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Introduction

Determining the solubility of compounds in supercritical fluids (SCF) is of primary importance to understand and control SCF-assisted processes such as extraction, separation or impregnation. Up to now, most of the studies that have been reported focused on the solubility of a single compound in SCF (binary systems), and particularly in supercritical carbon dioxide (scCO2), under different conditions of pressure and temperature. A large set of solubility data is also available on systems that involve a compound, scCO2 and a co-solvent such as acetone, methanol, ethanol, with the purpose to enhance compound solubility in the CO2 phase. In contrast, much less works have been published on the solubility of multicomponent systems (i.e. mixture of compounds) in scCO2 [START_REF] Lucien | Solubilities of mixed hydroxybenzoic acid isomers in supercritical carbon dioxide[END_REF][START_REF] Huang | Ternary solubility of mixed cholesteryl esters in supercritical carbon dioxide[END_REF][START_REF] Hosseini | Effect of menthol as solid cosolvent on the solubility enhancement of clozapine and lamorigine in supercritical CO2[END_REF][START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF][START_REF] Tian | Solubility of mixed solids in supercritical carbon dioxide[END_REF].

However, many scCO2-assisted processes involve multicomponent systems instead of a single molecule and would benefit from solubility data on mixture of compounds. For example, the extraction process leads to the removal of few up to hundreds of compounds from plants [START_REF] Fornari | Isolation of essential oil from different plants and herbs by supercritical fluid extraction[END_REF]. On the other side, the emerging trend in scCO2-assisted impregnation is to load natural multicomponent extract in polymeric matrix to obtain functional products that exhibits the bioactivity of this extract, which is generally higher than the one of a single compound.

The solubility of a compound in scCO2 in presence of other compounds (multicomponent systems) generally differ from the one in the binary systems (compound/scCO2). A solubility enhancement is frequently observed, due to the co-solute effect that is similar to the cosolvent effect. In that case, the co-solute increases the affinity of the compound for the CO2 phase, due to strong molecular interactions such as hydrogen bonding between the compounds in scCO2 [START_REF] Zhu | Determination and modelling of solubility of o-aminobenzamide and its mixture with o-nitrobenzoic acid in supercritical carbon dioxide[END_REF][START_REF] Lucien | Influence of matrix composition on the ternary solubility of hydroxybenzoic acid isomers in supercritical carbon dioxide[END_REF][START_REF] Ting | Solubility of Naproxen in Supercritical Carbon Dioxide with and without Cosolvents[END_REF], and the solubility enhancement is frequently more pronounced for the less soluble compound [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF]. In contrast, other ternary systems exhibit a lower solubility of one compound than in the binary system, such as for capsaicin solubilized in presence of β-carotene at 308.15 K [START_REF] Macnaughton | Solubility of DDT and 2,4-D in Supercritical Carbon Dioxide and Supercritical Carbon Dioxide Saturated with Water[END_REF][START_REF] Zúñiga-Moreno | Solubility of Β-carotene and co-solutes in supercritical carbon dioxide for ternary systems: Experimental data and correlation[END_REF], or of both compounds [START_REF] Kurnik | Solubility of solid mixtures in supercritical fluids[END_REF][START_REF] Cross | Single-Component and Mixture Solubilities of Hexachlorobenzene and Pentachlorophenol in Supercritical Carbon Dioxide[END_REF] like in the cholesteryl butyrate-cholesteryl benzoate-scCO2 system [START_REF] Huang | Ternary solubility of mixed cholesteryl esters in supercritical carbon dioxide[END_REF].

In their extensive review on the solubility of multicomponents systems in scCO2, [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF] highlighted the importance of knowing the state of the compounds in the experimental conditions to interpret the phase equilibria. For example, liquids have higher vapor pressure than solids, and hence, higher solubility is expected. In systems where one compound is liquid and the other is solid, a co-solute effect may be observed due to solubility enhancement provoked by the liquid solute on the solid one. Moreover, the formation of eutectic solution between the two compounds also impacts their vapor pressures and their solubility [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF].

In a previous study, we have investigated the impregnation of mixture of two compounds in two polymers, poly(L-lactic acid) (PLLA) and polyethylene, to identify specific phenomena involved in simultaneous impregnation [START_REF] Coutinho | Synergistic effects in the simultaneous supercritical CO2 impregnation of two compounds into poly(L-lactic acid) and polyethylene[END_REF]. Two set of conditions were studied ({333.2 K; 9 MPa} and {353.2 K; 30 MPa}). Three different mixtures of two compounds were impregnated, comprised of the selected compounds: aspirin, ketoprofen, and R-(-)-carvone. Aspirin and ketoprofen are two anti-inflammatory drugs that are solid at ambient conditions [START_REF] Kantor | Ketoprofen: A Review of Its Pharmacologic and Clinical Properties[END_REF][START_REF] Vane | Mechanism of Action of Nonsteroidal Antiinflammatory Drugs[END_REF] , and carvone is a liquid antimicrobial and insecticidal agent [17]. Moreover, these molecules have different chemical structures, molar mass, and physical states in the range of studied conditions [START_REF] Coutinho | Synergistic effects in the simultaneous supercritical CO2 impregnation of two compounds into poly(L-lactic acid) and polyethylene[END_REF][START_REF] Champeau | Drug Loading of Sutures by Supercritical CO2 Impregnation: Effect of Polymer/Drug Interactions and Thermal Transitions[END_REF]. In the case of two mixtures (aspirin/ketoprofen and ketoprofen/carvone), we observed a higher impregnation of the compounds in PLLA compared with the sum of the impregnation yield of the single compounds, that we explained by polymer plasticization [START_REF] Coutinho | Synergistic effects in the simultaneous supercritical CO2 impregnation of two compounds into poly(L-lactic acid) and polyethylene[END_REF]. However, to a complete understanding, it is necessary to characterize the solubility of these multicomponent systems in the scCO2 phase.

