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A B S T R A C T

To date, the design of advanced separation processes, such as the extractive distillation with ionic liquids (ILs), 
for the separation of common close-boiling refrigerant blends relies almost exclusively on binary equilibrium 
data obtained for single-gas/solvent systems, thus neglecting the influence of possible mixture effects. In this 
work, Nuclear Magnetic Resonance (NMR) spectroscopy and pulsed gradient spin echo (PGSE) NMR are pro-
posed for the sequential assessment of the single and mixed-gas vapor-liquid equilibrium and self-diffusivity of 
two fluorinated refrigerants, difluoromethane (R-32) and pentafluoroethane (R-125), in the IL 1-ethyl-3-methyl-
imidazolium dicyanamide at 303.1 K and pressures up to 4 bar, either as pure R-32 or using the commercial 
refrigerant blend R-410A. The results confirmed that the mixed-gas solubility and self-diffusivities were essen-
tially equal to those obtained with pure feed gas, thus significant mixing effects were not observed for this 
particular system. However, an increase in the self-diffusion coefficients was observed with the concentration of 
absorbed gas, which was more significant for the smallest hydrofluorocarbon (R-32) than for R-125. This 
technique also allowed evaluating the mobility of the IL moieties, which was slightly higher for the IL anion. 
Moreover, the self-diffusion coefficients of the IL ions also increased with the amount of gas absorbed, yet less 
markedly than for the refrigerants. Overall, the NMR technique proved to be an accurate method for the rapid 
screening of possible mixture effects in equilibrium and transport properties of refrigerant and IL systems, thus 
providing essential information for designing novel advanced separation processes.

1. Introduction

The refrigeration, air conditioning and heat pump (RACHP) sector is 
facing an urgent need to develop sustainable solutions to reduce its 
greenhouse gas emissions [1]. In response to the implementation of 
international agreements, such as the Kigali Amendment to the Montreal 
Protocol, the sector is urged to reduce significantly the global emissions 
of hydrofluorocarbons (HFCs) into the atmosphere [2,3]. HFCs are the 
third generation of refrigerants that, despite not being ozone depleting 
substances, exhibit a high global warming potential (GWP), which can 
be up to 12,000 times higher than that of carbon dioxide [4,5]. This 
characteristic renders them a priority target in global climate change 
mitigation policies [6]. In this context, current research is focused on 
two main approaches: (i) the development of new refrigerants and 
formulation of novel blends with much lower GWP [7,8] and (ii) the 

implementation of advanced processes for the recovery and recycling of 
HFCs at the end of life of the refrigeration equipment [9,10]. Regarding 
the latter approach, extractive distillation with ionic liquids (ILs) 
emerged as a promising technology due to its ability to efficiently 
separate HFC-blends with close boiling points [11–13]. Thus, the solu-
bility of single HFCs has been extensively investigated in assorted ILs 
employing experimental methods [14–17] as well as computational 
tools such as machine learning [18,19], quantum chemistry [20–22], 
and molecular simulations [23,24].

In contrast, the influence of mixed-gas solubility of HFCs in ILs, a 
highly valuable knowledge for process design, has received less atten-
tion to date. This is likely due to the difficulty and cost of applying the 
experimental and analytical techniques required for analysing the sol-
ubility of multicomponent gas mixtures. It was only recently that Baca 
et al. [25] reported a new methodology incorporating the Integral Mass 
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Balance (IMB) method to a gravimetric microbalance for the measure-
ment of the solubility of gas mixtures in ILs. They reported for the first 
time solubility values of different HFC mixtures of difluoromethane 
(R-32) and pentafluoroethane (R-125) in classical ILs such as 
1‑butyl‑3-methylimidazolium tetrafluoroborate ([C4C1im][BF4]) and 
1‑butyl‑3-methylimidazolium hexafluorophosphate ([C4C1im][PF6]). 
Similarly, gaining deeper insight into the diffusivity coefficients of 
mixed HFCs in ILs is essential for the accurate estimation of mass 
transfer rates in the extractive distillation process [9,10]. In this sense, 
recent works demonstrated that equilibrium models overestimate the 
process separation performance, a shortcoming that becomes particu-
larly relevant for viscous ILs [11,26]. To date, the solubility and Fickian 
(non-equilibrium) diffusion of pure HFCs in ILs have been mostly 
measured using the isochoric saturation method, which allows the 
determination of diffusion coefficients at infinite dilution applying the 
semi-infinite volume model [17,27–29], and with microgravimetric 
balances that allow measuring the diffusion coefficients as a function of 
the concentration of absorbed gas [15,30,31]. Again, there is a missing 
gap regarding the influence of multicomponent HFC mixtures on the 
diffusivity of the absorbed species.

