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A B S T R A C T   

Herein, high molecular weight fluorinated aromatic polyimides were assessed for the first time to recover 
difluoromethane (R-32) from its blends with other hydrofluorocarbons and hydrofluoroolefins (R-134a: 1,1,1,2- 
tetrafluoroethane, R-125: pentafluoroethane, and R-1234yf: 2,3,3,3-tetrafluoropropene). First, a screening was 
performed with thick flat membranes made of the 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) 
and three different amines: 2,2′-bis(4-aminophenyl)hexafluoropropane (6FpDA), 2,4,6-trimethyl-m-phenylenedi
amine (TMPD), and 2,3,5,6-tetramethyl-1,3-phenyldiamine (durene). As a result, 6FDA-TMPD was selected for 
the fabrication of defect-free hollow fiber-thin film composite membranes (HF-TFCM) due to its superior per
formance for the separation of R-32. These HF-TFCMs showed excellent separation performance to reclaim high- 
purity R-32 (permeate concentration >99 vol%) from the commercial binary blends R-410A and R-454B (a 
mixture of R-32 and R-1234yf). In addition, we report for the first time the membrane recovery of R-32 from the 
ternary blend R-407C (R-32/R-134a/R-125 38.2:43.8:18 vol%). Eventually, the separation of CO2 from synthetic 
gas mixtures of CO2/CH4 (50:50 vol%) and CO2/N2 (15:85 vol%) was performed for benchmarking, showing that 
the prepared HF-TFCM kept the separation performance of the 6FDA-TMPD thick membranes.   

1. Introduction 

Hydrofluorocarbons (HFCs) are a family of synthetic fluorinated 
gases (F-gases) mainly employed in the refrigeration and air- 
conditioning sectors (RAC). F-gases have become an issue of relevant 
concern due to their high global warming potential (GWP), e.g., the 
GWP of trifluoromethane (R-23) is 14,800 kg CO2-eq per kg R-23, and 
their fugitive emissions to the atmosphere. The new regulations imposed 
on the production and consumption of F-gases [1,2] are shifting the RAC 
sector towards more sustainable approaches, such as the use of new 
low-GWP hydrofluoroolefins (HFOs), and the implementation of F-gas 
recycling aligned with a circular economy model [3]. In this context, 
boosting the reuse of the most valuable F-gases, recovered from RAC 
systems at their end of service, into new low GWP HFC/HFO refrigerants 
would avoid the incineration treatment and help to minimize the pro
duction of virgin F-gases. 

However, refrigerant fluids typically exhibit near-azeotropic or 

azeotropic behavior, thus innovative separations are required to recover 
the individual compounds. In this regard, novel technologies based on 
absorption in ionic liquids (ILs) [4,5], adsorption in porous materials 
[6–9], and membranes [10–18] are being assessed for the separation of 
F-gas mixtures. In earlier works, we evaluated the permeability of 
F-gases in membranes prepared with poly(ether-block-amides (PEBA) 
and with polymers of intrinsic microporosity (PIM) [10,11,13–16]. 
Particularly, branched PIM-1 membranes showed excellent properties 
for separating difluoromethane (R-32) from R-410A and R-454B 
refrigerant blends, reaching R-32 permeability as high as 4100 barrer 
and exceptionally high selectivity, yet at the cost of losing functional 
properties over time due to the aging of the polymer membrane. Other 
glassy fluoropolymers such as PBVE-co-PDD [17,18], and PDD-VA [12] 
have been also evaluated for F-gas membrane separation. 

In the search for the best polymer membrane materials for F-gas 
separations, we now explore the properties of fluorinated aromatic 
polyimides (PIs) based on 4,4’-(hexafluoroisopropylidene)diphthalic 
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anhydride (6FDA). These aromatic fluorinated PIs can be easily syn
thesized by polycondensation between a diamine and the 6FDA dia
nhydride followed by a chemical or thermal cycloimidization process 
[19]. 6FDA-based PIs show good solubility in common organic solvents 
and can be easily processed into membranes with good mechanical 
properties [20,21]. Moreover, although the plasticization resistance and 
the mitigation of physical aging of fluorinated PIs still need to be 
improved to ensure a cost-effective membrane in long-term industrial 
operation [22,23], they exhibit lower physical aging than PIM-based 
membranes [24]. Furthermore, 6FDA-based PI membranes derived 
from 2,2′-bis(4-aminophenyl)hexafluoropropane (6FpDA), 2,4,6-trime
thyl-m-phenylenediamine (TMPD) and 2,3,5,6-tetramethyl-1,3-phenyl
diamine (durene) (Fig. 1) present an excellent balance between 
permeability and selectivity for the separation of conventional gas 
mixtures. For instance, these 6FDA-based PIs are known to present 
notable differences in CO2 permeability; while the most flexible one, 
6FDA-6FpDA, offers moderate CO2 permeability (50–80 barrer) and 
good selectivity (19–25 for CO2/N2) [25–28], the most rigid ones, 
6FDA-TMPD and 6FDA-durene, present higher CO2 permeability (up to 
1200 barrer) and lower selectivity (13–28 for CO2/N2) [29–35]. These 
three polyimides showed a similar trend in olefin/paraffin gas separa
tion [28,36–38]. 