In this work, the solubility measurements of the binary, ternary and quaternary systems composed of aspirin, ketoprofen, and R-(-)-carvone in scCO2 have been performed at 333.2 K and pressures from 9 to 11 MPa; and at 353.2 K and pressure from 13 to 30 MPa using a set-up coupling a Fourier-transform infrared (FTIR) spectrophotometer and a high-pressure cell. First, the solubility of the drugs in the binary systems were compared to the literature to validate the methodology.

Then, their solubility in the ternary and quaternary systems were investigated and compared to the binary. In order to explain the results, the physical state of the compounds in the mixture was assessed using Differential Scanning Calorimetry, Optical Microscopy, and a home-made system coupling an Attenuated Total Reflectance-FTIR and a high-pressure cell to observe the melting of the solid compounds under the conditions of interest.

Materials and Methods

Materials

Carbon dioxide (purity 99.985 %) was purchased from Air Liquide (FR). Acetylsalicylic Acid i.e. Aspirin (purity ≥ 99.0 %, m.w. 180.2 g•mol -1 ), R-ketoprofen (purity ≥98.0 %, m.w. 254.3 g•mol -1 ) and R-(-)-carvone (purity ≥ 98.0 %, m.w. 150.2 g•mol -1 ) were purchased from Sigma-Aldrich (Barueri, SP, BR). R-(-)-carvone was used as received and aspirin and ketoprofen were macerated in order to reduce particle size and facilitate their solubilization in scCO2. The chemical structures of the compounds are presented in Figure 1 and the information for each chemical are given in Table 1. 

Experimental Infrared set-up to measure the solubility in scCO2

The solubility of each compound in the binary (one compound/CO2), ternary systems (two compounds/CO2) and quaternary systems (three compounds/CO2) were measured using a set-up previously described [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF]. Briefly, FTIR measurements were performed on a ThermoOptek Nicolet 6700 FTIR spectrometer to investigate the 400-4000 cm -1 spectral range. A spectrum with a 4 cm -1 resolution was obtained after the Fourier transformation of 32 accumulated interferograms. The experiments were performed using a homemade stainless-steel cell (internal volume 4.1 mL) equipped with two silicon windows and a variable path length (between 0.48 and 0.077 cm). Kapton® flat-rings were used to ensure the seal between the plug and the cell body.

The cell was heated using four cartridge heaters and a thermocouple was used for temperature regulation. A stirrer bar was placed at the bottom of the cell to ensure a homogeneous and gentle mix. The cell was connected via a stainless-steel capillary tube to a hydraulic pressurizing system that allows the pressure to be raised up to 35 MPa.

Then, the experimental procedure was the following. A determined amount of compound was disposed in a crucible at the bottom of the cell i.e. 30 mg of aspirin and ketoprofen, and 50 µL of carvone to measure the solubility of the compound in the binary systems. The mixtures of aspirin/ketoprofen were homogenized using a mortar and pestle. The mixtures containing carvone were mixed using a magnetic stirrer during 10 min. The mixtures for solubility measurements were prepared with the following mass ratio: aspirin/ketoprofen 1:1; aspirin/carvone 3:4; ketoprofen/carvone 3:4; and aspirin/ketoprofen/carvone was prepared with a mass ratio of 3:3:4.

In these systems, aspirin and ketoprofen were in excess. The powder or liquid was well below the incoming infrared beam such that the CO2 phase can be analyzed. Then, the cell was heated up to the desired temperature. CO2 was slowly added to reach the required pressure and to avoid any spread of compound inside the cell. The system was kept under isobaric and isothermal conditions for a period between 10 min and 2 h. The stabilisation of the operating conditions was controlled by recording several consecutive spectra. The equilibrium was reached when no changes of the spectral bands were noticed. The experiments were performed at 333.2 K in the pressure range 5-

11 MPa and at 353.2 K in a pressure range from 13 to 30 MPa.

Infrared absorption spectra: Data processing

The infrared spectra of the binary, ternary and quaternary systems were obtained. To calculate the compounds solubility in scCO2, the Beer-Lambert law was applied. First, the compound concentration (𝐶 𝐴𝑃𝐼,𝑖 ) in scCO2 was calculated for each condition of pressure and temperature, from different characteristic peaks i determined for each compound:

𝐶 𝑖 = 𝐴 𝑖 𝜀 𝑖 ⋅𝑙 (1) 
Where 𝐴 𝑖 is the absorbance of the selected peak, 𝜀 𝑖 is the molar extinction coefficient of the peak (L.mol -1 .cm -1 ) and l the path length (cm). Then, the solubility of the compound 𝑦 in mole fraction was calculated using equation 2 for each condition (P, T), for comparison with the literature data.

The concentration of CO2 was found in the literature [START_REF]Thermophysical Properties of Carbon dioxide[END_REF].

𝑦 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 = 𝐶 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐶 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 +𝐶 𝑐𝑜 2 (2) 
The FTIR spectrum of each compound displayed several absorption peaks. For the calculations in equation (1), the selected peaks were chosen to neither saturate nor have a weak intensity.

Moreover, we selected peaks that are not related to the compound speciation, since the speciation evolve with temperature and pressure, as reported elsewhere [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF]. For the experiments involving ternary and quaternary systems, we selected characteristic peaks for each molecule that did not overlap peaks of the others; their position and the baseline used for absorbance measurement are reported in Table 2. From 1629 to 1662 cm -1 Ketoprofen Aspirin + Ketoprofen *In the quaternary systems, all the peaks of ketoprofen overlap peaks of the other compounds, and thus the quantification was impossible.

