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Interest of Clathrate hydrates for industrial applications is rising. While numerous studies can be found on carbon capture or desalination, this effort investigates thermodynamics of the combined process using cyclopentane (CP) as second guest molecule.

This document provides numerous equilibrium data of mixed CP/CO2 hydrates in presence of salt (NaCl, KCl) under differents concentrations. Final dissociation points are collected, as well as intermediate dissociation points in presence of hydrates. While the first provide equilibrium data, the others are not at equilibrium. Indeed, Results show that, in presence of salts, several crystallization events occur in the system. Consequently, multiple hydrate structures could be formed in the bulk, such as pure CO2 hydrates and mixed CO2/CP hydrates Finally, van der Waals and Platteeuw approach has been used and furnishes results within 0.4K uncertainty compared to this work and within 0.5K compared to literature. Besides, thermodynamic consistency of data has been evaluated.

Introduction

Clathrate hydrates, sometimes called "Gas Hydrates'', are nonstoichiometric solid compounds of guest and water molecules. Under low temperature and high pressure environments, the water molecules constitute cavities through hydrogen bonding networks. These cavities themselves are thermodynamically unstable and they are stabilized by guest molecules adsorption (E. D. [START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF]. The phase equilibria of clathrate hydrates depend on the physical and chemical properties of guest molecules. Moreover, the existence of additives in liquid phase may alter the thermodynamic equilibrium conditions of clathrate hydrates.

Besides, CP is a well-known hydrate promoter, examined for CO2 capture. [START_REF] Galfré | Clathrate hydrate equilibrium data for the gas mixture of carbon dioxide and nitrogen in the presence of an emulsion of cyclopentane in water[END_REF]. [START_REF] Cha | Increasing gas hydrate formation temperature for desalination of high salinity produced water with secondary guests[END_REF] investigated upper temperature limit of CO2 hydrate formation in presence of CP and simulated produced water (8.95 wt% salinity) at isobaric condition (31 bars). They observed that the upper temperature limit for CO2 hydrate is 271.15 K, whereas for CP/CO2 hydrate is 289.15 K. They also reported that CP increases 22 times CO2 hydrate formation rate. Moreover, salt removal efficiency in presence of CP was 20% higher than simple hydrate. Zheng et al. [START_REF] Zheng | Effects of cyclopentane on CO2 hydrate formation and dissociation as a co-guest molecule for desalination[END_REF] measured equilibrium data of CP/CO2 hydrates including 3 wt% NaCl solution. They carried out their experiments with different molar ratios of CP/water using an isochoric procedure. They stated that CP/CO2 hydrate forms structure II, which is different from structure I pure CO2 hydrate. In addition, increase in CP concentration led to a major decrease in equilibrium pressure. However, they mentioned the optimal molar ratio of CP is 0.01. Zhang et al. [START_REF] Zhang | Phase Equilibrium of Cyclopentane + Carbon Dioxide Binary Hydrates in Aqueous Sodium Chloride Solutions[END_REF] studied phase equilibrium of CP/CO2 and THF-CO2 binary hydrates in different concentration of NaCl solutions based on an isochoric method. They found that both CP and THF decrease the equilibrium pressure and increase the salt removal efficiency. Furthermore, the stability of CP/CO2 hydrates was better than THF-CO2 hydrates at low mass fraction of NaCl. Recently, Hong et al [START_REF] Hong | Investigation of thermodynamic and kinetic effects of cyclopentane derivatives on CO2 hydrates for potential application to seawater desalination[END_REF] provided thermodynamic effects of CP and its derivatives including cyclopentanone (CP-one) and cyclopentanol (CP-ol) on CO2 hydrates for seawater desalination application. Some thermodynamic data of CP derivatives + CO2 hydrates were provided in pure water and in 3.5% NaCl. Besides, the thermodynamic stabilities of these mixed hydrates were found to be as follow: CP/CO2 > CP-one/CO2> CP-ol/CO2. However, there is still a need for more phase equilibrium data of CP/CO2 hydrates to improve and develop CPH-based desalination. Hence, in the present work, four-phase equilibrium data (V-Lw-LHC-H) for CP/CO2 binary hydrates in the presence of different salt solutions have been investigated. The experiments have been carried out in a batch reactor and by an isochoric method. Moreover, the concentration of salt at final state of crystallization, and also during the dissociation process have been measured. The experimental results have been then discussed and compared to the literature. Moreover, thermodynamics consistency test suggested by [START_REF] Sa | Assessing thermodynamic consistency of gas hydrates phase equilibrium data for inhibited systems[END_REF]) have been considered.