As stated above, the measurement of transport phenomena in 
multicomponent systems with macroscopic methods is often difficult to 
implement and provides limited knowledge on the behaviour of each 
component. To circumvent this problem, microscopic methods affording 
information at the molecular scale could be advantageous. Nuclear 
Magnetic Resonance (NMR) spectroscopy is a versatile and widely used 
technique in many different scientific fields to investigate the molecular 
structure and dynamics due to its sensitivity to the environment of the 
observed nuclei. Therefore, it is feasible with multinuclear NMR 
methods to identify and quantify simultaneously individual components 
in a mixture, providing that well resolved spectra are acquired. For 
example, in a related application to the problem at hand (i.e., separation 
of gas mixtures), Garrido et al. [32] used 13C and 1H NMR spectroscopy 
to determine the solubility coefficients of several neat and mixed gases 
in polymers. The application of NMR to research in ILs has been 
reviewed recently [33]. In addition, pulsed gradient spin echo (PGSE) 
NMR methods, also known as PFG NMR, allow the assessment of mo-
lecular dynamics in many diverse systems. After the initial works by 
Stejskal and Tanner [34] reporting the measurement of diffusion co-
efficients with the PGSE NMR method, numerous applications in 
different fields of research haven been shown. In particular, this method 
has been used in electrochemistry to investigate ions transport mobility 
in ILs in combination with conductivity measurements [35–37]. Overall, 
the NMR diffusion methodology has been described and reviewed pro-
fusely. The readers interested in wider scope are referred to thorough 
works on the subject [38–40]. Regarding the field of refrigerant 
gases-ILs, there are only two pioneering works. First, Ahosseini et al. 
[41] measured the self-diffusivity of 1,1,1,2-tetrafluoroethane (R-134a) 
in 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide at 
different temperatures using the NMR tool. Also, Wang et al. [24] 
validated the diffusion coefficients of R-32 and R-125 in [C4C1im][BF4] 
predicted by molecular dynamics with NMR-experimental data.

Consequently, the combination of multinuclear spectroscopy and 
PGSE NMR enables the sequential determination of the molecular 
transport coefficients, solubility and diffusion, of multicomponent 
mixtures in a given medium or, in other words, the characterization of 
the medium transport properties, as it has been shown for, e.g., liquids 
and polymer membranes [42,43]. With this background, the aim of this 
work is to determine the solubility and self-diffusion coefficients of neat 
R-32 and of its equimass mixture with R-125 (known as R-410A) in the 
IL 1-ethyl-3-methylimidazolium dicyanamide ([C2C1im][dca]) with the 
NMR methods outlined above, and assess the soundness of the NMR as a 
viable approach to characterize the transport phenomena of fluorinated 
gases and, in particular, mixed gases in ILs. The IL [C2C1im][dca] was 
selected for this study because of its low-viscosity and excellent solu-
bility selectivity for the separation of these HFCs [17].

