SCN]. 
For instance, in the separation of R-410A (Fig. 8a), R-32 permeate purity 
ranges from 87.2 to 89.6 mol % for M9 and between 79.1 and 86.7 mol 
% for M8. In addition, the separation performance of membranes M7 
and M8 made of neat Pebax and Pebax functionalized with [C2C1im] 
[BF4], respectively, was negatively affected by increasing the feed 
pressure, whereas the effect of this operation variable was much less 
pronounced in the TFCM M9 based on [C2C1im][SCN]. The latter 
behavior facilitates working at higher pressures to increase the recovery 
of R-32. In contrast, R-32 recovery is higher with the Pebax®1657 / 
[C2C1im][BF4] TFCM (M8). The fact that the selective layer thickness of 
both membranes is similar further confirmed our previous observations 
regarding the influence of the IL anion on gas permeability and gas pair 
selectivity. Enthalpic effects (i.e., hydrogen bonding ability) favors the 
solubility of fluorinated hydrocarbons in [C2C1im][BF4], and thus lead 
to an increase in gas permeability. On the other hand, the lower molar 
volume and absence of fluorine atoms of [C2C1im][SCN] hinder the 
absorption of large fluorocarbons and favors the separation of the 
smallest R-32 from larger hydrofluorocarbons [8,51]. 

Overall, the maximum purity of R-32 in the permeate was 89.6 and 
95.9 mol %, for the separation of R-410A and R-454B mixtures, 

Fig. 8. R-32 concentration in the permeate stream vs. R-32 recovery for the 
separation of a) R-410A and b) R-454B refrigerant blends. Feed flowrate = 50 
cm3

STP min− 1, Temperature = 20 ± 1 ◦C. The TFCMs are: neat Pebax®1657 
(M7, ■), Pebax®1657-40 wt% [C2C1im][BF4] (M8, ●) and Pebax®1657-40 wt 
% [C2C1im][SCN] (M9, ▴). The contour lines outline the experimental points 
carried out at the same feed pressure. 

Fig. 9. Mass balance of the separation of the R-410A refrigerant blend in the pilot plant at 5 bar feed pressure with TFCM Pebax®1657/40 wt% [C2C1im] 
[SCN] (M9). 
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respectively, at 1.5 bar of feed pressure, yet with low recoveries of 1.3 
and 3.2%. However, increasing the feed pressure up to 5 bar resulted in a 
moderate decrease of the R-32 concentration in the permeate, 88.2 mol 
% for R-410A separation and 95.1 mol % for R-454B separation, and 
markedly increased the R-32 recovery, around 52–53% for both feed 
mixtures. As a final example, Fig. 9 shows the mass balance and com
positions of the feed, permeate and retentate streams corresponding to a 
pilot plant experiment performed at 5 bar with the [C2C1im][SCN]- 
based TFCM M9. 

4. Conclusions 

The combination of some ionic liquids, such as [C2C1im][BF4] and 
[C2C1im][SCN], with the copolymer Pebax®1657 has proved to be an 
innovative approach for the recovery of the value-added refrigerant R- 
32 from azeotropic or close-boiling refrigerant mixtures, like R-410A 
and R-454B, using membrane technology. However, the development of 
this type of composite materials for gas separation still remains at lab
oratory scale. Hence, in the present work, we have taken a step forward 
towards achieving high-permeate flux membranes with polymer/IL se
lective skins. Defect-free TFCMs were fabricated using a simple and 
reliable spray-coating technique at lab-scale (12.6 cm2). The TFCMs 
containing up to 40 wt% IL content were stable under relevant pressure 
conditions so the methodology was adapted to fabricate larger mem
branes to be tested in a pilot set-up of 300 cm2. The recovery of R-32 
from refrigerant mixtures was assessed with two large scale TFCMs and 
the best results in terms of R-32 purity and recovery were obtained with 
the Pebax®1657-40 wt% [C2C1im][SCN] TFCM at the highest pressure 
tested. These results are encouraging for the application of polymer/IL 
TFCMs in gas separations as there is still plenty of room to improve the 
coating technique to fabricate membranes with ultra-thin composite 
selective layers. 
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