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ABSTRACT
BACKGROUND: The increasing awareness of the release of fluorinated gases (F-gases) into the atmosphere is instigating the development of techniques to capture them from refrigerants. In this work, the adsorption of difluoromethane (R-32), pentafluoroethane (R-125), and 1,1,1,2-tetrafluoroethane (R-134a) on four different activated carbons (ACs) is studied. Additionally, the selectivity of the ACs for the components of commercial refrigerants, R-410A and R-407F, is evaluated.
RESULTS: The estimation of the density of the adsorbed phase as a function of temperature allows the experimental fractional loading of each F-gas on any of the ACs to be correlated as a temperature-independent function of its reduced pressure, which is described by Toth or dual-site Langmuir equations or as an exponential function of the adsorption potential under the Adsorption Potential theory (APT). It is shown that the APT can be generalized with excellent accuracy to the systems studied if an adsorbate-dependent affinity coefficient is used as a shifting factor to bring the characteristic curves of F-gases into a single one for each AC. R-32 is the F-gas more adsorbed by all adsorbents, followed by R-134a, and by R-125. All ACs are selective for R-125 in R-410A commercial refrigerants, specially at lower pressures. Additionally, all ACs are selective for R-125 and R-134a over R-32 in R407-F commercial refrigerant.
CONCLUSION: The utilization of ACs for adsorption of the three most used F-gases is promising. By selecting ACs with different porous characteristics, it is possible to evaluate their influence on the selectivity for the components of different commercial refrigerants.
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INTRODUCTION
[bookmark: _Hlk22899804][bookmark: _Hlk22899796][bookmark: _Hlk22899815][bookmark: _Hlk22899810][bookmark: _Hlk22899821][bookmark: _Hlk22899826][bookmark: _Hlk22899846][bookmark: _Hlk22899838][bookmark: _Hlk22899858][bookmark: _Hlk22899852][bookmark: _Hlk22899869][bookmark: _Hlk22899864][bookmark: _Hlk22899900][bookmark: _Hlk22899895]Fluorinated gases (F-gases), including hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6), are man-made greenhouse gases with a wide range of industrial applications (e.g. refrigeration, fire extinguishers, and solvents).1 These gases are energetically efficient, do not damage the ozone layer, and have low levels of toxicity and flammability.2 Following the Montreal Protocol, the ozone-depleting chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) were phased out and F-gases have mostly replaced them. F-gases emissions have increased 60% since 1990 and it is predicted that the HFC emissions will grow 140% between 2005 and 2020.3,4 However, these gases are major contributors to global warming, with a global warming potential (GWP) up to 23,000 times higher than that of CO2, and may persist up to 50,000 years in the atmosphere.1,2,5 Due to the EU commitments to the Kyoto’s Protocol, the use of F-gases has been regulated and controlled since 2006.The aim is to cut the overall greenhouse gas (GHG) emissions by 80-95% compared to 1990 levels by 2050.4 Additionally, the Kigali international agreement (2016) established the first international regulation to decrease F-gases emissions.6,7
The third-generation refrigerants include the commonly used R-134a (1,1,1,2-tetrafluoroethane) and mixtures containing R-32 (difluoromethane), R-125 (pentafluoroethane), and R-134a, such as R-407F and R-410A. These refrigerants have high GWP and will be phased out.6 They are being replaced by fourth-generation refrigerants which includes hydrofluoroolefins (HFO), as pure refrigerants, or in blends with HFCs in a reduced proportion. The fourth-generation refrigerants present significantly lower GWP. R-444A, R-447A, and R-448A are examples of blends of HFOs with R-32, R-125, R-134a, and other HFCs, that are being considered for refrigeration purposes.8
Taking this information into account, the separation and recovery of F-gases from third-generation refrigerants is of vital importance, not only to avoid their release into the atmosphere but also to recycle them and to produce blends with HFOs (fourth-generation refrigerants), applying circular economy, a priority in Europe. Currently, few technologies based on expensive processes such as cryo-condensation or membrane separation have been utilized to partially recover F-gases.9 However, technologies that efficiently separate and recover these F-gases have not yet been commercialized. Thus, it is vital to develop sustainable processes based on the utilization of environmentally benign materials to capture, recover, and recycle F-gases.
[bookmark: _Hlk22899939][bookmark: _Hlk22899933][bookmark: _Hlk22899952]This work aims to study the capture by adsorption of the three most commonly employed pure F-gases in domestic refrigeration (R-32, R-125, and R-134a). The adsorption of these gases on activated carbons (ACs), zeolites, or metal-organic frameworks (MOFs) at various temperature and pressure ranges has been reported in literature.10-31 Even though MOFs present in general higher adsorption capacities, ACs are the most commonly used adsorbents in many industrial processes due to their large micropore and mesopore volumes, high surface area, variety of surface functional groups, low cost, and wide range of available morphologies.32,33