Overall, the good separation properties of fluorinated PIs towards 
CO2 and the similar permeation behavior of difluoromethane (R-32) and 
CO2 reported in previous works [13–16], led us to hypothesize that 
membranes fabricated with the 6FDA-based PIs could also display an 
exceptional performance for the separation of the valuable R-32 from 
HFCs and HFCs/HFOs refrigerant gas mixtures. The choice of 6FDA-
based PIs was supported by the fact that the electronic and molecular 
volume characteristics of the hexafluoroisopropylidene group cause low 
chain packing, which results in high fractional free volume (FFV) 
polymers that may exhibit improved separation properties for sepa
rating mixtures of refrigerant gases [39]. Moreover, to date, membrane 
performance for F-gas separations has been evaluated only in flat 
membrane configuration, first at laboratory scale, and more recently, at 
pilot scale with Pebax®/ionic liquid thin-film composite membranes 

[11]. However, flat membranes present a low packing density of the 
membrane device, so their industrial application is operationally 
limited. To go further in the scale-up, the implementation of hollow fiber 
thin-film composite membranes (HF-TFCMs) is demanded to provide 
highly productive gas separation processes, with higher surface area and 
permeate production per unit [40]. Thus, in this work, HF-TFCMs were 
also prepared with the best-performing 6FDA-based polyimide, and the 
separation of the R-32 contained in the commercial blends R-410A, 
R–454B, and R-407C was assessed for first time in these HF-TFCMs. 
Moreover, this work also reports the CO2 separation from its mixtures 
with methane and nitrogen, as a means for benchmarking the perfor
mance of these HF-TFCMs. 

2. Materials and methods 

A complete description of the polymer precursors, solvents, and 
gases used in this work is given in section S1.1 of the Supporting In
formation (SI). In addition, details of the methods employed for the 
characterization of the PI polymers (NMR, FTIR, TGA, DSC, WAXS, 
density, tensile tests, capillary flow porometry, and SEM/EDX) are re
ported in section S1.2 of the SI. 

2.1. Synthesis of fluorinated polyimides 

The three aromatic polyimides, 6FDA-6FpDA, 6FDA-TMPD, and 
6FDA-durene were prepared by a two-step polycondensation reaction 
between 6FDA dianhydride and 6FpDA, TMPD, or durene diamine, by 
using the base-assisted in situ silylation method [28,41,42]. The detailed 
method and the complete characterization of the polyimides are 
described in the S1.3 and S2 sections of the SI, respectively. 

2.2. Membrane preparation 

The fluorinated PIs were casted as thick flat membranes from a 5% 
w/v solution of the polymer in tetrahydrofuran (THF) (500 mg in 10 mL 
of THF). The polymer solution was filtered using a 3.1 μm fiberglass 
filter, poured into a 9.2 cm glass ring located over a leveled glass plate, 
covered with a conical funnel, and left at room temperature overnight. 
The membranes were detached from the glass plate and subsequently 
exposed to thermal treatment: 100 ◦C (2 h), 125 ◦C (2 h), 150 ◦C (2 h), 
and 180 ◦C (12 h). The average thickness of the thick membranes was 38 
μm (see Table S3). All PI membranes showed excellent mechanical 
properties, which are also collected in Table S3 of the SI. 

2.3. Fabrication of 6FDA-based HF-TFCMs 

The dip coating technique was applied for the preparation of 6FDA- 
TMPD HF-TFCM as described in Fig. 2, using polypropylene hollow fi
bers (3M™, Germany) as porous support (technical parameters collected 
in Table S4 and the pore size distribution in Fig. S12 of the SI). This 
approach minimizes the consumption of 6FDA-TMPD compared to the 
conventional dry-wet phase inversion process [43,44], hence making it 
more economically feasible for industrial implementation. Before the PI 
coating, one end of the PP support was potted with an epoxy resin 
(WEICON, Germany) to prevent polymer solution intrusion into the 
lumen of the hollow fiber. An automatic dip-coater, model ND-DC 300 
(Nadetech Innovations, Spain) provided with a heating infrared system 
was used to optimize the reproducibility and scalability of the 
dip-coating process, allowing the accurate control of the soaking speed, 
soaking time, withdrawal speed, and drying time. 