For aspirin and ketoprofen, the molar extinction coefficients have been taken from our previous work [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF]. For carvone, the molar extinction coefficients were determined for different characteristic peaks, in conditions in which 100% of the carvone was dissolved in scCO2 as verified by the fact that the absorbance of the characteristic peaks did not rise with an increase of pressure or temperature, and the results are presented in Supplementary Information a. The reported data are the average of at least two replicates.

The experimental precision of our methodology for solubility measurements of ketoprofen and aspirin in scCO2 has been evaluated in detail in a previous study performed with the same set-up [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF]. From this study, we have calibrated our results by comparing our data with literature data obtained either by a dynamic approach or by the cloud point technique. A relative error of about ±5% on the solubility data was evaluated using our set-up and data processing considering that it could come from different source of errors (baseline correction, molar extinction coefficient calibration, signal to noise ratio, spectrometer stability). In the present study, we verified the same relative error of 5% for ketoprofen and aspirin. Such evaluation of relative error of solubility experiments for ternary and quaternary systems are not possible as no data are reported in the literature, and as found in this article, it is not possible to approximate that the solubility of each compound is the same in binary, ternary and quaternary systems. Therefore, we have assumed that the extinction coefficient of a characteristic peak use for the determination of the solubility of a compound in binary mixtures is the same for ternary and quaternary systems. It is expected to be a good approximation as the selected peaks are not sensitive to specific molecular interaction and to the variation of the temperature and the pressure in the binary systems. Therefore, the precision of our methodology is expected to be similar to that estimated for binary systems.

Solubility enhancement calculation

To compare the solubility of the drugs in the binary, ternary or quaternary systems, the solubility enhancement (𝑆𝐸 𝐴𝑃𝐼 ) parameter was defined:

𝑆𝐸(%) = 𝑦 𝑚 -𝑦 𝑏 𝑦 𝑏 • 100 (3)
Where 𝑦 𝑚 and 𝑦 𝑏 are the mole fractions of the compound in the vapor phase for the ternary (or quaternary) mixture and in the binary, respectively.

Thermal analyses

Mixtures of compounds were prepared in different proportions by weighting the proper amounts of each compound using an analytic balance (Marte, Shimadzu, model AY-220, precision 10 -4 g).

Mixtures containing both aspirin and ketoprofen were homogenized using a mortar and pestle. The mixtures containing carvone were mixed using a magnetic stirrer for at least 6 h. The solidus and liquidus lines were determined by differential scanning calorimetry (DSC) for pure aspirin, pure ketoprofen, binary mixtures and ternary mixtures. Carvone being liquid, it was not analyzed alone (no thermal event would be observed on DSC curves). The instrument Q200 from TA Instruments was used. 10 to 15 mg of the mixture were sealed in an aluminum pan and the thermograms of the first heating cycle were obtained heating up the pans from 25 ºC to 160 ºC with a heating rate of 10 ºC•min -1 , in a nitrogen atmosphere with a purge flow rate of 50 mL•min -1 . The samples were then cooled up with a rate of 10 ºC•min -1 to -20 ºC and held at this temperature for 5 min and heated up again to 160 ºC with a heating rate of 10 ºC•min -1 .

The onset of the melting peak was determined.

Optical microscopy

The mixtures of two compounds were deposited on a microscope slide. Optical characterization was performed at ambient conditions by optical microscopy, using a metallographic microscope (Axiophot Zeiss, Oberkochen, Germany) coupled with an image analyzer.

Experimental Infrared set-up to evaluate the melting temperature of aspirin/ketoprofen mixture in scCO2

Attenuated total reflection-FTIR (ATR-FTIR) spectroscopic measurements were performed using a home-made Si ATR accessory suitable for high temperatures (up to 373.15 K) and high pressures (up to 10 MPa) coupled with a ThermoOptek interferometer (type 6700) equipped with a globar source, a KBr/Ge beam splitter and a DTGS (Deuterated TriGlycine Sulphate) detector. The spectra were recorded in the 4000-400 cm -1 spectral range using a resolution of 4 cm -1 and averaging 50 scans to improve the signal to noise ratio. The solid compounds were disposed on a Si crystal and a stainless steel cell with a volume of about 3 mL was screwed above the Si crystal providing one port for the inlet of CO2. The ATR cell was heated using cartridge heaters disposed in the periphery of its body. A thermocouple was used and located close to a cartridge heater for the temperature regulation with an accuracy of about 1 °C. The cell was connected directly to the CO2 tank allowing the pressure to be raised up to 10 MPa. First, a spectrum at ambient conditions was recorded. Then, the cell was slightly pressurized at 0.7 MPa to check hermiticity of the cell.

Then, the cell was heated up to 353.2 K and several spectra were recorded during the heating ramp.

Once at 353.2K, carbon dioxide was injected until the desired pressure.

Results and discussions

Solubility of single compound in scCO2: binary systems

First, the solubility of the single compounds in scCO2 was determined to validate the experimental methodology. The measurements for aspirin and ketoprofen were repeated from our previous study for the sake of comparison with binary and ternary mixtures [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF], and to identify their characteristic peaks that could be used for quantification purpose. The evolution of the infrared spectra of aspirin, ketoprofen, and carvone in the spectral ranges of interest are reported in Figure 2. In particular, we observed the characteristic peaks of the 𝜈 𝐶=𝑂 stretching mode of the carboxyl groups of aspirin and ketoprofen in their monomeric (1750 and 1762 cm -1 , respectively) and cyclic dimeric (1706 and 1716 cm -1 , respectively) form. Since the ratio between monomeric and dimeric forms evolves with pressure and temperature [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF][START_REF] Park | Solvent Effects on the Self-Association of Formic Acid in Carbon Dioxide and Ethane[END_REF], these peaks were not selected for quantification purpose.