In addition, there is a need for modelling tools. Therefore, the use of standard van der Waals and Platteeuw approach has been considered. Kihara parameters for cyclopentane molecule have been optimized, and used for temperature predictions. Simulations have been compared to experimental results and literature results [START_REF] Zhang | Phase Equilibrium of Cyclopentane + Carbon Dioxide Binary Hydrates in Aqueous Sodium Chloride Solutions[END_REF].

In the end, conclusions and some comments on possible future work finish this article.

Experimental section

Materials

All materials used in this work are listed in Table 1. Pure water was provided by a "Millipore" purification system. This system is equipped with a cartridge "Milli-Q®-AdvantageA10" and produces water with conductivity less than 0.055 μS.cm -1 and TOC (total organic carbon content) less than 5 ppb. 

Experimental set-up

A diagram of the experimental set-up is presented in Figure 1. with two temperature sensors (pt100) at the top and bottom of the cell which measure the temperature in gas and liquid phases, respectively. The accuracy of these probes is ±0.2 K. The pressure is monitored by a probe in the range 0-100 bar with accuracy of ±0.1 bar. This is placed at the top of the cell. The water and CP can be injected in the reactors by a KNAUER P4.1S HPLC pump at high pressure. A mechanical valve is mounted on the reactor, connected to a capillary tube in the liquid phase, in order to take liquid samples during the course of experiments. Data acquisition is recorded thanks to a personal computer running Labview.

Experimental method

At first, the autoclave is washed with pure water. The reactor is then filled with nitrogen at 50-60 bars. The pressure is monitored during 24 hours to ensure that there is no gas leak in our experimental set-up. The reactor is then evacuated by the vacuum pump to remove impurities. It is then pressurized with CO2, stirred (400 rpm) and maintained at desired initial conditions (several minutes to hours). Thanks to the HPLC pump, about 800 mL of water (containing different concentration of salts or 10 ppm Li + ) and 87.9 mL cyclopentane are introduced to the cell (volumetric ratio between the aqueous solution and cyclopentane is about 9:1). This ratio between CP and water has been chosen because it corresponds to the stoichiometric composition of CP hydrate, assuming SII structure with filled large cavities. Therefore, neither CP nor water will be a limiting reactant. The temperature is then decreased to 274.15-275.15 K. After a while (several hours to days), crystallization starts. As hydrate formation is an exothermic process, the temperature slightly increases at the start of the process. From this point, depending on the concentration of aqueous solution, as well as pressure, we wait 1-3 days to reach equilibrium. This means that there are no more changes in pressure and temperature in the system. When stability is reached, a liquid sample of about 1-2 mL is taken to measure the salt concentration by ionic chromatography. Then, the dissociation process is started. The temperature is increased stepwise (1 K/h) and we wait for stability of pressure and temperature. A liquid sample is taken at second equilibrium point. At 2K below the final equilibrium point, the temperature is augmented 0.5 K/h until the total dissociation is witnessed. A liquid sample is taken at final equilibrium point. Finally, the temperature is increased to reach the initial condition. The initial pressure is then changed by purging or inserting CO2 and the whole procedure is repeated to obtain further equilibrium points.

Results and discussion

Pressure-Temperature diagrams of CP/CO2 hydrates with and without salts

A detailed analysis of pressure-temperature variations during the course of experiments is discussed in this section. Five different systems have been studied.

First, pure water has been used, in order to certify the quality of the measurements since it is easy to compare the results to literature data. Then, several mixtures involving NaCl and KCl have been considered: 7%mass NaCl, 3.5%mass KCl, 7%mass KCl, and 1.75%mass NaCl+ 1.75%mass KCl.

Figure 2 illustrates a typical PT diagram of CP/CO2 hydrate in pure water. Each experiment was started at point A where hydrate phase is undersaturated (pressure and temperature outside of hydrate forming region). The reactor temperature was then decreased to approximately 274.15 K. After a while, hydrate formation started (point B). Since hydrate formation is an exothermic process, the temperature increased at this point. The hydrate formation was completed at point C and liquid sample was taken if possible. Then hydrate dissociation was initiated by increasing incrementally the system temperature until the dissociation curve meets the cooling line (point D). At this point, the slope of the pressure-temperature curve changed sharply. It can be considered as the four-phase equilibrium point of CP/CO2 hydrate (V-LW-LHC-H).

An interesting observation can be made on the heating process. At the beginning, the PT curve remains quite parallel to the cooling curve for a while. Afterward, there is the significant increase in pressure, corresponding to a quick release of gas. Therefore, the first hydrates to dissociate should not contain a huge amount of CO2. The filling of hydrates is hence not homogeneous. Second, PT diagrams of CP/CO2 hydrate in presence of salts sometimes present interesting phenomena. Figure 3 provide an intriguing example in presence of 3.5%mass of NaCl. On this figure, unlike the pure water case, two exothermic events could be observed during the crystallization. That means that several crystallization phenomena occurred in the system. Therefore, at least two clathrate phases are expected to be formed in this process. For the sake of this understanding, other equilibrium curves have been drawn on figure 3: pure CO2 hydrates and CP/CO2 hydrates, in pure water and KCl solutions.