[bookmark: _Hlk22899989][bookmark: _Hlk22899983]In this work, four ACs, two of which are commercially available, with different porous characteristics (e.g. total pore volume and pore size distributions - PSDs) were chosen to study F-gases adsorption. The two commercial ACs (Ecosorb and BAC) are widely used for solvent recovery, air treatment and purification, and many other applications. The two non-commercial ACs (AC1 and AC2) were designed to have high adsorption capacity, fast adsorption kinetics, good thermal conductivity, and minimal sieving effects for large impurities. Besides, both AC1 and AC2 have been previously characterized and the latter has also been studied before for gas adsorption and separation.32-34
The adsorption of R-32,10,26 R-125,24,25 R-134a,14-17,19,20,27-29 and of commercial refrigerants containing these F-gases30,31 on other ACs has been already studied in the literature. However, to the best of our knowledge, this work is the first publication reporting on a systematic study of the adsorption of those three pure F-gases on four different ACs with different porous characteristics in order to select the best material for the separation of commercial refrigerants.
The adsorption equilibrium of R-32, R-134a and R-125 on the four ACs at 283.15 K, 303.15 K and 323.15 K were measured and compared. The experimental single-component adsorption equilibrium data were successful correlated using dimensionless forms of the Tóth and dual-site Langmuir models. Furthermore, the Adsorption Potential theory not only correlated well the experimental adsorption data, but also allowed to superimpose the adsorption data of all the F-gases on each AC into a single, temperature-independent characteristic curve.
[bookmark: _Hlk22900025][bookmark: _Hlk22900018]Since different F-gases refrigerants are used industrially, the selective separation of different F-gases from gas mixtures is also crucial. Thus, the Ideal Adsorption Solution theory (IAST) was used to predict the adsorption equilibria of two multicomponent commercial refrigerants, R-410A (a mixture of equal weights of R-32 and R-125) and R-407F (a mixture of R-32, R-125, and R-134a), on the studied ACs. Moreover, the selectivity of these adsorbents for the components of the gas mixtures at different equilibrium gas phase compositions and pressures was evaluated. This work presents a step forward in the study of F-gases adsorption onto porous solid matrices and in the still poorly explored area of the capture and separation of F-gases from commercial refrigerants.
MATERIALS AND METHODS
Materials
Difluoromethane, R-32 (wt-% purity ≥ 99.9), and 1,1,1,2-tetrafluoroethane, R-134a (wt-% purity ≥ 99.8), were supplied by Linde, and pentafluoroethane, R-125 (wt-% purity ≥ 99.8, was supplied by Sepim. The designation and chemical structure of these F-gases are shown in Table 1. Helium (wt-% purity ≥ 99.999) was supplied by Praxair.
The two noncommercial ACs, referred here to as AC1 and AC2 were developed and produced by Sutcliffe Speakman Carbons Ltd. (UK). AC1 is a granular coconut shell carbon and AC2 is an extruded carbon coal based (2 mm diameter pellets). Ecosorb activated carbon, in form of pellets (4 mm diameter), was supplied by Jacobi, and BAC bead-shaped activated carbon (0.70 mm average diameter) was supplied by Kureha.
Experimental Procedure
[bookmark: _Hlk22900050]The nitrogen (N2) adsorption isotherm at 77 K in each AC was determined in a Micromeritics ASAP 2020 apparatus (Fig. S1 of Supporting information). The specific surface area (SBET) was estimated with the BET method. The pore size distribution (PSD) and the pore volume of each sample were determined by deconvolution of the N2 adsorption isotherm at 77 K using standard methods based on the Non-Localized Density Functional theory.35
	The single-component adsorption equilibrium isotherms for R-32, R-125, and R-134a on the four ACs were measured using a standard gravimetric method at 283.15 K, 303.15 K, and 323.15 K, and at pressures up to 1.5 MPa (the maximum ratio applied for pressure/saturation pressure was of 0.78 for R-32, 0.88 for R-125, and 0.79 for R-134a). This method consists of the stepwise supply of pure F-gas to a temperature-controlled measurement cell containing the adsorbent (ca. 0.5–0.7 g), while the mass and pressure variations are monitored until equilibrium is reached. Adsorption/desorption cycles were performed to check for the presence of hysteresis.
[bookmark: _Hlk22900168]Adsorption measurements were performed, as described elesewhere,36-38 in a high-accuracy IsoSORP high-pressure magnetic-suspension balance (MSB) (Rubotherm GmbH, Germany, maximum load of 25 g, resolution of 10 µg, uncertainty less than 0.002%, and reproducibility  smaller than  3×10−5 g). The experimental setup is schematized in Fig. S2 of Supporting information. This type of balance uses a measurement method based on the mechanical equilibrium between a magnetic force, sample weight, and buoyancy effect.39,40 The temperature was kept constant by using a thermostatic bath (uncertainty of ± 0.1 K). The pressure was measured with transducers working with accuracy over the full range of operation pressures: a Baratron model 627D (MKS Instruments GmbH, Germany) for 0–0.1  MPa, accuracy of 0.12 %; two Omegadyne Inc. (Sunbury, OH, USA) models PX01C1-150A5T and PX01C1-500A5T, respectively for 0–1  MPa and 0–3.5 MPa (both with accuracy of 0.05 % of the full scale). The equilibrium was considered to have been attained when pressure and mass changes in the system were no longer observed. Before the measurements, the AC samples were degassed for at least 12 hours under vacuum at a minimum of 373.15 K.
The adsorption equilibria data are reported in terms of excess adsorption, qex, defined as