2. Experimental section

2.1. Materials

The HFC R-32 and the R-410A refrigerant mixture were provided by 
Coproven Climatización (Gas Servei licensed supplier, Spain). R-410A is 
an equimass mixture of R-32 and R-125, where the molar percentage of 
each gas are 69.8/30.2 mol %, respectively. The IL [C2C1im][dca] was 
supplied by IoLiTec (Germany) with a purity of 98 wt %. It was subjected 
to a 24-hour vacuum drying at 333.15 K to remove any traces of water 
prior to its use. The chemical specifications of the system components 
are summarized in Table 1. The final water content of the IL was 
measured to be <100 ppm using a coulometric Karl-Fischer titration 
method (899 Coulometer, Metrohm). Table 2 reports the main proper-
ties of the IL.

2.2. NMR solubility and diffusion measurements

The NMR measurements were performed in a Bruker Avance Neo 
400 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) 
equipped with an 89 mm wide bore, 9.4 T superconducting magnet (1H, 
13C and 19F Larmor frequencies at 400.14, 100.61 and 376.51 MHz, 
respectively). To perform the NMR measurements of the fluorinated 
gases (F-gases), R-32 and R-410A, a weighted amount (∼0.2 g) of the 
dried IL was injected in a 5 mm o.d. NMR tube with a valve designed for 
NMR studies of moderately pressurized gases (<6 bar), the valve was 
closed and the tube connected to a high vacuum line. The sample size 
(height ∼15 mm) was chosen to fit within the active volume of the 
radiofrequency and gradient coils with the highest homogeneity of the 
respective fields. The volume of gas put in contact with the IL was 38 
cm3, which guaranteed that the amount of F-gases absorbed is much 
lower (<5 %) than the total gas feed. Before filling the tube at a given 
pressure with a F-gas, the IL sample was cooled down below the reported 
melting temperature (to approximately 200 K) until solidification, 
degassed (high vacuum, < 10− 5 bar), and followed by raising the tem-
perature up to 298 K. This procedure was repeated three times to assure 
that air was completely removed from the sample before loading the gas 
or gases of interest. During the last cycle, the valve was kept open to the 
high vacuum line until the sample thawed completely and a temperature 
of 298 K was reached. This sample preparation method was proofed to 
be essential to guarantee the adequate F-gas absorption, compared to the 

Table 1 
Chemicals used in this work.

Chemical Formula CAS No. Fraction 
purity

Purification 
method

Water 
content

[C2C1im] 
[dca]

C8H11N5 666,823–18–3 >98 wt 
%

Vacuum dry < 100 
ppm

R-32 CF2H2 75–10–2 >99.9 
vol %

– 

R-410A CF2H2 +

CF3CF2H 
(50/50 wt 
%)

133,023–17–3 >99.9 
vol %

– 

Table 2 
Main properties of the IL [C2C1im][dca] [44–46].

Chemical structure

Molecular weight/g mol− 1 177.21
Melting temperature/K 267.80
Density at 303.1 K/kg m− 3 1098.5
Viscosity at 303.1 K/mPa s 12.7
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initial assays in which IL degasification was performed at room tem-
perature. The total gas pressure used in these experiments was varied 
between 0.5 and 5 bar to facilitate the measurements with adequate 
signal-to-noise ratio in a reasonable amount of time. The gas pressure 
was monitored with a transducer working in the range 0 – 10 bar.