The spectrum of aspirin exhibits the 𝜈 𝐶=𝑂 stretching mode of the ester centred at 1780 cm -1 , and two peaks attributed to 𝜈 𝐶=𝐶 of the phenyl group at 1610 and 1585 cm -1 . The spectrum of ketoprofen shows the 𝜈 𝐶=𝑂 stretching mode of the ketone at 1672 cm -1 , as well as two bands of the 𝜈 𝑐=𝑐 of the phenyl group at 1601 and 1585 cm -1 . For carvone, since the peak of ketone saturated (1691 cm -1 ), three other peaks were selected, being centred at 2896 cm -1 (𝜈 C-H ), at 1647 cm -1 (𝜈 𝐶=𝐶 ), and at 1247 cm -1 (𝜈 𝐶=𝐶 ).

The solubility of the compounds in the binary systems were calculated at 333.2 K in the pressure range 5-11 MPa and at 353.2 K in a pressure range from 13 to 30 MPa. For each solute, the results obtained from each selected peaks are reported in Figure 3.

The solubility of aspirin, ketoprofen, and carvone increases with the pressure under isothermal conditions due to the increase of CO2 density and, hence, to the increase in the solvating power [START_REF] Skerget | Solubility of Solids in Sub-and Supercritical Fluids: a Review[END_REF]. At 333.2 K in the pressure range 5 to 11 MPa, solubility of ketoprofen is below the detection limit (10 -5 mole fraction), whereas the solubility of aspirin and carvone ranges from 0.3 to 1.9• 10 -5 , and 16.4 to 425.9 • 10 -5 , respectively. At 353.2 K, the results obtained from all peaks of aspirin and for the peak of ketoprofen centred at 1672 cm -1 are in good agreement with our previous study performed with the same set-up [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF], confirming the reproducibility of the measurements. To the best of our knowledge, no other studies have investigated the solubility of these two compounds at this temperature. The solubility of aspirin varies between 4.6 to 92.7 • 10 -5 at 353.2 K, and the solubility of ketoprofen ranges from 5.7 to 60.4 • 10 -5 . The influence of temperature on the solubility of aspirin and ketoprofen is difficult to evaluate, since the data were obtained at different pressures at 333.2 and 353.2 K. At isobaric conditions, the temperature is known to favour the solubility of a compound above its crossover pressure since the vapour pressure prevails against the decrease of the CO2 density. The crossover pressure of aspirin and ketoprofen have been evaluated to be c.a. 15 MPa [START_REF] Champeau | Drug Loading of Sutures by Supercritical CO2 Impregnation: Effect of Polymer/Drug Interactions and Thermal Transitions[END_REF] and 17 MPa [START_REF] Champeau | Solubility and Speciation of Ketoprofen and Aspirin in Supercritical CO2 by Infrared Spectroscopy[END_REF] [START_REF] Macnaughton | Solubility of anti-inflammatory, anti-cancer, and anti-HIV drugs in supercritical carbon dioxide[END_REF], respectively.

Carvone solubility increases drastically with the pressure at 333.2 K, and continues to increases at The solubility determined from the peak centred at 1647 and 1247 cm -1 were similar, whereas the peak at 2896 cm -1 led to higher values. In Figure 3 Our experimental results are two to three-fold higher than those from Goñi et al. The discrepancy could be a result of the experimental techniques. In their study, Kim and Hong used dynamic extraction whereas our work explored the solubility in static conditions [START_REF] Goñi | The Journal of Supercritical Fluids Carvone-loaded LDPE fi lms for active packaging : E ff ect of supercritical CO 2 -assisted impregnation on loading , mechanical and transport properties of the fi lms[END_REF]. Moreover, few experimental data were used for the model used to predict carvone solubility at 333.2 K [START_REF] Goñi | The Journal of Supercritical Fluids Carvone-loaded LDPE fi lms for active packaging : E ff ect of supercritical CO 2 -assisted impregnation on loading , mechanical and transport properties of the fi lms[END_REF].

Finally, no experimental data at 333.2 and 353.2 K have been reported in the literature, thus the present set of data is new.

The higher solubility of carvone compared to those of ketoprofen and aspirin can be explained by its higher vapour pressure and lower molecular weight (Table 1) [START_REF] Skerget | Solubility of Solids in Sub-and Supercritical Fluids: a Review[END_REF][START_REF] Ghaziaskar | Quaternary solubility of acetic acid, diacetin and triacetin in supercritical carbon dioxide[END_REF].

The RSD% (relative standard deviation) on the compound concentration of about 0.05 using our setup and data processing, reflecting the good repeatability of the experimental data. 

Solubility of mixtures of compounds in scCO2: ternary and quaternary systems

The peaks selected to investigate the solubility of each compound in the ternary and quaternary systems are reported in Table 2. The FTIR spectra of the compounds solubilized in scCO2 in the ternary and quaternary systems are reported in Supplementary Information c. Numerical values are reported in Tables 345. For all the compounds in the ternary and quaternary systems, the effect of pressure and temperature on the solubility is similar to the one observed in the binary systems [START_REF] Lucien | Solubilities of mixed hydroxybenzoic acid isomers in supercritical carbon dioxide[END_REF][START_REF] Hosseini | Effect of menthol as solid cosolvent on the solubility enhancement of clozapine and lamorigine in supercritical CO2[END_REF]. The solubility enhancement (SE) for each compound in the ternary and quaternary systems are represented in Figure 5. A positive value of SE represents an increase of the solubility of the compound in comparison with the binary system, whereas a negative value means a lower solubility.