where  is the apparent mass weighed by the balance,  the degassed mass of AC sample in the measurement cell,  the cumulative volume of all physical parts in the measuring cell contributing to buoyancy effects,  the density of the gas at the equilibrium pressure and temperature of the experiment, and  the specific volume of the adsorbent impenetrable to the adsorbate (, where  is the density of the solid matrix of the adsorbent). The solid density  was determined experimentally by helium (He) picnometry (assuming He behaves as a non-adsorbing probe molecule).
Excess adsorption can be converted to total adsorption, , via

where  (cm3/mol) is the specific (or molar) volume of the adsorbed phase. It is usually assumed that for (subcritical) adsorption from the vapor phase  can be approximated by the specific (or molar) volume, , of the saturated liquid adsorptive at the adsorption temperature.41 In this work, however,  has been determined more accurately from the temperature-dependent saturation capacity of the adsorbent estimated in the framework of the Adsorption Potential theory. This procedure is detailed below.
The gas density, , can be determined experimentally with the MSB by measuring the buoyancy effect exerted by the gas on a calibrated volume with known mass and density, but it can also be calculated with an appropriate equation of state, or even extracted from the NIST Chemistry Webbook.42 In the present work the latter method was adopted. The uncertainty39 of the calculated adsorbed mass is around 1% over the full range of temperature and pressure.
The differential heat of adsorption, , of each AC was determined using a homemade apparatus coupling manometric and calorimetric techniques, whose scheme is shown in Fig. S3 of Supporting information. This apparatus, detailed by Mouahid et al.,43 allows the simultaneous measurement of  and the equilibrium amount of gas adsorbed at a given temperature and pressure. Briefly, gas is injected into a dosing cell, which is connected to an adsorption cell containing the adsorbent. As the gas is adsorbed it releases heat, which is recorded. A material balance before and after the connection of the dosing and adsorption cells gives the amount of adsorbed gas. At the same time, the recorded heat peak gives information about the total heat flow (), which is the sum of the integral heat of adsorption, , and of the heat of compression () due to the gas injection into the adsorption cell.  is then calculated from

where  is directly estimated by integration of the heat peak and  given by43

where  is the volume considered by the thermopiles and is calculated from helium calibration,  the isobaric expansion coefficient,  the isobaric coefficient of the stainless steel of the calorimeter, and  the difference between the equilibrium pressure of the measured point and the previous one. The differential heat of adsorption is then approximated by

where  is the amount of gas adsorbed between the two consecutive pressure steps. The overall uncertainty43 in the measurement of  is less than 5%.
RESULTS AND DISCUSSION
Materials Characterization
[bookmark: _heading=h.gjdgxs]F-gas adsorption was studied on four ACs with different textural characteristics, of which two are commercially available. The specific BET surface area, , and specific pore volume, , of each AC are listed in Table 2 and the PSDs depicted in Fig. 1. The SBET value determined AC1 (1695 m2/g) is in reasonable agreement with the previously reported data (1669 m2/g),34 while the value of AC2 (1280 m2/g) is slightly lower than previously reported (1342 m2/g).32,34
Despite the similar values of  and  for the two commercial ACs (Ecosorb and BAC), their different PSDs (see Fig. 1) influence the capture of F-gases. While Ecosorb has a polydisperse PSD in the micropore (pores smaller than 20 Å) and mesopore (pore diameters between 20 Å and 500 Å) regions, BAC has a narrower pore size distribution lying in the micropore region with a peak around 10 Å (see Fig. 1). The two non-commercial ACs have larger values of  and  (see Table 2) than BAC and Ecosorb, which favor gas adsorption. While AC1 has a polydisperse PSD in the micropore and ultra-micropore (pore size smaller than 10 Å) regions, the PSD of AC2 also extends into the mesopore regions (see Fig. 1).
Adsorption Equilibrium of F-gases on ACs
The experimental adsorption equilibrium data at 283.15 K, 303.15 K, and 323.15 K, expressed as milimoles of adsorbed gas per gram of adsorbent (mmol/g), are plotted in Figs. 2–4 as a function of the applied equilibrium gas pressure (see also Tables S1–S12 of Supporting Information). The maximum adsorption pressures for each studied F-gas was around 15% lower than its vapor pressure at 283.15K (0.77 MPa for R-134a, 1.57 MPa for R-125, and 1.93 MPa for R-32). The isosteric heat of adsorption for each AC/F-gas pair was measured at 323.15 K (Fig. 5).
The adsorption data were analyzed in the framework of the Adsorption Potential theory (APT), for it is assumed that the main mechanism governing subcritical F-gas adsorption in essentially microporous ACs is pore filling.44-46According to this theory the specific volume of adsorbed phase,  (cm3 of adsorbed phase per gram of AC), is a function solely of the adsorption potential, :