The 13C and 19F T1 relaxation measurements of the IL and sorbed 
gases were performed using a Bruker diffusion probehead Diff50 with 
two inserts (13C and 19F) for 5 mm o.d. NMR tubes, at 303.0 ± 0.1 K. The 
T1 s of samples (IL and sorbed gases) were measured using an inversion- 
recovery (IR) pulse sequence. The solubility of gases in the IL was 
measured using an inversion-recovery pulse sequence to acquire the 19F 
NMR spectra of samples with a repetition rate ≥ 5 × T1. The value of 
inversion time, Ti, was chosen to null the contribution of free gas to the 
NMR signal. A standard consisting of a sealed glass capillary with a 
known amount of trifluoroacetic acid was used as external reference, 
and the 19F NMR spectra were referenced to its 19F chemical shift (− 77.0 
ppm), secondary to trichlorofluoromethane (0.0 ppm). For each spec-
trum, the individual gas peak areas were measured, corrected for the 
signal intensity reduction due to Ti, and normalized to the corresponding 
peak area of the standard. In the case of 13C NMR, the external reference 
was a standard consisting of a sealed glass capillary with a known 
amount of labelled 13C(1) acetic acid (178.1 ppm), secondary to tetra-
methylsilane (TMS, 0.0 ppm). The proton NMR spectra of the samples 
studied were dominated by the strong signals associated to the cation of 
the IL, as illustrated in Fig. 1. The intensity of the proton NMR signal of 
the sorbed R-32, centred at 5.66 ppm, was very small. This problem 
would be magnified when studying the sorption and diffusion of R- 
410A, due to partial overlap of the proton signals of R-32 and R-125 and 
low solubility of R-125. Overall, the 1H NMR measurements of solubility 
of both gases in the IL were not feasible and the uncertainty of the 1H 
PGSE NMR measurements in the case of R-32 was high. These limita-
tions were overcome with 19F NMR.

The samples prepared as described above were used to determine the 

diffusion coefficients of sorbed neat and mixed gases using 13C and 19F 
NMR. For these measurements, a pulsed gradient stimulated spin echo 
sequence was used [47,48]. The echo time between the first two 90◦ rf 
pulses, τ1, was 2.1 ms. The self-diffusion coefficient of each gas, D, was 
measured at a diffusion time, tD, of 22 ms. The length of the field 
gradient pulses, δ, was 1.0 ms. All time parameters were kept constant 
and only the amplitude of the gradient pulses varied from a small value 
up to a maximum of 11 T m− 1. The repetition rate was ≥ 5 x T1, and the 
total acquisition time ranged from about 1 to 17 h. The diffusion co-
efficients were calculated by fitting the data to the well-known expres-
sion [34], 

S(g) = S(0)exp
[
− (γδg)2

(
tD −

δ
3

)
D
]

(1) 

where S(g) and S(0) represent the echo intensity in the presence of a 
gradient with amplitude g and 0, respectively; g is the gyromagnetic 
ratio of the nuclei being observed and D is the diffusion coefficient. 
When the measurement of D is made varying only the gradient ampli-
tude g, there is not a need to consider the contribution of the T1 and T2 
relaxation times terms to the signal attenuation. Prior to these mea-
surements, the temperature at the sample volume in the probe head and 
the field gradient were calibrated as described previously [49].

3. Results and discussion

3.1. Single-gas and mixed-gas solubility

All NMR measurements were performed at thermodynamic equilib-
rium at 303.1 K. This condition was assessed by measuring the con-
centration of sorbed gas in the IL at increasing time after loading the gas, 
until a constant value was reached (24 h, approximately). As mentioned 
above, NMR allows the identification of different chemical moieties in a 
sample due to the sensitivity of the technique to the surroundings of the 

Fig. 1. 1H NMR spectrum corresponding to a sample of [C2C1im][dca] (210 mg) with R-32 (p: 0.6 bar at 303.1 K). The inset shows a magnification of the proton 
signal at 5.66 ppm corresponding to the fluorinated gas.
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nucleus of interest. Thus, if a well resolved spectrum of a multicompo-
nent sample is obtained, it is feasible to characterize the behaviour of its 
components. In Fig. 2, an example of a 19F NMR spectrum corresponding 
to the absorption of mixture R-410A in [C2C1im][dca] is illustrated. In 
Fig. 3, the 13C spectrum of the IL in the sample is shown. The spectral 
signatures of cation and anion carbons were well resolved, and this 
enabled the measurement of their corresponding diffusion coefficients.