Firstly, the external surface of the PP porous support was impreg
nated with a highly permeable layer of PDMS (Sylgard® 184, 15 wt% in 
hexane) [45], which performed as a blocking layer to mitigate the 
intrusion of 6FDA-TMPD into the pores. Then, the PP HF was immersed 
in a 6FDA-TMPD solution. After each coating, the HF-TFCM was sub
jected to 0.5 min of infrared radiation for quick drying at 70 ◦C, followed 

Fig. 1. Molecular configurations of the 6FDA-based polyimides employed in 
this work. 
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by 2 h drying at room temperature. Finally, one HF-TFCM (length of 15 
cm) was assembled into a 1/4-inch stainless-steel tubular module, and 
potted with epoxy resin. The resulting membrane area in the HF device 
was 2.9 cm2. 

To ensure the reproducibility of the results reported with the pre
pared HF-TFCMs, the influence of several coating conditions on the 
separation properties of mixture R-410A was initially tested, namely, the 
concentration of the 6FDA-based polymer solution, the number of 
coating steps, the coating speeds, the drying time, and the PDMS con
centration in solution were assessed. The optimized parameters of the 
dip coater for the deposition of the 6FDA-TMPD selective layer were: 
soaking speed, 600 mm min− 1; soaking time, 0.5 min; withdrawn speed, 
600 mm min− 1; drying time: 0.5 min; whereas three coating cycles of 
6FDA-TMPD solution at 5 wt % in THF were the best coating conditions 
to successfully achieve a defect-free selective coating of 6FDA-TMPD 
providing high gas permeance and excellent separation properties (see 
Fig. S13 of the SI). 

2.4. Gas permeability and solubility measurements 

The solution-diffusion model describes the gas permeability (P) 
through the dense 6FDA-based membranes, as the product of the solu
bility coefficient (S) and the diffusivity coefficient (D) (Equation (1)). 

P= S⋅D (1) 

The gas permeability measurements of 6FDA-based thick flat mem
branes were carried out in a custom-made permeation cell made of 
stainless steel employing 12.6 cm2 circular membranes [10,11]. On the 
other hand, the gas permeability of HF-TFCMs was determined using the 
stainless-steel modules described in the previous section, feeding the gas 
into the lumen side of the HF membrane and collecting the permeate 
from the shell side. In both configurations (Fig. S1), the feed gas flow 
was maintained constant in a continuous flow of 20 cm3

STP min− 1 at 30 ◦C 

and the gas pressure (1.3–7.5 bar) was regulated using a backpressure 
transducer. The permeate was swept with an argon gas stream (2–10 
cm3

STP min− 1) and analyzed with a micro-gas chromatograph (Agilent 
490) provided with two columns, molecular sieve and PoraPlot U, and a 
thermal conductivity detector (TCD). The permeate stream was 
continuously sampled over time by gas chromatography and the relative 
standard deviations concerning the reported average values were very 
low, always below 1%. 

The gas permeability coefficient (Pi, barrer) was determined with 
Equation (2). 

Pi =
Qi⋅δ

A⋅
(
fR,i − fP,i

) (2)  

where Qi (cm3
STP s− 1) is the permeate flow rate through the membrane, 

δ (cm) and A (cm2) are the membrane thickness and effective perme
ation area, and fP,i (bar) and fR,i (bar) are the component fugacity in the 
permeate and retentate streams, respectively. For the HF-TFCMs, gas 

permeance (Pi/δ,1 GPU = 10− 6 cm3
STP

cm2 ⋅s⋅cmHg) was calculated instead of gas 
permeability. A detailed explanation of the fugacity calculation is given 
in section S1.4 of the SI. 

The ideal gas permselectivity (∝i/j) was calculated with Equation (3), 
and when the feed was a mixture, the separation factor (SFi/j) was 
determined by means of Equation (4). 

∝i/j =
Pi

Pj
(3)  

SFi/j =

xp
i

/
∑n

j=1
xp

j

xf
i

/
∑n

j=1
xf

j

(4) 

Fig. 2. Scheme of HF-TFCMs fabrication.  
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xi and xj denoted the molar fraction composition of the species i and 
j(∕= i) in the binary or ternary mixtures, and the superscripts p and f 
designate the permeate and feed streams, respectively. 

A custom-made sorption setup was used for determining the sorption 
isotherms of F-gases, CO2, CH4 and N2 in 6FDA-TMPD flat membranes at 
30 ◦C by the dual-volume pressure decay method as described in our 
previous works [10,13,15,16]. 

3. Results and discussion 

3.1. 6FDA-based thick flat membranes 

3.1.1. Screening of fluorinated PI for F-gas separation 
A preliminary screening of the separation performance of the three PI 

membranes (6FDA-durene, 6FDA-TMPD, 6FDA-6FpDA) was performed 
under mixed-gas conditions at 30 ◦C and 3 bar, with the aim of selecting 
the best fluorinated PI for the fabrication of HF-TFCMs. In these ex
periments, the membrane cell was fed with the commercial blend R- 
410A (R-32/R-125, 69.7:30.3 vol%), a widespread near-azeotropic 
refrigerant blend that will be phased out in the near future due to its 
high content in R-125, a high-GWP HFC. The objective is to recover R- 
32, which is being implemented nowadays in RAC equipment as a 
substitute of R-410A. 