Knowing the physical state of the compounds in the studied experimental conditions is essential to interpret the solubility and phase equilibria of the different systems [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF]. Thus, to complement the solubility data, the presence of solid and liquid phases in the mixtures were analyzed by optical microscopy. The thermal behavior of the mixtures that contained a solid, i.e. aspirin/ketoprofen and aspirin/ketoprofen/carvone mixtures, was assessed by DSC measurements. a : For this condition, the solubility was only calculated from the data of the peak centered at 1585 cm -1 , whereas the other data were calculated from the average of the values calculated from the peaks at 1585; 1610 and 1780 cm -1 . a : For this condition, the solubility was only calculated from the data of the peak centered at 1647 cm -1 , whereas the other data were calculated from the average of the values calculated from the peaks at 1647 and 1247 cm -1 . 

Ternary system involving S-S-V and S-L-V equilibrium: Aspirin-ketoprofen-scCO2

In the ternary system aspirin/ketoprofen/scCO2, the solubility of aspirin is higher than when solubilized alone, more particularly at 353.2 K at any pressure. yaspirin ranges from 1.1 to 126 •10 5 in presence of ketoprofen (SEaspirin from 30 to 822 %). At 333.2 K, the solubility of ketoprofen yketoprofen in the ternary system was below the detection limit, as in the case of its solubility in the binary. Contrary to the tendency observed by aspirin, the solubility of ketoprofen decreases in the ternary systems compared to the binary, resulting in negative solubility enhancement SEketoprofen from -37 to -44 %. The two pure compounds present a sharp melting peak, with the onset at 364.5 and 412.9 K, for ketoprofen and aspirin, respectively. In the mixtures, the melting point of aspirin is shifted to lower temperature and the melting peak widened, particularly at weight fraction equal and superior to 0.5 (corresponding to 0.6 mol%). An unique melting peak was observed at x=0.15 and 0.35 at 357.4 and 355.1 K, respectively. Thus, a simple eutectic mixture is formed and the eutectic composition can be considered close to 35 wt% of aspirin. This eutectic mixture coexists with crystalline aspirin at x=0.5 up to 0.85, as shown by the presence of the two melting peaks on DSC curves. Other studies have reported the formation of eutectic mixture of ketoprofen with other pharmaceutics [START_REF] Zaini | Preparation of Eutectic Mixture of Ketoprofen and Nicotinamide for Enhanced Dissolution Rate[END_REF][START_REF] Umerska | Formation of low melting point binary systems comprising ketoprofen and an amide local anaesthetic[END_REF].

The results suggest that at 353.2 K, the aspirin/ketoprofen mixture in solid, so the state of the two compounds would remain unchanged. However, scCO2 is known to depress the melting temperature of organic compounds [START_REF] Grandelli | Melting point depression of 36 Piroxicam in carbon dioxide + co-solvent mixtures and inclusion complex formation with β-cyclodextrin[END_REF][START_REF] Park | Melt amorphisation of orlistat with mesoporous silica using a supercritical carbon dioxide: Effects of pressure, temperature, and drug loading ratio and comparison with other conventional amorphisation methods[END_REF]. To explore the possible depression of the melting temperature of the pure ketoprofen and of the aspirin/ ketoprofen mixture containing x=0.5 wt.% of aspirin in scCO2 (weight ratio used in the solubility experiments of the ternary system), we used a home-made set-up that couple an ATR-FTIR spectrophotometer and high-pressure cell in which a pierced vessel is suspended above the crystal of the ATR. The powder was located in the pierced vessel, which was located in the pressure cell. A spectrum was recorded at ambient conditions. Then, the cell was slightly pressured at 0.7 MPa and heated up to 353.2 K, and further, the cell was pressurized at different pressures.

As noted in Figure 8.a, ketoprofen started to melt at 353.2 K and 1.0 MPa, highlighting a drastic depression of its melting point in scCO2 (compared to 364.5 K at atmospheric pressure). In the case of the mixture, the first spectrum appeared at 350.2 K and 0.7 MPa (vs 354.1 K at atmospheric pressure). The infrared spectrum exhibited characteristic peaks of aspirin and ketoprofen (Figure 8.b), so the eutectic temperature of aspirin and ketoprofen mixture was shifted to lower temperature in presence of very low pressure of scCO2. Such depression of eutectic temperature of two solids in scCO2 has been observed with other ternary systems [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF][START_REF] Iwai | Solubilities of 2,6-and 2,7-Dimethylnaphthalenes in Supercritical Carbon Dioxide[END_REF][START_REF] Gopal | Solubility of Solid and Liquid Mixtures in Supercritical Carbon Dioxide[END_REF][START_REF] Lemert | Solubilities and Selectivities in Supercritical Mixtures near Critical End Points[END_REF][START_REF] Rad | Study of Solubility in Supercritical Fluids: Thermodynamic Concepts and Measurement Methods -A Review[END_REF]]. Lemert and Johnston observed a decrease by 17 ˚C of the eutectic temperature of 2.6dimethylnaphthalene /naphthalene mixture at 29.5 MPa [START_REF] Lemert | Solubilities and Selectivities in Supercritical Mixtures near Critical End Points[END_REF]. At 353.2 K and higher pressure, the intensity of the peaks decreased due to the swelling of the liquid aspirin/ketoprofen mixture, and the relative intensity of the peaks of aspirin increased, which may be due to the progressive melting of aspirin.