The values of 19F T1 relaxation times of the sorbed gases, neat or 
mixed, in the IL did not vary significantly within the range of pressure 
studied and they were in the vicinity of 3.0 s for R-410A and 3.5 s for R- 
32. The values of 19F T1 s measured for the free gases were two orders of 
magnitude smaller, varying from 10 to 22 ms. Likewise, the 13C T1 
relaxation times of the IL did not vary with the sorption of gases and 
their values for the cation carbons d, e and f (see labels in Fig. 3) were 
1.44 s and for the anion (120.0 ppm) 6.64 s. The carbons of the sorbed 
gases were not observed because, with the conditions used in these ex-
periments, their concentrations (5.6 10− 4 M) were below the 13C 
detection limit.

The solubility measurements at pressures between 0.66 and 3.63 bar 
of the neat R-32 and R-32 mixed with R-125 are summarized in Tables 3 
and 4, respectively. The differences between the 19F chemical shifts of 
the two gases and in the relaxation times of the free and sorbed gases, 
enabled the determination of the solubility of each component in the IL.

The vapor-liquid equilibrium (VLE) data presented in Table 3 are 
also depicted in Fig. 4a, where the NMR solubility data of R-32 in 
[C2C1im][dca] at different pressures are plotted together with the sol-
ubility data obtained with the isochoric saturation (IS) method in our 
previous study [28]. Both sets of data followed the same trend showing 
the adequacy and accuracy of the experimental procedure followed in 
the present study for determining the solubility of HFCs in ILs with the 
NMR technique.

Fig. 2. 19F NMR spectrum, without decoupling, corresponding to a sample of 
[C2C1im][dca] (202 mg) at thermodynamic equilibrium with R-410A (3.81 bar) 
at 303.1 K. The peaks centered at − 142.9 (t) ppm correspond to R-32, and the 
peaks at − 139.6 (d) and − 85.9 ppm correspond to R-125 (CF3CF2H). The nu-
cleus of the chemical moiety associated to each peak is shown in bold.

Fig. 3. 13C NMR spectrum, without decoupling, corresponding to a sample of [C2C1im]+[dca]− (202 mg) at thermodynamic equilibrium with R-410A (3.81 bar) at 
303.1 K. The peaks labelled form a to f correspond to the carbons indicated in the cation (inset) and the peak at 120.0 ppm to the anion carbons.

Table 3 
Solubility data of pure R-32 in [C2C1im][dca] 
at 303.1 K.a

PR− 32/bar xR− 32

0.66 0.0210
1.62 0.0513
2.45 0.0744
3.63 0.1157

a Standard uncertainties u are u(T) = 0.1 K, 
u(P) = 0.01 bar, and u(x) = 0.05x.

Table 4 
Mixed-gas solubility data of the R-410A blend (R-32 and R-125, 69.8/30.2 mol 
%) in [C2C1im][dca] at 303.1 K.a

PR− 410A/bar xR− 410A PR− 32/bar xR− 32 PR− 125/bar xR− 125

0.93 0.0229 0.64 0.0212 0.29 0.0017
1.73 0.0417 1.19 0.0385 0.54 0.0032
2.51 0.0629 1.72 0.0579 0.79 0.0050
3.81 0.0902 2.62 0.0825 1.19 0.0077

a Standard uncertainties u are u(T) = 0.1 K, u(P) = 0.01 bar, and u(x) =

0.05x.
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Fig. 4b presents the mixed-gas solubility data of R-32 and R-125, 
using the R-410A blend as feed gas, together with the predictions of the 
NRTL model reported by Asensio et al. [28] for the absorption in 
[C2C1im][dca] of pure R-32 and R-125. The deviation between the NRTL 
model and the NMR mixed-gas absorption data was quantified in terms 
of the average absolute relative deviation (AARD), which was calculated 
with Eq. (2). 