where is a temperature-independent characteristic curve for each solid–fluid system. The adsorption potential is defined as

where  is the ideal gas constant,  the system temperature,  the fugacity of the gas at the equilibrium pressure and temperature,  its saturation fugacity at the same temperature, and  and  are the corresponding chemical potentials. All fugacity values were determined using the Aspen Plus v.10 database.
The characteristic curve, , should be a positive monotonic decreasing function of  satisfying the two limits

where  is the fractional loading or pore volume filling and  is the specific pore volume of the adsorbent accessible to the adsorbate, taken to be equal to the corresponding value of  listed in Table 2.
Although  is usually approximated by , it is known that the force field exerted by a micropore compresses the adsorbed phase beyond that of a saturated liquid. Although this effect is small at temperatures well below the critical value, , of the adsorbate, it should be more pronounced as the temperature approaches , i.e.,

should be a monotonic decreasing function of  as the latter is increased up to the critical value.
In this work a more accurate estimate of  is obtained by calculating it in such a way that the expression
                                                                                   (10)
where  is the saturation capacity of the adsorbent, results in a temperature-independent  curve. This procedure, an example of which is shown in Fig. 6 for R-32 adsorption on AC2 (similar graphs for the other AC/F-gas combinations are included in Figs. S4 and S5 of Supporting Information), serves two purposes: (i) it produces a single, temperature-independent characteristic curve with minimum data scatter and (ii) corrects the limiting behavior of  so that it satisfies the condition  when  is equal to the specific pore volume, . In Figs. S4 and S5 of Supporting Information, which include similar graphs for the other AC/F-gas combinations, there are several cases where the effectiveness of the proposed procedure is striking.
It was found that for all studied solid-fluid systems  is very well approximated by a linear function

where  and  are constants specific of each AC/F-gas pair, or, alternatively,  can be fitted directly to an expression of the type

where  and  are fitting parameters. The values of , , and  (the latter obtained as a function of  from the NIST Chemistry Webbook42) are listed in Table S13 of the Supporting Information. The average value of  over all studied solid-fluid systems and temperatures is 0.89 with standard deviation of 0.08, which indicates that the adsorbed phases are slightly more compressed than the saturated, liquefied F-gases.
	Interestingly, it turns out that a graph of  as a function of the reduced pressure , obtained using the estimated values of , merges quite nicely in a single master curve the three experimental adsorption isotherms for each of the twelve AC/F-gas systems studied. Fig. 7 shows a representative example of such plot for R-32 adsorption on AC1 (similar graphs for the other AC/F-gas combinations are included in Figs. S6 and S7 of Supporting Information).
Single-component adsorption equilibrium data are commonly fitted to classical thermodynamic models for predicting multicomponent, competitive adsorption equilibria and for applying in model-based process design.47 One of the most often used models is that of Tóth,48 which is described by

where ,  an affinity constant (bar-1),  (mmol g-1 bar-1) the Henry constant, and  a dimensionless heterogeneity parameter. The temperature dependencies of the parameters  and  are usually defined as


where  is the value of the affinity constant at infinite temperature,  a measure of the isosteric heat of adsorption,  the value of the heterogeneity parameter at a reference temperature , and  the slope of the plot of  versus .
It is worth noting that the Tóth model is much more suitable for modeling supercritical rather than subcritical adsorption equilibria. Although the Tóth model returns a value of  for any arbitrarily large value of , for subcritical adsorption—as is the case here—it makes no sense to go above the saturation pressure, , of the adsorptive at the adsorption temperature. In fact, in this case the parameter  should be regarded as a fictitious saturation capacity that allows the model to satisfy the condition . For this condition to be met  must be defined as

and in this case the Tóth model can be expressed in the following dimensionless form that relates the fractional loading and the reduced pressure:

where . Given that the representations of  as a function of  for the studied AC/F-gas combinations result in (nearly) temperature-independent curves, eqn. 17 can be fitted directly to those data with just two temperature-independent parameters ( and )—this is quite convenient. 
Away from the critical temperature and not too high vapor pressures of the adsorptive, the temperature-dependence of  is given by the simplified form of the Clausius-Clapeyron equation

where  is the specific enthalpy of vaporization. Combining this expression with eqn. 14, it is concluded that the parameter  in eqn. 14 must be equal to  for  to be independent of temperature.
	Another useful single-component adsorption equilibrium model is the multi-site Langmuir model,41 which can be written as

where  is the contribution of sites (or pores) of type  to the overall Henry constant, , and  the corresponding Langmuir equilibrium constant. Since the model must satisfy the constraint , it is convenient to rearrange it in dimensionless form as follows

where the Henry constants have been replaced by the fractional site distributions, . In particular, for  the above expression reduces to the dual-site (or bi-)Langmuir model