Fig. 3 shows the permeability of each component (R-125 and R-32) 
and the separation factor of the mixture, while Table S5 of the SI collects 
all numerical data. Although all PI membranes presented relatively high 
FFV (6FDA-6FpDA: 0.133; 6FDA-TMPD: 0.151; 6FDA-durene: 0.169), 
the permeation results highlighted the important role of the diamine 
moieties on the separation properties of 6FDA-based PI membranes. The 
presence of methyl groups (-CH3) in ortho-positions on the aromatic ring 
in the durene and TMPD diamine structures significantly increased the 
rotational rigidity of the macromolecular chain [46], leading to inef
fective chain packing (increasing the FFV), which resulted in a high 
F-gas permeate flux due to enhanced gas diffusion and solubility co
efficients [47]. Accordingly, 6FDA-durene exhibited the highest per
meabilities, 62 and 5.6 barrer for R-32 and R-125, respectively, which 
agreed well with the rigid rotational restraint due to the presence of four 
methyl groups; whereas the trimethyl substitution of 6FDA-TMPD pro
vided slightly lower permeabilities, 43 and 0.37 barrer for R-32 and 
R-125, respectively. However, 6FDA-durene yielded a lower separation 

factor (SFR− 32/R− 125 = 11), compared to 6FDA-TMPD (SFR− 32/R− 125 =

117), because its higher FFV produces a less selective material for the 
separation of the R-32/R-125 mixture [48]. In contrast, although the 
6FpDA diamine contains bulky -CF3 groups similar to those of 6FDA 
dianhydride, the 6FDA-6FpDA polyimide presents the lowest FFV, 
which led to a negligible F-gas permeability. 

For all the above considerations, 6FDA-TMPD was selected as the 
best PI candidate for further evaluation of the F-gas separation proper
ties and preparation of HF-TFCMs. In addition, these findings led us to 
determine that a good modulation of the free volume fraction of the 
membrane using techniques already developed in this field, could result 
in the formation of high-performance materials. 

3.1.2. F-gas permeability through 6FDA-TMPD 
In this section, the single gas permeation of F-gases was evaluated 

through 6FDA-TMPD thick flat membrane. On this occasion, the thick 
flat membrane was not subjected to the high-temperature treatment, to 
allow the comparison with the HF-TFCMs results that will be shown in 
the following section. It should be noted that the PP support used in the 
preparation of HF-TFCM does not allow heat treatments at the high 
temperatures required (180 ◦C) due to the lower melting temperature of 
PP (160–166 ◦C [49]). 

First, the permeability of the pure gases CO2, CH4, N2, and H2 was 
determined at 30 ◦C and 1.3 bar (Table 1) for benchmarking the 
permeation properties of 6FDA-TMPD. The CO2 gas permeability in 
6FDA-TMPD membranes showed the highest value owing to the high 
sorption in 6FDA-TMPD (Fig. S14), and it was observed that the 
permeation rate decreased as the molecule kinetic diameter increased in 
the order H2 (2.89 Å) > N2 (3.64 Å) > CH4 (3.8 Å). These permeability 
results were consistent with those previously reported in the literature 
(Table 1). However, it should be noted that the variation of both the 
casting solvent and the heat treatment during membrane formation had 
a clear effect on the transport properties of 6FDA-TMPD membranes 
[50]. The results compiled in Table 1 indicate that increasing the ther
mal treatment temperature induced densification of the membrane, 
resulting in an overall reduction of the gas permeability [51]. Never
theless, the 6FDA-TMPD membranes without thermal treatment used in 
this section only showed moderately higher gas permeability co
efficients (except for H2) than those reported in previous works (see 
Table 1). 

As the benchmarking results were consistent with those reported in 
the literature, the permeation properties of target F-gases (R-32, R-134a, 
R-1234yf, and R-125) were evaluated afterwards (Fig. 4). It is note
worthy that the R-32 permeability (PR− 32 = 127 barrer) is up to three 
orders of magnitude higher than for the other F-gases studied, especially 
when compared to R-125 (PR− 125 = 0.5 barrer). Also, the single gas 
permeability of R-32 was significantly higher than in the mixed gas re
sults depicted in Fig. 3, a behavior that could be attributed mainly to the 
absence of heat treatment of the membrane. Again, these results 
revealed higher permeability values for the smallest F-gases, R-134a and 
R-32, and lower permeability for the biggest molecules, R-1234yf and R- 
125. This fact makes the 6FDA-TMPD membrane an ideal candidate for 
the selective separation of target F-gas systems, particularly for the most 
challenging separations R-32/R-1234yf (close-boiling mixture) and R- 
32/R-125 (close-boiling mixture with an azeotropic composition [56]), 
with ideal gas selectivity of 31.8 and 250, respectively. Thus, the sepa
ration performance of the 6FDA-TMPD membrane could promote the 
R-32 recovery from refrigerant blends and reuse it to formulate new 
low-GWP refrigerants [14]. Nevertheless, to gain in-depth understating 
of the permeability results, F-gas sorption experiments were done to 
clarify the main factor driving the permeation of these compounds 
through the 6FDA-TMPD membrane. 