AARD =
100
N

∑N

i=1

⃒
⃒
⃒
⃒
⃒

yNRTLi − yNMRi

yNMRi

⃒
⃒
⃒
⃒
⃒

(2) 

No significant mixture effects were observed in the R-32 and R-125 
solubility as the experimental mixed-gas equilibrium data were closely 
aligned with the NRTL model derived for the individual compounds. The 
AARD of the NRTL model with respect to the NMR mixed-gas solubility 
data of R-32 and R-125 were 2.90 and 4.20%, respectively. Also, the 
results obtained were consistent with those reported by Baca et al. [25] 

for different ILs, who found that the single absorption of R-32 and R-125 
were mostly equal to the mixed R-32/R-125 solubility in [C4C1im][PF6] 
and [C4C1im][BF4] using the previously mentioned IMB method. 
Accordingly, it could be concluded that the use of VLE models inde-
pendently derived for the individual components of the R-410A mixture 
is a suitable strategy for the design of advanced separation processes 
with these imidazolium-based ILs. Moreover, the NMR technique can be 
regarded as a valuable tool in the early stages of process design to 
confirm or discard with fast and reliable measurements whether other 
systems, particularly more viscous ILs, exhibit significant competitive or 
synergistic mixing effects.

3.2. F-gas self-diffusivity

The self-diffusivity of neat R-32 sorbed in the IL [C2C1im][dca] was 
measured at 303.1 K across a pressure range up to 4 bar. Moreover, the 
PGSE-NMR technique allowed simultaneously measuring, for the first 
time, the R-32 and R-125 self-diffusivities in [C2C1im][dca] under 
mixed-gas conditions using the R-410A blend as feed gas. In both cases, 
the measurements were performed under equilibrium conditions be-
tween the two phases. The results of the 19F diffusion measurements of 
neat R-32 and mixed R-32 with R-125 in [C2C1im][dca] are summarized 
in Tables 5 and 6, respectively. As can be seen in Table 6, the self- 
diffusivity of the smallest molecule (R-32) almost doubled that of R- 
125, which would also contribute to ease their separation by extractive 
distillation under a kinetic-control regime.

Fig. 5 illustrates the self-diffusivity results as a function of the mole 
fraction of gas absorbed in the IL, either R-32 or the sum of mol fractions 
of R-32 and R-125 (please check the relation between pressure and gas 
absorption data in Tables 3 and 4). As can be seen, the R-32 self- 
diffusivity was not influenced by the feed source, which reflected (as 
for the solubility) the absence of positive or negative mixing effects on 
the transport properties. Moreover, the self-diffusivity of R-32 and R- 
125 showed a linear increase with increasing solute concentration in the 
liquid phase (within the range of equilibrium pressures applied in this 
work) that affected more significantly (approximately 2-fold) to the 
smallest molecule R-32. This trend can be attributed to the fact that high 
pressures enhance the gas absorption, which increases the free volume 
of the solution. This leads to a reduction in the viscosity of the liquid 
phase, which in turn improves the transport properties of the solute 
[50]. However, it is important to note that a nonlinear relationship 
might be expected at higher pressures, as it happens with R-32 solubility 
in [C2C1im][dca], which becomes slightly convex at pressures higher 
than 4 bar approximately [28]. For instance, Wang et al. [24] reported 
the self-diffusivity of neat R-32 and R-125 in [C4C1im][BF4] at 298.15 K 
and up to 10 bar, finding a logarithmic trend. Comparing both ILs, 
[C4C1im][BF4] and [C2C1im][dca], there are significant differences in 
the viscosity and absorption capacity, and consequently in the solute 
self-diffusivities. For instance, at 3.70 bar, the mole fraction of R-32 in 
[C4C1im][BF4] was 0.25, with a self-diffusivity of 3.70 × 10⁻¹⁰ m² s− 1 