This three-parameter model is the simplest of the series capable of describing the heterogeneity of an activated carbon, in which, for example,  and  characterize the contribution of the smaller pores and  and  that of the larger ones.
Under the ATP framework the experimental characteristic curve, , is commonly fitted to the Dubinin–Astakhov (D–A) equation.46,49,50
                                                                                                                                        (22)
where  and  are fitting parameters related to the characteristic energy for the given adsorbent and to the pore size distribution, respectively. However, we have found that the alternative approach of fitting  to a low-order polynomial expansion,49
                                                                                                          (23)
where the ’s are fitting parameters, usually describes better the experimental data.
To obtain the isosteric heat of adsorption, , for a given adsorption isotherm model, one uses the relationship , analogous to the well-known Clausius–Clapeyron equation for a one-component gas-liquid system. The result for the dimensionless Toth model defined by eqn. 17 is

where  and  are constants if the explored temperature range is not too wide. Since , eqn. 24 defines  as a monotonically increasing function of  limited between  and .
The isosteric heat of adsorption for the dimensionless dual-site Langmuir model, given by eqn. 21, is very well (though not exactly) approximated by

which is as a monotonically increasing function of  from  to .
Finally, for the APT model given by eqn. 6 the isosteric heat of adsorption is

where , which is slightly smaller than 1, can be taken as constant with very good approximation if the explored temperature range is not too wide. Although  appears explicitly in eqn. 26, it is worth noting that the latter expresses  as a function of  because , where  is the reduced pressure, and it was observed that  for the solid-fluid systems studied. According to eqn. 26, at low fractional loadings  is approximately given by , which is a monotonically decreasing function of  starting from the limiting value , whereas at high fractional loadings , which is an increasing function of . The overall result is that  will have a more or less convex shape.
	The dimensionless Tóth parameters that best fit the experimental adsorption data for each AC/F-gas pair are listed in Table S14 of Supporting Information and the corresponding fittings are plotted in Figs. 2–4 as dashed lines. The experimental adsorption data for each AC/F-gas pair were also successfully fitted to the dimensionless dual-site Langmuir model (the parameters are listed in Table S15 and the corresponding fittings plotted in Figs. S8 to S10 of Supporting information), as well as to the APT model in the form of eqn. 23 (Table S16 and Figs. S11-13 of Supporting Information). These models have been chosen because they correlate well adsorption equilibrium data at low and high pressures on heterogeneous adsorbents such as activated carbons. The good agreement between the fittings of the three different adsorption equilibrium models and the experimental adsorption data shows that these models describe well the thermodynamics of the studied AC/F-gas systems and are therefore suitable for use in modeling and simulation of adsorption-based separation processes. Additionally, it was observed that replacing the fractional site-distribution parameter, , for adsorption of F-gas  in a given AC, by a single adsorbate-independent parameter, , did not change the quality of the fitting but increased its robustness. Table S17 of Supporting Information lists the best-fit parameter values of this model for each of the twelve solid-fluid systems.
Overall, both Tóth’s and the dual-site Langmuir model fit equally well the experimental adsorption data; they are, however, slightly outperformed by the APT model when it is formulated in the form of eqn. 23.
Each adsorption isotherm (Figs. 2–4) exhibits the classical Type I behavior51 of gaseous adsorbates in microporous solids, with progressive pore filling due to the polydisperse PSD. At the highest pressures tested at 303.15K the adsorption capacity for R-32 is 9.48 mmol/g on Ecosorb, 9.32 mmol/g on BAC, 14.5 mmol/g on AC1, and 12.4 mmol/g on AC2. For R-134a in the same conditions, the adsorption capacity is 5.95 mmol/g on Ecosorb, 5.83 mmol/g on BAC, 9.26 mmol/g on AC1, and 8.36 mmol/g on AC2. For R-125 in the same conditions, the adsorption capacity is 5.23 mmol/g on Ecosorb, 5.67 mmol/g on BAC, 9.15 on AC1, and 7.72 mmol/g on AC2. The two noncommercial ACs (AC1 and AC2) have larger adsorption capacities at higher pressures, which is in accordance with their higher surface area and pore volume.
[bookmark: _Hlk29810725]All ACs have similar  values for each gas (see Fig. 5), with slightly larger values for R-125 and R-134a than for R-32, and all of them strongly correlated with the respective heats of vaporization. The isosteric heats of adsorptions calculated from the dimensionless Tóth, dimensionless dual-site Langmuir, and APT models are plotted and compared with the experimental calorimetric data in Figs. S14 and S15 of Supporting Information. The predicted  values are in fairly good qualitative—if not quantitative—agreement with the measurements, but far from the fine quality by which the equilibrium loadings are described by the same thermodynamic models. In accordance with the observations on the fittings of the adsorption measurements, the APT model seems to describe the measured  data better than the other two models. This is not surprising, given that the APT model is the only one of the three capable of describing the monotonically decreasing or concave shapes of the experimental  curves.
In order to evaluate the adsorption capacities of each AC, the adsorption isotherms of R-32, R-125, and R-134a at 303.15 K on the four ACs were compared (Supporting information, Fig. S16). At the highest pressures, R-32 is the most adsorbed F-gas on all ACs, followed by R-134a, and then by R-125. This results from the adsorption of a vapor close to conditions of complete pore filling being governed by the entropy of its liquid-like adsorbed phase and, therefore, the saturation capacity, , being approximately inversely proportional to the molar volume, , of the condensed adsorptive at the adsorption temperature, due to the dependence of  on . This is indeed the case given than the ordering of the ’s is .
Since the four ACs have different PSDs, the experimental adsorption data were interpreted taking the specific surface area and pore volume of each AC (listed in Table 2) into account. Fig. S17 of Supporting information compares the experimental adsorption equilibria of R-134a at 323.15 K on the different ACs, expressed as the amount adsorbed per unit weight of solid (mmol/g), unit surface area of solid (mmol/m2), and unit pore volume of solid (mmol/cm3). On a weight basis, the noncommercial AC1 carbon has much higher adsorption capacity at higher pressures than the commercial BAC and Ecosorb carbons, followed by AC2. However, when the results are compared per unit surface area or unit pore volume of solid, the performance difference between the carbons clearly decreases, as expected. The best results, obtained at high pressures, for AC1 and AC2 are due to their larger porous volumes, which lead to a higher adsorption capacity. Similar observations can be made for the other AC/F-gas pairs at 298.15 K, 303.15 K, and 323.15 K (data not shown).
On the other hand, in the low-pressure region the free energy of the AC/F-gas system is totally governed by enthalpic effects, as the Henry constant is solely a function of the solid-fluid interaction potential. The latter is a strong function of pore width, decreasing with increasing pore size in the micropore range and then levelling off at the value for the interaction with a single flat carbon wall. Additionally, the contribution of a given pore width to the total amount adsorbed in the low-pressure region will be proportional to the contribution of that pore size to the specific surface area of the solid. Hence, the importance of the PSD for analysis of the low-pressure F-gas adsorption data on the ACs. Indeed, such an analysis shows that the AC with larger pores in the micropore range (AC2) has lower adsorption capacity in the low-pressure region than the other ACs with smaller pore sizes.
Generalization of the Results
The APT has two attributes especially useful for predicting single-component adsorption equilibrium from a limited set of experimental measurements. The first one, which has been amply demonstrated above, is that according to the theory the characteristic curve is temperature independent. Therefore, only adsorption equilibrium measurements at one temperature are necessary to obtain the characteristic curve, and this is sufficient to describe the adsorption at all temperatures for the same gas-solid system. The second feature, despite being of more limited applicability, is also very useful: in many cases the theory can be generalized if an adsorbate-dependent affinity coefficient, , is used as a shifting factor to bring the characteristic curves of all gases on the same adsorbent into a single curve. This has been observed to hold for a series of systems32,37,52 and it is demonstrated here that it can also be generalized with excellent accuracy to the twelve solid-fluid systems studied.
Introducing an adsorbate-dependent affinity coefficient, , as a scaling factor of the adsorption potential for the ith F-gas leads to