3.1.3. F-gas solubility in 6FDA-TMPD 
As outlined above, the solution-diffusion mechanism controls the 

separation in 6FDA-TMPD membranes, so it is essential to assess the 

Fig. 3. Screening of mixed-gas permeability and separation factor of R-32 and 
R-125 through 6FDA-durene and 6FDA-TMPD thick flat membranes. The feed 
gas was R-410A (R-32/R-125 69.7:30.3 vol%) at 30 ◦C and 3 bar. The thick flat 
membranes were thermally treated as described in section 2.2. F-gas perme
ability through 6FDA-6FpDA was negligible in this experiment. Experimental 
data are collected in Table S5 of the SI. 
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contribution of each factor, solubility (S) and diffusivity (D), to the 
overall membrane permselectivity. To that end, gas solubility in 6FDA- 
TMPD thick flat membrane was evaluated obtaining the sorption iso
therms of R-32, R-125, R-134a, and R-1234yf at 30 ◦C, which are shown 
in Fig. 5. 

As can be seen, F-gas solubility in 6FDA-TMPD thick flat membrane 
followed IUPAC type II sorption isotherms [57], according to which the 
sorption takes place in a macroporous adsorbent with unrestricted 
monolayer-multilayer adsorption [58]. Firstly, at low pressures, the 
amount of adsorbed F-gas increased quickly because of the molecular 
interactions with 6FDA-TMPD. In accordance with the observed "sharp 
knee" region of the isotherms, multilayer formation began when the 
monolayer formation was completed, leading to the characteristic 
S-shaped isotherm indicating the bulk condensation of F-gas molecules 
inside the polymer matrix [59]. 

The results revealed that R-32 and R-134a were the most soluble F- 
gases in the 6FDA-TMPD matrix, whereas R-1234yf and R-125 were the 
least soluble. At the pressure of 1.3 bar, the F-gas concentration followed 
the order R-134a (40.4 cm3

STP cm− 3
pol) > R-32 (37.2 cm3

STP cm− 3
pol) > R- 

1234yf (26.7 cm3
STP cm− 3

pol) > R-125 (24.0 cm3
STP cm− 3

pol). Accordingly, the 
results showed excellent agreement with the trade-off between the 
condensability of the F-gas penetrant, which is linked to the solute 
critical temperature [60], and the kinetic diameter of the molecules 
(data collected in Table S1 of the SI). The combination of both param
eters facilitated the gas adsorption within the polymeric membrane, 
being R-134a the most condensable (Tc = 374.18 K), and R-32 the 
smallest molecule (dC = 4.02 Å), respectively. Furthermore, the 
adsorption tests were constrained by the vapor pressure of each F-gas, 
and it could be observed that the S-shape appeared when the pressure 
operation approached it. Accordingly, the sorption isotherms (Fig. 5) 
fitted perfectly (R2 > 0.99) to the Guggenheim, Anderson, and de Boer 
(GAB) solubility model given by Equation (5). 

C=
vm⋅h⋅p∗⋅p

(p∗ − p)⋅(h⋅p + p∗ − p)
(5)  

where C (cm3
STP cm− 3

pol) is the equilibrium concentration of the solute, vm 
(cm3

STP cm− 3
pol) is the initial sorption layer capacity, h is the ratio of the 

adsorption strength in the initial and the consecutive layers, p∗ (bar) is a 
pressure-independent constant and p is the equilibrium pressure (bar) 
[61]. The GAB model is generally applied for the description of CO2 
sorption in glassy polymers as an alternative to the dual mode sorption 
model (DMS) [62–64], and more recently, we applied it to describe the 
sorption of these highly condensable hydrofluorocarbons in membranes 
made of polymers of intrinsic microporosity [10]. The GAB model pa
rameters were obtained for each F-gas by fitting the sorption experi
mental data to the model and reported in Table S7 of the SI. 

From the permeability and solubility data at 1.3 bar and 30 ◦C, the 
contributions to the solubility and diffusivity permselectivity parame
ters were discerned. As can be seen in Table 2, the diffusivity selectivity 
(∝D) was the main factor controlling the separation in 6FDA-TMPD 
membranes, with the solubility selectivity (∝S) being close to 1 for the 
target pairs of F-gases evaluated. Overall, the single gas permeation and 
solubility results showed that 6FDA-TMPD stands out as a potential 
candidate to perform the challenging separation of azeotropic and near 
azeotropic F-gas mixtures such as R-32/R-125 and R-32/R-1234yf. 
Thus, in the next sections, 6FDA-TMPD HF-TFCMs were fabricated and 
their separation performance was assessed with the real blends R-410A, 

Table 1 
Gas permeation properties of 6FDA-TMPD thick flat membranes with different thermal treatments conditions and casting solvents.  