[24]. In contrast, at a similar equilibrium pressure of 3.63 bar, the mole 
fraction of R-32 in [C2C1im][dca] was 0.12, and its self-diffusivity was 
5.43 × 10⁻¹⁰ m² s− 1. The major reason for this difference, despite the 
higher solubility of R-32 in [C4C1im][BF4], can be found in the viscosity 

Fig. 4. a) VLE between neat R-32 and [C2C1im][dca] obtained with the NMR 
technique (filled circles) and the IS method (half-filled circles) [28]. b) Multi-
component VLE between R-32 (empty circles) + R-125 (empty triangles) and 
[C2C1im][dca] measured by NMR (feed composition: R-410A mixture). Solid 
lines represent the VLE results obtained with the NRTL model for pure R-32 and 
R-125 [28]. All data obtained at 303.1 K.

Table 5 
Self-diffusivity of R-32 in [C2C1im][dca] at 303.1 K and several pressures.a

P/bar D/10− 10 m2 s− 1 u(D)

0.66 4.47 0.06
1.62 4.75 0.02
2.45 5.02 0.03
3.63 5.43 0.05

a Standard uncertainties u are u(T) = 0.1 K and u(P) = 0.01 bar.
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of the liquid phase, i.e., [C4C1im][BF4] is seven times more viscous than 
[C2C1im][dca] at room temperature conditions.

Interestingly, a comparison between the self-diffusivity results (i.e., 
at constant chemical potential) of R-32 and R-125 obtained in this work 
and the Fickian diffusivity at infinite dilution (under a chemical po-
tential gradient) reported by Asensio-Delgado et al. [28] for the same 
system are in quantitative agreement within the same order of magni-
tude. Although both diffusion coefficients are theoretically related [51], 
the difference observed can be attributed to the distinct nature of the 
data, as achieving an exact equivalence would require the absence of 
intermolecular interactions and similar molecular properties of the so-
lute and solvent.

3.3. IL self-diffusivity

The self-diffusion coefficients of the IL in the presence of R-32 and R- 
410A were also determined with 13C PGSE NMR. The results are sum-
marized in Tables 7 and 8. In all cases, the measured values of D− were 
higher (∼18 % on average) than those of D+, which can be related to the 
difference in the ions volume. Although [C2C1im][dca] exhibits higher 
ionic dissociation than other conventional ILs [52], partial ion dissoci-
ation and agregations due to interactions between ions and solute may 
occur. Thus, it should be taken into consideration that the NMR method 
would not distinguish between free and associated ion and, therefore, 
the self-diffusion coefficient of a cation and anion measured with NMR 
would represent respectively an average of the various cationic and 
anionic species present in the solution. The self-diffusivity values of 
[C2C1im]+ are in very good agreement with those reported by 
Asensio-Delgado et al. [23] for a similar cyanide-based IL, with the 

Table 6 
Multicomponent self-diffusivity of R-32 and R-125, fed as R-410A blend, in [C2C1im][dca] at 303.1 K and several pressures.a

PR− 410A 

/bar

PR− 32 /bar DR− 32 /10− 10 m2 s− 1 u(DR− 32) PR− 125 /bar DR− 125 /10− 10 m2 s− 1 u(DR− 125)

0.93 0.64 4.59 0.02 0.29 2.38 0.01
1.73 1.19 4.63 0.02 0.54 2.39 0.01
2.51 1.72 4.84 0.03 0.79 2.50 0.01
3.81 2.62 5.09 0.01 1.19 2.66 0.01

a Standard uncertainties u are u(T) = 0.1 K and u(P) = 0.01 bar.

Fig. 5. Self-diffusivities of R-32 (circles) and R-125 (triangles) in [C2C1im] 
[dca] at 303.1 K as a function of the absorbed mole fraction. Filled and empty 
symbols correspond to pure R-32 and mixed R-410A feeds, respectively. Solid 
lines represent the linear regression of the data.