where  is a function supposed to be adsorbate independent. Following previous work,53-54 the affinity coefficient is assumed to be a power function of the molecular parachor,  (a measure of molecular volume), that is

where  is the most suggested exponent. Following the usual convention of setting  for benzene , the previous equation takes the form . In the present work  is approximated by the simple formula ,34 where  is the critical volume (taken from the NIST Chemistry Webbook42).
The APT was successfully applied to the adsorption equilibrium data of R-32, R-125, and R-134a on the four ACs, to obtain a single temperature-independent characteristic curve for each solid-fluid system. Moreover, by employing the β coefficient it was possible to collapse the characteristic curves of the different F-gases on the same AC into a single characteristic curve (Fig. 8). It should be highlighted that these characteristic curves were generated without any fitting of the  parameters—they are among the multi-adsorbate characteristic curves with the lowest data dispersion reported in the literature since Dubinin's pioneering work in the mid-1940s.55 These characteristic curves were fitted to eqn. 23 with very good precision (Fig.8); the fitted parameters are listed in Table S16 of Supporting Information.
Prediction of mixed-Gas Adsorption using the Ideal Adsorption Solution Theory
Near azeotropic mixtures of F-gases, such as the commercial refrigerants R-410A and R-407F, are not easily separated into their individual components by distillation. The selectivity of an adsorbent towards one component from a gas mixture is critical to develop highly efficient adsorbent-based gas separation processes.
[bookmark: _Hlk22900495]From the fittings of the Tóth model to the single-component adsorption equilibrium data of the three F-gases, the Ideal Adsorption Solution theory (IAST)56 was used to predict the multicomponent adsorption equilibrium of R-410A (R-32/R-125, 50/50 wt%) and R-410F (R-32/R-125/R-134a, 30/30/40 wt%), and also the mole-fraction composition of their adsorbed phases. It should be noted that a similar procedure based on the fittings of the dual-site Langmuir or APT models could very well have been adopted — the choice of Tóth’s model was a simple matter of convenience.
Although the IAST is well explained elsewhere,56,57 it is worth noting that for multicomponent adsorption of a condensable vapor the hypothetical single-component fugacity, , of the ith component of the mixture that gives the same spreading pressure, , on the surface of the adsorbent as those of all other components should be computed as