To summarize, at 333.2K, the aspirin/ketoprofen mixture is solid, so the ternary system in scCO2 consists of a solid-solid-vapor (S-S-V) equilibrium. On the other hand, at 353.2 K and low pressure aspirin and ketoprofen form a eutectic mixture (liquid) and part of aspirin remained in the solid state. Thus, in those conditions, a solid-liquid-vapor (S-L-V) equilibrium is established. The enhancement of the solubility of aspirin and the decrease of ketoprofen in the ternary compared with the binary can be accounted by the phase in which they are in the two systems and the vapor pressures in each phase. First, at 353.2 K all the molecules of aspirin are in the solid state in the binary, whereas part is in the liquid state and part in the solid state in the ternary. The vapor pressure of a liquid is higher than of a solid, and it sum up to the vapor pressure of the pure solid phase [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF]. Thus, the overall vapor pressure of aspirin exhibits a significant increase in the ternary system. Moreover, ketoprofen may act as a co-solute of aspirin into the vapor phase. Consequently, yaspirin is enhanced in the ternary system. On the other side, ketoprofen is in the liquid state in both the binary and ternary at 353.2 K. However, the vapor pressure of a molecule in solution is generally lower than the vapor pressure in the pure state at the same temperature [START_REF] Lucien | Solubilities of solid mixtures in supercritical carbon dioxide: A review[END_REF]. This decrease of vapor pressure of ketoprofen in the ternary compared with the binary is responsible for the solubility depression [START_REF] Hosseini | Effect of menthol as solid cosolvent on the solubility enhancement of clozapine and lamorigine in supercritical CO2[END_REF][START_REF] Gopal | Solubility of Solid and Liquid Mixtures in Supercritical Carbon Dioxide[END_REF][START_REF] Chung | Multiphase behavior of binary and ternary systems of heavy aromatic hydrocarbons with supercritical carbon dioxide[END_REF]. respectively. The state of the molecules in the binary systems is an important factor to be taken into account to explain these distinct tendencies.

In the mixtures of aspirin/carvone and of ketoprofen/carvone at ambient temperature and pressure, both aspirin and ketoprofen dissolve completely in carvone (Figure 6.d and 6.e). Thus, a liquidvapor (L-V) is established by the ternary system in all the studied conditions and the liquid phase is composed of a mixture of carvone with the other solute (aspirin or ketoprofen).

In the range of studied conditions, aspirin remained solid in the binary system as observed in the high-pressure cell after depressurization, whereas it is liquid in the ternary. In its liquid state, the vapor pressure of aspirin is increased, enhancing its solubility in scCO2. Moreover, carvone may act as a co-solute, leading to an entrainer effect, increasing the affinity of aspirin for the vapor phase [START_REF] Lucien | Solubilities of mixed hydroxybenzoic acid isomers in supercritical carbon dioxide[END_REF][START_REF] Ravipaty | Polar mixed-solid solute systems in supercritical carbon dioxide: Entrainer effect and its influence on solubility and selectivity[END_REF], thus explaining the high values of 𝑆𝐸 𝐴𝑠𝑝𝑖𝑟𝑖𝑛 (from 55 to 759 %) when solubilized in presence of carvone. The interactions between these two polar solutes through H-bonds must play a significant role in the solubility enhancement [START_REF] Lucien | Solubilities of mixed hydroxybenzoic acid isomers in supercritical carbon dioxide[END_REF][START_REF] Ravipaty | Polar mixed-solid solute systems in supercritical carbon dioxide: Entrainer effect and its influence on solubility and selectivity[END_REF]. At 353.2 K, the increase of pressure from 13 to 15 MPa provokes a significant increase in the aspirin solubility in the ternary system.

However, the increase in the solubility of aspirin is less expressive in the range of 15 to 30 MPa, which is demonstrated by the decrease in 𝑆𝐸 𝐴𝑠𝑝𝑖𝑟𝑖𝑛 . This tendency is correlated with the slight decrease of the solubility of carvone, as described later. The co-solute effect of carvone tends to decrease with the rise of pressure, likewise in systems that contain constant co-solute composition [START_REF] Hosseini | Effect of menthol as solid cosolvent on the solubility enhancement of clozapine and lamorigine in supercritical CO2[END_REF][START_REF] Ekart | Cosolvent Interactions in Supercritical Fluid Solutions[END_REF].

In the ternary system ketoprofen/carvone/scCO2, we observed a pronounced decrease of the solubility of ketoprofen in comparison to the binary systems in the whole range of conditions (Figure 4.b and c), which resulted in SEketoprofen from -50 to -35 % (Figure 5.b). A difference between aspirin and ketoprofen systems relies on the state of the two molecules in the binary systems at 353.2 K, since ketoprofen melts whereas aspirin remains solid under pressure.

Consequently, ketoprofen is in a pure liquid state in the binary system and in a liquid mixture with carvone in the ternary system. The decrease of the solubility of ketoprofen is accounted by its lower vapor pressure in the liquid mixture ketoprofen/carvone in comparison with in the pure state [START_REF] Chung | Multiphase behavior of binary and ternary systems of heavy aromatic hydrocarbons with supercritical carbon dioxide[END_REF]. Kim et al. studied the solubility of a ternary system comprised of L-limonene/L-carvone in the weight ratio 1:4, and also noticed a decrease in the solubility of L-limonene compared to the binary system, and a similar solubility of L-carvone. The authors accounted the respective tendency by the fact that L-carvone is the majoritarian compound and L-limonene the minor one [START_REF] Kim | Equilibrium solubilities of spearmint oil components in supercritical carbon dioxide[END_REF].

Concerning carvone, its solubility is enhanced by aspirin and ketoprofen at 333.2 K up to 9 MPa.

In higher conditions of pressure and temperature, its solubility is lower in the ternary systems than in the binary. The decrease of solubility at 353.2 K at high pressure is related to the complete dissolution of the amount of carvone placed in the cell in scCO2 (i.e. constant concentration), as explained in section 3.1. The complete dissolution is achieved at 15 MPa in the binary, and at 17

MPa in presence of either aspirin or ketoprofen. As in the case of ketoprofen in the ketoprofen/carvone/scCO2 system, the fact that carvone form a solution with the other molecule results in a lower vapor pressure than in its pure state.