Reference Casting solvent Thermal treatment (◦C) Operating conditions Permeability (barrer) Ideal gas selectivity 

T (◦C) P (bar) H2 N2 CO2 CH4 CO2/N2 CO2/CH4 

This work THF – 30 1.3 344 31.8 645 29.1 20.6 22.6 
[29] NMP 100 (12 h) 25 6.9 n.a. 28.9 573 25.7 19.8 22.3 
[52] DCM 120 (24 h) 35 1 n.a. n.a. 518 27.7 n.a. 18.7 
[46] DMF 200 (24 h) 35 2 407 25.3 498 23 19.7 21.7 
[53] DMAc 200 (20 h) 35 10 516 31.6 431 26 13.6 16.6 
[54] THF 270 (24 h) 35 2 n.a. 20.2 348 n.a. 17.2 n.a. 
[55] n.a. 387 (<1 h) 35 2 n.a. 17 299 15.1 17.6 19.8 

THF: tetrahydrofuran; NMP: N-methyl-2-pyrrolidone; DCM: dichloromethane; DMF: N,N-dimethylformamide; DMAc: N,N-dimethylacetamide; n.a: not available. 

Fig. 4. Gas permeability of R-32, R-134a, R-1234yf, and R-125 through 6FDA- 
TMPD thick membrane at 30 ◦C and 1.3 bar. The membranes were not ther
mally treated after membrane casting. The permeability numerical values are 
collected in Table S6 of the SI. 

Fig. 5. Sorption isotherms of R-32, R-134a, R-1234yf, and R-125 in 6FDA- 
TMPD thick flat membrane at 30 ◦C. The dashed lines represent the GAB 
model results. 
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R-454B and R-407C. 
Additional sorption experiments were performed with CO2, N2, and 

CH4 at 30 ◦C (Fig. S14 of the SI). The CO2 concentration at 1.3 bar was 
19.6 (cm3

STP cm− 3
pol), which is half that of R-32 (37.2 cm3

STP cm− 3
pol) at the 

same pressure. In contrast, CO2 permeability was 5-fold higher than R- 
32 (PCO2 = 645 and PR− 32 = 127 barrer), owing to the smaller molecular 
size of CO2, clearly remarking the role of diffusivity in the gas separation 

mechanism. 

3.2. Preparation and characterization of 6FDA-TMPD hollow fiber thin 
film composite membranes (HF-TFCMs) 

HF-TFCM fabrication was followed by FTIR-ATR analysis between 
each step to ensure proper deposition of each coating layer over the PP 
support (Fig. 6a). First, the PP support was characterized as the base 
material of HF-TFCMs. The absorption bands displayed at 2836-2948 
cm− 1 were attributed to the stretching vibrations of the C–H bond (2948 
cm− 1 asymmetric -CH3, 2920 cm− 1 asymmetric -CH2-, 2868 cm− 1 

symmetric -CH3, 2836 cm− 1 symmetric -CH2-) [65]. Moreover, the 
bending vibrations of the methylene (–CH2–) and methyl (-CH3) groups 
were observed at 1456 cm− 1 and 1376 cm− 1, respectively [66]. After the 
PDMS impregnation, the characteristic peaks of this polymer appeared 
in the spectrum, e.g., the stretching vibration of Si–C in -Si–CH3 group at 
800 cm− 1 and Si–O–Si at 1076 cm− 1. Also, the band appearing at 1260 
cm− 1 was due to the symmetric -CH3 in Si–CH3 [67,68]. Finally, after the 
deposition of 6FDA-TMPD, the spectrum confirmed that the selective 
polyimide layer was satisfactorily deposited onto the porous support. 
This spectrum corresponded to that of the flat 6FDA-TMPD membrane, 
also shown in Fig. 6a, with the characteristic peaks of the imide group at 

Table 2 
Permeability and solubility coefficients of single F-gases, and selectivity(∝P, ∝S, 
∝D) for target F-gas mixtures in 6FDA-TMPD thick flat membranes, working at 
30 ◦C and 1.3 bar.  

F-gas P (barrer) S (cm3
STP cm− 3

pol bar− 1) 

R-32 125 28.6 
R-134a 11.9 31.6 
R-1234yf 4.03 20.5 
R-125 0.16 18.4  

F-gas pair ∝P ∝S ∝D 

R-32/R-125 250 1.5 167 
R-32/R-1234yf 31.2 1.4 22.3 
R-32/R-134a 10.4 0.9 11.6  

Fig. 6. A) FTIR spectra of (1) PP HF support, (2) PP HF support + PDMS impregnation, (3) PP HF support + PDMS impregnation + 3 coatings of 6FDA-TMPD, and (4) 
6FDA-TMPD thick flat membrane; b) cross-section SEM images of PP/PDMS HF; c) cross-section silicon mapping (EDX) PP/PDMS HF; d) external surface 6FDA-TMPD 
HF-TFCM; e) cross-section SEM image of 6FDA-TPMD HF-TFCM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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1784 cm− 1 (asymmetric C––O stretching), 1720 cm− 1 (symmetric C––O 
stretching), 1356 cm− 1 (C–N stretching) [28,69] and the imide ring 
deformation at 720 cm− 1 [70]. 