where  and  are the single-component adsorption isotherm and saturation capacity at temperature , respectively, and  the vapor pressure of the pure component at the same temperature. This correction is due to the fact that if the hypothetical single-component pressure  exceeds  (or the corresponding hypothetical pure-component fugacity  exceeds ), the adsorbed quantity should remain equal to .
The adsorption equilibria of R-410A and R-407F in the four ACs at 303.15 K were simulated for a pressure range between 0.01 and 0.8 MPa. The equilibrium mole fractions of the gas phase () correspond to the bulk compositions of the two commercial F-gases ( and  for R-410A, and , , and  for R-407F). The results are plotted in Fig. S18 and shown in Tables S18 and S19 of Supporting Information. Obviously, the isothermal adsorption of both gas mixtures increases with increasing pressure. The highest R-410A adsorption capacities were obtained for AC1 while the lowest adsorption capacities at the highest pressures were obtained for BAC and Ecosorb.
Simulations at four different total pressures (0.05, 0.1, 0.3, and 0.5 MPa) and varying the gas-phase equilibrium molar fractions were also performed for R-410A. The IAST predictions of the amounts of R-410A and its two components (R-32, R-125) adsorbed on the four ACs were performed as a function of  (Figs. S19–S22 and Tables S20–S23 of Supporting Information). As expected, the R-125 amount adsorbed decreases while the R-32 amount adsorbed increases when  is increased. Moreover, the equilibrium mole fraction of R-32 at which equal amounts of the two gases are adsorbed is always higher than 0.5 for all ACs, decreasing when the total pressure increases. This behavior indicates that the four ACs are more selective for R-125 than for R-32 and that this selectivity decreases with increasing pressure.
Selectivity of the ACs for F-gases in Binary and Ternary Mixtures
If the amount of free, unadsorbed gas in the pore volume of the adsorbent is negligible compared to the amount adsorbed, which is the case for the solid-fluid systems under consideration, the selectivity, , of the solid for gas i over gas j is defined as

where  and  are the mole fractions of i and j in the adsorbed phase, respectively, and  and  the mole fractions of i and j in the gas phase at equilibrium, respectively.
Using the IAST results, the selectivity, , of each carbon for R-125 () over R-32 () of the commercial refrigerant R-410A was determined. Therefore, if , R-125 is preferentially adsorbed, but if , R-32 is preferentially adsorbed. In Fig. S23 of Supporting Information  is plotted as a function of  for each activated carbon at 303.15 K. All ACs are more selective to R-125 than to R-32 at all tested pressures, and  increases at lower pressures. Moreover, at a given fixed pressure,  increases with increasing  for all carbons. The value of  was also determined as a function of pressure for the equilibrium gas-phase composition corresponding to that of bulk R-410A (Fig. 9). The results reinforce the observation that all ACs are selective to R-125, with the noncommercial ACs, AC1 and AC2, presenting the best selectivities. Although all ACs were selective to R-125 at all tested pressures, the highest  values were obtained at the lowest pressures.
In the case of the R-407F ternary mixture, the selectivities to R-134a () over R-125 () and R-32 (),  and , and to R-125 over R-32,  were determined as a function of pressure at 303.15 K for the equilibrium gas-phase composition of the bulk R-407F (Fig. 10). All ACs are more selective to R-125 or R-134a than to R-32 and more selective to R-134a than to R-125. The highest selectivities were obtained for BAC ( and ) and Ecosorb (). In general, all ACs are more selective to R-134a and R-125 than to R-32 and their selectivity is favored at lower pressures.
CONCLUSIONS
In the present work, the adsorption equilibrium of three of the most used F-gases in refrigeration was studied in four different types of activated carbon. The isosteric heats of adsorption were determined for each AC/F-gas. The adsorption data were successfully correlated with the Tóth, dual-site Langmuir, and APT models. The adsorption data of the three F-gases in each AC were successfully collapsed into a single temperature-independent characteristic curve. The experimental results show that the noncommercial activated carbons AC1 and AC2 have the highest adsorption capacities for the three pure F-gases studied at the highest pressures tested. Moreover, R-32 is the most adsorbed F-gas in all ACs.
Using the Ideal Adsorption Solution theory (IAST), the adsorption of two commercial gaseous refrigerant mixtures R-410A and R-407F was predicted at four different pressures and at different equilibrium gas compositions. The selectivity to each component of the mixtures was determined for the four activated carbons. All ACs are selective to R-125 in the R-410A commercial refrigerant, specially at low pressures, with one of the noncommercial ACs yielding the best selectivity. Additionally, all ACs are more selective to R-125 and R-134a than R-32 in the R407-F commercial refrigerant, with the commercial ACs presenting the best selectivities, specially at low pressures.
This work provides important insights into the fundamental understanding of the performance of different activated carbons for the capture and separation of F-gases from binary mixtures, such as the commercial refrigerant R-410A, and ternary mixtures, such as refrigerant R-407F. The use of activated carbons with different porous characteristics allows the selective adsorption of different F-gases from different F-gas mixtures. This information is of vital importance to understand which properties control the adsorption capacity of these materials. With this knowledge, the best material can be selected for application in the design and scale-up of a given separation process.
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Table 1. Chemical structures and properties of the fluorinated gases studied in this work. The vapor pressure, , at 303.15 K is reported in MPa, the critical volume, , in cm3/mol, and the critical temperature, , in K.