3.2.3. Quaternary system involving S-L-V equilibrium: aspirin-ketoprofen-carvone-scCO2

The solubility of ketoprofen in the quaternary system was not determined since all its characteristic peaks overlapped those of the two other solutes. In the quaternary, the solubility of aspirin is higher than in the binary system and intermediate between those in the ternary systems. In the case of carvone, its solubility is lower than in the binary and ternaries, up to 20 MPa when the amount of carvone is totally solubilized. The numerical data of solubility are reported in Tables 345. The solubility of aspirin and carvone were enhanced up to 866 % and -48 %, respectively.

The mixture of aspirin/ketoprofen/carvone results in a partial dissolution of the powders in carvone and some crystals are still present in the system (Figure 6.g). Thus, the quaternary system is a solid-liquid-vapor (S-L-V) equilibrium. DSC curve of the mixture exhibits a large melting peak between 348 to 418 K, that suggests that the solid phase is composed of crystals of aspirin that are less stable than those of pure aspirin (Figure 9). Consequently, the liquid phase is a mixture of carvone, ketoprofen, and aspirin. The solubility of aspirin is not as high as in the aspirin/ketoprofen ternary system that also consists in an S-L-V system in the same conditions but is higher than the aspirin/carvone ternary in which aspirin is totally dissolved in carvone. The intermediate solubility is thus the positive effect of the cumulative contributions of the vapor pressure of aspirin in the two phases, and of the complex composition of the liquid phase (less pure) that decrease the vapor pressure of aspirin. In the quaternary system, the weight fraction of carvone is lower than in the ternary (40 vs 57 wt%), resulting in a lower vapor pressure and thus a lower solubility. 

Conclusion

In this work, the solubility of aspirin, ketoprofen and R-(-)-carvone in supercritical CO2 was determined in the binary, ternary, and quaternary systems. The solubility was measured at 333.2 K up to 11 MPa and then at 353.2 K from 13 to 30 MPa, using a set-up coupling a Fouriertransform infrared (FTIR) spectrophotometer and a high-pressure cell. The methodology was first validated by comparing the solubility in the binary systems with the literature and were found in good agreement. Characteristic peaks were selected for each solute to continue the study of the ternary and quaternary systems. In the range of studied conditions, the solubility increased with pressure in isothermal conditions, and raised from 333.2 K at 11MPa to 353.2 K at 13 MPa.

The solubility of aspirin was higher in the ternary and quaternary systems, in comparison with the binary, leading to solubility enhancement of 822 % in presence of ketoprofen, 759 % in presence of carvone, and up to 867 % in presence of both. On the contrary, the solubility of ketoprofen decreased substantially in the ternary systems.

Aspirin and ketoprofen are solid at ambient conditions and form a eutectic mixture at weight fraction of aspirin close to 35 wt%. The melting point of ketoprofen was measured in situ and was depleted at low pressure of scCO2 whereas aspirin seemed to remain partially solid, being necessary higher pressure to melt totally. Thus at 353.2 K, a S-L-V equilibrium was established and the vapor pressure of aspirin increased in relation to the binary system, whereas the one of ketoprofen decreased, impacting their solubility in scCO2 in the same manner.

In the case of the two ternary systems containing carvone, both aspirin and ketoprofen were totally dissolved leading to an L-V equilibrium, but the solubility of aspirin increased whereas the one of ketoprofen decreased. This tendency was explained comparing the physical state of the two drugs in the binary systems in the same conditions, changing their vapor pressure. Carvone remained liquid in all the systems, and its solubility was enhanced by the presence of aspirin and ketoprofen due to the enhancer effect.

These results contribute to the sparse set of data on the solubility of multicomponent systems in supercritical CO2, and to the understanding of the effect of the physical state of the compounds on their solubility enhancement. 𝜀= slope/l 
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 1 Figure 1: Chemical structure of a) aspirin, b) ketoprofen, and c) carvone.
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 2 up to 15 MPa reaching a value of 670.3 • 10 -5 (Figure 3.c). Then, an apparent decrease of solubility is observed due to the complete solubilisation of the carvone introduced in the highpressure cell, reaching the concentration of 64.8 • 10 -3 mol/L (see Supplementary Information b).

  .c, the solubility of R-(-)-carvone is compared to the results estimated by Goñi et al. for L-carvone [24] at 333.2 K. In their work, the authors estimated the solubility by predictive calculations using the Group Contribution Equation of State (GC-EOS) based on experimental data measured by Kim and Hong, at 312.2 and 322.2 K [25,26].
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 2 Figure 2: Evolution of the IR spectra of a) aspirin, b) ketoprofen, and c) carvone solubilized in
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 3 Figure 3: Solubility (mole fraction) of a) aspirin, b) ketoprofen, and c) carvone in scCO2 in
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 4 Figure 4 compares the solubility of each solute in the binary, ternary and quaternary systems.
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 5 Figure 5: Evolution of the Solubility Enhancement (SE) of a) aspirin, b) ketoprofen, and c) carvone in ternary and quaternary systems as a function of pressure.
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 677 Figure 6: Optical microscopy images at ambient conditions of a) aspirin; b) ketoprofen; c)
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 7 Figure 7: a) DSC thermograms from first heating of aspirin/ketoprofen mixtures of different
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 8 Figure 8: ATR-FTIR spectra detected on the Si ATR accessory coupled to a high-pressure cell
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 9 Figure 9: Comparison of first heating DSC thermograms of aspirin, ketoprofen and
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 s1 Figure s1: Absorbance of each exploitable peak of carvone as a function of the concentration at T=80°C and P=30MPa

  

  

  

  

Table 1 :

 1 Information for the chemicals.

	Chemical

name CAS number Molecular weight (g.mol - 1 ) Supplier Mole fraction purity Vapor pressure at 298.2 K (Pa) d

  