In addition, the HF-TFCM fabrication was characterized by SEM and 
EDX images. Fig. 6b shows the cross section of the PP fiber impregnated 
with PDMS, where it can be observed that PDMS was not deposited on 
the external PP surface forming a dense layer. In contrast, EDX char
acterization (Fig. 6c) showed a distribution of silicon through the fiber 
cross section, indicating that the PDMS was embedded within the PP 
matrix forming a blocking layer that prevented the intrusion of 6FDA- 
TMPD into the membrane pores. The HFs impregnated with PDMS 
showed high gas permeance (N2: 7022 GPU, CO2: 7227 GPU) and non- 
selective properties (∝CO2/N2 ≈ 1). To assess the influence of PDMS on 
these results, the air flow through the PP fiber was also determined in a 
porometer (Porometer 3G, Anton Paar) leading to a much higher per
meance of 1.85⋅105 GPU due to its macroporous nature. Thus, the sep
aration properties of the HF-TFCMs discussed in the following sections 
will be attributed exclusively to the top layer of 6FDA-TMPD. Never
theless, we checked that the PDMS impregnation was required in order 
to coat a defect-free layer of 6FDA-TMPD on top of the PP support. 
Finally, Fig. 6d shows the external surface layer of 6FDA-TMPD, high
lighting its dense morphology, and Fig. 6e shows the cross section in 
which a thickness of the 6FDA-TMPD selective thin film layer can be 
identified (between 6 and 7 μm). 

3.3. 6FDA-TMPD HF-TFCMs mixed-gas separation performance 

3.3.1. Separation of commercial refrigerant blends 
Considering the high permeability and selectivity of the 6FDA-TMPD 

flat membrane towards single F-gases, mixed F-gas experiments were 
addressed for the first time with the HF-TFCMs at 1.3 bar and 30 ◦C. The 
results are shown in Fig. 7 for the commercial refrigerant mixtures R- 
410A, R-454B, and R-407C, all three including R-32 in their 
composition. 

Regarding the separation of the R-410A mixture, R-32 permeance 
was 13.9 GPU with a R-32/R-125 separation factor of 78.5, 2-fold higher 
than in our earlier research work dealing with PIM-1 membranes [10] 
and 3-fold higher than the results reported with the 50% PBVE- 50% 
PDD copolymer [17]. As a result, the R-32 concentration in the permeate 
stream, excluding the argon sweep gas, reached the exceptional 

concentration of 99.45 vol%, the highest permeate purity of R-32 ever 
obtained for the feed R-410A (R-32 and R-125 50 % wt. each gas) by 
applying advanced membrane separation processes. Likewise, for the 
mixture R-454B, the R-32 permeance was slightly higher (14.7 GPU) and 
the SFR− 32/ R− 1234yf = 34, together with a final R-32 concentration in the 
permeate stream of 99.40 vol%. These results outperformed our previ
ous work with thin-film composite polymer/ionic liquid membranes in 
pilot scale experiments [11], where 89.63 and 95.93 vol% R-32 
permeate streams were obtained from R-410A and R-454B, respectively. 
Fig. 7 also includes the performance of the highly selective 6FDA-TMPD 
HF-TFCM in the separation of R-407C, a ternary refrigerant composed of 
R-32, R-134a, and R-125 (38.2:43.8:18.0 vol%). The R-32 permeance 
was 10.9 GPU with a SFR− 32/(R− 134a+R− 125) = 14.4. This result is very 
promising because it shows the great potential of 6FDA-TMPD mem
branes to recover R-32 (90 vol% R-32 in the permeate, in a single 
permeation stage) even from a ternary mixture with an initial concen
tration of only 38.2 vol% R-32. 

3.3.2. Pressure effect 
To fully understand the behavior of 6FDA-TMPD HF-TFCMs under 

real process conditions, the pressure dependence of R-32 and R-125 was 
evaluated under mixed-gas conditions (mixture R-410A) in the range 
1.3–7.5 bar at 30 ◦C. The R-32 and R-125 permeances, results plotted in 
Fig. 8, decreased with increasing feed pressure up to 2.5 bar, and sub
sequently showed an upward rate at higher feed pressures. These results 
are indicative of a plasticization phenomenon [71], which has already 
been reported during CO2 permeation in 6FDA-TMPD membranes [31], 
as well as in our previous work with PIM-1 membranes [10]. As noted 
earlier, the high solubility of the condensable R-32 promoted the poly
mer chain mobility resulting in an increase of diffusion through the 
membrane, which turned into the permeance increase of R-32 and R-125 
with increasing pressure. Therefore, the major drawback of plasticiza
tion was the decline of the separation performance due to the loss of the 
size discrimination ability of the PI membrane [72]. However, despite 
the plasticization phenomenon, it was seen that when the feed pressure 
was further increased up to 7.5 bar, the R-32 permeance (30 GPU) was 
4-fold higher than the initial permeance at 1.3 bar, reaching a separation 
factor ∝R− 32/R− 125 of 7, and a permeate concentration of 94.30 vol% of 
R-32. 