	Gas
	Chemical structure
	
	
	

	R-32 (Difluoromethane)
	[image: ]
	1.93
	120.8
	351.26

	R-125 (Pentafluoroethane)
	[image: ]
	1.57
	211.3
	339.17

	R-134a (1,1,1,2-Tetrafluoroethane)
	[image: ]
	0.77
	198.8
	374.21




	Table 2. BET surface area,  (m2/g), and specific pore volume,  (cm3/g), of the ACs.

	
	EcoSorb
	BAC
	AC1
	AC2

	
	1100
	1250
	1695
	1280

	 
	0.52
	0.49
	0.76
	0.68
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Figure 1. Pore size distribution of AC1 (green triangles), AC2 (pink diamonds), BAC (blue circles), and Ecosorb (red squares), determined by deconvolution of the N2 adsorption isotherm at 77 K using standard methods based on the Non-Localized Density Functional theory (NLDFT).
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Figure 2. Adsorption equilibrium isotherms of R-32 on AC1 (green triangles), AC2 (pink diamonds), BAC (blue circles), and Ecosorb (red squares), at 283.15 K (A, B), 303.15 K (C, D), and 323.15 K (E, F). The dashed lines represent the data fittings with the dimensionless form of Tóth’s model (eqn. 17). The right-hand-side plots use a logarithmic pressure scale.
[image: ]
Figure 3. Adsorption equilibrium isotherms of R-125 on AC1 (green triangles), AC2 (pink diamonds), BAC (blue circles), and Ecosorb (red squares), at 283.15 K (A, B), 303.15 K (C, D), and 323.15 K (E, F). The dashed lines represent the fittings with the dimensionless form of Tóth’s model (eqn. 17). The right-hand-side plots use a logarithmic pressure scale.
[image: ]
Figure 4. Adsorption equilibrium isotherms of R-134a on AC1 (green triangles), AC2 (pink diamonds), BAC (blue circles), and Ecosorb (red squares), at 283.15 K (A, B), 303.15 K (C, D), and 323.15 K (E, F). The dashed lines represent the fittings with the dimensionless form of Tóth’s model (eqn. 17). The right-hand-side plots use a logarithmic pressure scale.
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Figure 5. Isosteric heats of adsorption of R-32 (A), R-125 (B), and R-134a (C) at 323.15 K on AC1 (green triangles), AC2 (pink diamonds), BAC (blue circles), and Ecosorb (red squares).
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[bookmark: _Hlk29479301]Figure 6. Determination of  for R-32 adsorption on AC2. The molar volume of the adsorbed phase, , is such that a plot of  as a function of  produces a single characteristic curve with minimum data scatter that satisfies the condition  when  is equal to the specific pore volume, . Data are represented for 283.15 K (red circles), 303.15 K (blue triangles), and 323.15 K (green squares). Data obtained with  are shown as empty symbols on the right-hand-side vertical axis, which is shifted upwards by 0.4 units for better visualization. Data obtained with a corrected value of α are shown as full symbols.
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[bookmark: _Hlk29479370]Figure 7.  Fractional loading or pore volume filling, , as a function of reduced pressure, , for R-32 adsorption on AC1 at 283.15 K (red circles), 303.15 K (blue triangles), and 323.15 K (green squares).
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Figure 8. Characteristic curves obtained by superimposing the experimental adsorption data of R-32, R-125, and R-134a at 283.15 K, 303.15 K and 323.15 K on AC1 (A, B), AC2 (C, D), BAC (E, F), and Ecosorb (G, H) into a single temperature-independent curve. The characteristic curves were fitted to eqn. 23 (represented as dashed lines). The right-hand-side plots use a logarithmic scale of fractional volume filling.
[image: ]

Figure 9. Selectivity of AC1, AC2, BAC, and Ecosorb to R-125 over R-32 as function of pressure at 303.15 K, for the equilibrium gas phase composition of bulk the R-410A mixture ( and ).
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Figure 10. Selectivities of AC1, AC2, BAC, and Ecosorb activated carbons to: R-125 over R-32 (A); R-134a over R-32 (B); and R-134a over R-125 (C), for the commercial R-407F gas mixture (, , and ), as a function of pressure at 303.15 K. For a better visualization, the inset on each graph shows a zoomed-in view of the curves for the lowest values of the selectivity.
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