Table 7 
Self-diffusivity of the [C2C1im]+ and [dca]− ions in the absorption of pure R-32 
at 303.1 K and several pressures.a

P 
/bar

D+/10− 10 m2s− 1 u(D+) D− /10− 10 m2s− 1 u(D− )

0.00 1.25 0.04 1.47 0.02
0.66 1.30 0.02 1.52 0.02
1.62 1.43 0.07 1.67 0.01
2.45 1.46 0.05 1.72 0.01
3.63 1.57 0.05 1.85 0.02

a Standard uncertainties u are u(T) = 0.1 K and u(P) = 0.01 bar.

Table 8 
Self-diffusivity of the [C2C1im]+ and [dca]− ions in the absorption of R-410A at 
303.1 K and several pressures.a

P/bar D+/10− 10 m2s− 1 u(D+) D− /10− 10 m2s− 1 u(D− )

0.00 1.25 0.04 1.47 0.02
0.93 1.32 0.08 1.57 0.01
1.73 1.38 0.04 1.64 0.02
2.51 1.42 0.03 1.65 0.01
3.81 1.49 0.04 1.78 0.02

a Standard uncertainties u are u(T) = 0.1 K and u(P) = 0.01 bar.

Fig. 6. Self-diffusivities of [C2C1im]+ (diamonds) and [dca]− (squares) at 
equilibrium with either neat R-32 (filled symbols) or R-410A (empty symbols) 
at 303.1 K. Solid lines represent the linear regression of the [C2C1im]+ and 
[dca]− self-diffusivities data from both sources. Molar fractions of gas absorbed 
taken from Tables 3 and 4.
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tricyanomethanide ([tcm]) anion, in the presence of other refrigerants, 
which were obtained from molecular dynamics trajectories.

In addition, Fig. 6 represents the self-diffusivity of the cation and 
anion moieties as a function of the mole fraction of absorbed gas for both 
feeds, i.e., the neat R-32 and the R-410A mixture. The diffusion co-
efficients of both ions also increased with increasing concentration of 
sorbed gases, yet less significantly than for the refrigerants. As previ-
ously stated, this can be mainly due to a decrease of the viscosity of the 
medium, as it is generally found in mixtures of fluorinated gases with ILs 
[9,10]. Regarding the influence of the feed source, the self-diffusivity of 
the cation and anion exhibited a consistent pattern when in contact with 
either R-32 or R-410A. Therefore, the effect of R-125 on IL 
self-diffusivity was practically negligible. This phenomenon could be 
attributed to the reduced absorption of R-125 in the IL, minimizing its 
impact. It should be pointed out that the study was performed with a 
discrete set of pressure and temperature values because of current 
technical limitations at our laboratory. Nevertheless, hardware to enable 
measurements with a wider range of those variables could be obtained.

4. Conclusions

In this work, the solubility and self-diffusivity of the neat refrigerant 
R-32 and the mixture R-410A in the IL [C2C1im][dca] were measured 
with NMR spectroscopy and PGSE NMR techniques at several pressures 
and 303.1 K. The simultaneous self-diffusivity results of a commercial 
mixture of HFCs in IL media are shown for the first time, showing the 
potential of NMR techniques for the fast and reliable assessment of 
transport properties of fluorinated gases and ILs systems. The solubility 
results did not show any notable mixing effect, indicating that the sol-
ubility of R-32 and R-125 were essentially equivalent for both the pure 
compound and the R-410A mixture, within the investigated pressure 
range. This behaviour was also reflected in the results of the self- 
diffusivity measurements. In addition, the self-diffusivity values 
increased with the mole fraction of the absorbed gas. This effect can be 
attributed to a reduction in the viscosity of the medium, which enhanced 
the mass transport phenomena. Overall, NMR allowed obtaining valu-
able knowledge on the equilibrium and transport properties of multi-
component systems for the design of efficient and sustainable separation 
processes for the recycling of value-added HFCs in the refrigeration 
sector.
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