3.3.3. CO2 separations 
The separation performance of 6FDA-TMPD HF-TFCMs was also 

Fig. 7. Mixed-gas separation performance of 6FDA-TMPD HF-TFCM at 30 ◦C 
and 1.3 bar. Permeance (left-hand y-axis) vs. separation factor (right-hand y- 
axis) towards R-32 with respect to other F-gases (R-410A: j = R-125; R-454B: j 
= R-1234yf; R-407C: j = R-134a + R-125). The feed stream compositions were 
R-410A (R-32/R-125 69.7:30.3 vol%), R-454B (R-32/R-1234yf 82.9:17.1 vol 
%), R-407C (R-32/R-134a/R-125 38.2:43.8:18 vol%). 

Fig. 8. Pressure dependence R-32 and R-125 mixed-gas permeability using R- 
410A (70 vol% R-32/30 vol% R-125) as feed gas at 30 ◦C through 6FDA-TMPD- 
based HF-TFCM. Experimental data are collected in Table S9 of the SI. 
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evaluated with synthetic mixtures emulating the composition of rele
vant applications, such as biogas upgrading (CO2/CH4 50:50 vol%) and 
flue gas separation (CO2/N2 15:85 vol%) for benchmarking (Fig. 9). 
Moderately good CO2 permeance (99.7 GPU) was attained working with 
CO2/N2 mixture (15:85 vol%), reaching a CO2 concentration in the 
permeate of 81.5 vol%, a considerable enrichment from the initial 15 vol 
% CO2 in the feed (SFCO2/N2 = 24.8). On the other hand, for the sepa
ration of CO2/CH4 mixture (50:50 vol%), lower CO2 permeance was 
achieved, 54.5 GPU, leading to a CO2 permeate concentration of 93.3 vol 
% (SFCO2/CH4 = 13.9). Despite having a thicker selective layer, the CO2 
permeance of the 6FDA-TMPD HF-TFCM in this work was very similar to 
that reported by Liu et al. [73], who developed the first 6FDA-TMPD: 
DABA (3:2) asymmetric hollow fibers by dry-jet/wet-quench 
approach. The HF-TFCM prepared in the present study exhibited the 
expected CO2 separation performance of 6FDA-TMPD reported with 
pure gases (Table 1), thus indicating that the separation properties of 
this PI have been successfully transferred from the thick flat membranes 
to the HF-TFCMs. This shows that optimizing the coating procedure to 
obtain thinner selective layers could lead to high-productivity gas sep
aration membranes while minimizing the required amount of the 6FDA-
based PIs. 

4. Conclusions 

This work has explored the unprecedented separation performance 
of 6FDA-based fluorinated polyimides for the separation of close-boiling 
refrigerant blends by tuning the diamine structures of the aromatic 
polyimides. Among them, 6FDA-TMPD showed excellent permeability- 
selectivity trade-off for the separation of difluoromethane (R-32) from 
other hydrofluorocarbons, which was mostly attributed to a diffusion- 
controlled mechanism. Thus, thin-film composite hollow fiber mem
branes (HF-TFCMs) with a defect-free dense layer of 6FDA-TMPD were 
successfully prepared using a dip coating methodology over a poly
propylene support. These membranes allowed the successful recovery of 
the valuable R-32 (>99.4 vol% permeate concentration) from binary 
mixtures of close-boiling hydrofluorocarbons and hydrofluoroolefins. 
These results outperformed the values of other membrane materials 
described in the literature. Similarly, moderate CO2 mixed-gas per
meances were achieved in CO2/N2 and CO2/CH4 separations, which are 
equivalent to those previously reported through other 6FDA-based 
asymmetric hollow fiber membranes prepared by phase inversion. 
Therefore, these results showed the great potential of 6FDA-TMPD for 
developing HF membranes via dip coating by using a low amount of 
costly high-performance specialty polymers such as the fluorinated 
polyimides employed in this work. Future research efforts should focus 
on optimizing the coating procedure to minimize the dense selective 
layer thickness to obtain high-productivity 6FDA-TMPD HF-TFCMs 
materials. 
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[41] D.M. Muñoz, M. Calle, J.G. De La Campa, J. De Abaje, A.E. Lozane, An improved 
method for preparing very high molecular weight polyimides, Macromolecules 42 
(2009) 5892–5894, https://doi.org/10.1021/MA9005268. 
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