	CO2	124-38-9	44.01	Oxilumen	99.95%	5.83 10 6
	Aspirin a	50-78-2	180.2	Sigma-Aldrich ≥99.0	3.36 10 -3
	Ketoprofen b	22071-15-4	254.3	Sigma-Aldrich ≥98.0	3.15 10 -6
	Carvone c	99-49-0	150.2	Sigma-Aldrich ≥98.0	13.7

a 2-(acetoxy)benzoic acid, that is, acetylsalicylic acid. b 2-(3-benzoylphenyl)propanoic acid. c 2methyl-5-(prop-1-en-2-yl)cyclohex-2-enone; d U.S. EPA Distributed Structure-Searchable Toxicity (DSSTox) Database

Table 2 :

 2 Peaks selected to determine each compound solubility in the ternary and quaternary systems.

	Compoun d	Co-solutes to form ternary or systems quaternary	Position of the peak calculation C (cm -1 ) used for concentration	Peak attribution	Baseline
		Ketoprofen			
	Aspirin	Carvone	1780	𝜈 𝐶=𝑂 𝑒𝑠𝑡𝑒𝑟	From 1550 to 1870 cm -1
		Ketoprofen +			
		Carvone			
		Aspirin	1672	𝜈 𝐶=𝑂 𝑘𝑒𝑡𝑜𝑛𝑒 From 1550 to 1684 cm -1
	Ketoprofe n	Carvone Aspirin + Carvone	1585 *	𝜈 𝐶=𝐶 𝑝ℎ𝑒𝑛𝑦𝑙 From 1550 to 1630 cm -1
		Aspirin			
	Carvone		1647	𝜈 𝐶=𝐶	

Table 3 :

 3 Solubility of aspirin solubilized alone, with ketoprofen, with carvone, and with ketoprofen and carvone in scCO2.

				yaspirin (•10 5 ) (mole fraction)	
	P (MPa)	𝜌 𝐶𝑂 2 (kg.m -3 )	Alone	with Ketoprofen	with Carvone	with Ketoprofen and
						Carvone
	T = 333.2 K					
	9	235.4	0.3 a	1.1	1.3	2.9
	11	357.8	1.9 ± 1.0	1.3	6.2	7.3
	T = 353.2 K					
	13	339.2	4.6 ± 1.1	31.5	39.5	41.1
	15	427.2	10.2 ± 1.3	94.0	47.3	74.2
	17	505.9	19.0 ± 2.1	110.9	59.1	92.1
	20	593.9	38.1 ± 3.6	116.4	92.6	118.2
	25	686.2	64.6 ± 3.2	122.3	128.2	127.6
	30	745.6	92.7 ± 0.4	126.0	143.3	134.5

Table 4 :

 4 Solubility of ketoprofen solubilized alone, with aspirin, and with carvone in scCO2.

	P (MPa)	𝜌 𝐶𝑂 2 (kg.m -3 )	yketoprofen (•10 5 ) (mole fraction) with with Alone Aspirin Carvone
	T = 353.2				
	K				
	15	427.2	-	0.8	-
	17	505.9	5.7 ± 0.1	2.8	2.5
	20	593.9	16.4 ± 2.2	9.2	9.6
	25	686.2	37.1 ± 2.2	21.9	23.6
	30	745.6	60.4 ± 3.6	35.5	39.6

Table 5 :

 5 Solubility of carvone solubilized alone, with aspirin, with ketoprofen, and with aspirin

			and ketoprofen in scCO2.		
			ycarvone (•10 5 ) (mole fraction)	
		𝜌 𝐶𝑂 2				with
	P (MPa)	(kg.m -3 )	Alone	with Aspirin	with Ketoprofen	Aspirin and
						Ketoprofen
	T = 333.2					
	K					
	5	98.3	-	23.1	11.5	-
	7	155.5	16.4 a	41.9	32.8	32.8
	9	235.4	93.2 ± 9.1	113.1	92.6	75.8
	11	357.8	425.9 ± 16.4	400.8	319.0	272.6
	T = 353.2					
	K					
	13	339.2	528.6 ± 26.4	466.5	427.8	272.8
	15	427.2	670.3 ± 13.7	567.1	603.1	403.6
	17	505.9	563.2 ± 10.4	556.7	551.4	448.2
	20	593.9	475.2 ± 1.4	460.7	479.0	447.7
	25	686.2	424.2 ± 15.3	394.6	414.5	402.8
	30	745.6	386.6 ± 0.1	363.5	366.0	374.1

Table s .

 s 1: Molar extinction coefficients of the characteristic peaks of carvone

	Characteristic peak (cm -1 )	Attribution	Baseline (cm -1 )	Molar extinction coefficients (L.mol -1 .cm -1 )
	2896	νC=H	2915-2873	17.4
	1647	νC=C	1662-1629	32.3
	1247	νC=C	1267-1227	20.8
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Supplementary information: supplementary information is available

Supplementary information a. Calculation of the molar extinction coefficients of carvone

For carvone, the molar extinction coefficients were determined from two experiments performed with a path length l of 0.48 cm at two different concentrations (0.078 and 0.039 mol/L) of carvone. In that case, 100% of the carvone charge was dissolved in scCO2, as verified by the fact that a further increase of pressure or temperature did not induced an increase of absorbance of the characteristic peaks.

The molar extinction coefficient was calculated by the slope of the curve A=ε.l.C using equation s.1:

Supplementary information b: verification of the concentration of carvone in the cell

Considering the volume of the cell of 4.1 mL, the density of carvone of 0.96 g/mL, the complete dissolution of the 40 µL of carvone results in a concentration of carvone of 𝐶 𝐶𝑎𝑟𝑣𝑜𝑛𝑒 = 0.0648 𝑚𝑜𝑙/𝐿.

The concentration of carvone 𝐶 𝐶𝑎𝑟𝑣𝑜𝑛𝑒 was calculated at 80 °C for each pressure, from the infrared spectra. 

Supplementary information c. FTIR spectra in the ternary and quaternary systems