First of all, let us analyze the crystallization part, from B to C point. Two exothermic peaks are probably related to two crystallization events: from B to M, and from M to D. Remember that CO2 and CP can theoretically form different hydrates in the system (pure CO2, pure CP, and CP/CO2 hydrates). Moreover, note that cyclopentane acts as a promoter of hydrate formation, and therefore lessen the operating conditions for mixed hydrate formation. Therefore, CP/CO2 hydrates are probably the most stable hydrates in the system, and will consume both guest molecules. However, figure 3 also shows that the system is supersaturated regarding CO2 hydrates (see CO2 hydrate + 3.5 wt% KCl line) and regarding CP hydrates (below 278.65 K (Ho- Van et al., 2018)).

Consequently, the supersaturated system in point B can evolve toward CO2 hydrate, CP hydrate or CP/CO2 mixed hydrate formation. Nonetheless, the significant pressure decrease each time (B→M, M→C) suggests at least CO2 consumption, thus probably CO2 and CP/CO2 hydrates formation. Note that CP only occupies the large cavities of the hydrate lattice, and that CO2 molecules can fit in all cavities (but will likely only fill the small sII cavities). Therefore, less CO2 is expected to be stored into CP/CO2 hydrates. Moreover, there is a structural difference between pure CO2 hydrate (sI), and mixed CP/CO2 hydrates (sII). On one hand, sI hydrate presents 8 cavities (small + large) able to capture CO2 molecules, for 46 water molecules, hence an hydration number of 5.75 at best. On the other hand, there are 16 small cavities for 136 water molecules in SII hydrates, hence an hydration number of 8.5 for CO2 molecules at best.

Of course, some CO2 molecules could be trapped into the large sII cavities. Their size is completely suitable. However, since CO2 molecules are in competition with CP molecules to occupy these cavities, they are not expected there. Indeed, CP stabilize more the sII structure than CO2. Thermodynamically speaking, CP occupies all the large SII cavities. This expectation can be observe by simulation, for instance using Kihara potential approach employed in this work. Nonetheless, if the system evolves out of equilibrium (very likely), this remains a possibility to some extent.

Consequently, assuming that the influence of the volume change, due to cyclopentane enclathration, on pressure is negligeable, the pressure drop in case of CP/CO2 binary hydrate could be less than pure CO2 hydrate. As a result, the first crystallization event (from B to C) could be attributed to the simple CO2 hydrate formation, whereas the second event (M to C) could correspond to the formation of CP/CO2 mixed hydrates. This could be the first evidence for coexistence of sI simple CO2 hydrate and sII binary CP/CO2 hydrate in presence of KCl. Of course, this hypothesis still needs experimental evidence, maybe from NMR, X-ray diffraction, neutron diffraction, FTIR or Raman spectroscopy.

Then, Figure 3 presents a significantly different dissociation behavior (point C to D point) than before in pure water. During the dissociation process, two different rates of decomposition were observed: from C to N, and from N to D. At the beginning of the process (after C), the pressure slightly changed by increasing the temperature, quite similarly to the initial cooling curve (A to B). Therefore, no significant amount of CO2 seems to be release, thus no serious hydrate dissociation containing CO2. However, at temperatures higher than 278.15 K, a small change of temperature led to a significant increase of pressure, hence a considerable release of CO2. Afterward, the dissociation curve met the cooling line at point N (279.75 K and 28bars). This could be the V-LW-H equilibrium point of simple CO2 hydrate since Deaton and Frost [START_REF] Deaton | Equilibrium Conditions for Carbon Dioxide Hydrate Formation in Aqueous Electrolyte Solutions[END_REF] and Fan et al. [START_REF] Fan | Experimental and modeling studies on the hydrate formation of CO2 and CO2-rich gas mixtures[END_REF] reported 279.75 K at 27.9bar, and 279.65 K at 27.8bar, respectively.

Other results in other systems (see further) suggest this could be a coincidence. Anyway, since there were still hydrate crystals inside the reactor, the dissociation process was then continued by increasing the temperature. Of course, the junction of curves implies that the amount of CO2 trapped into the clathrate is small. However, the slope of the decomposition curve after that is slightly different (lower pressure). This probably illustrates CP/CO2 hydrate dissociation. Close to the final point (D), at temperatures above 291.15 K, a sharp increase of pressure was observed.

Finally, the curve crossed the cooling line at 291.75 K and 33bar and the last hydrate crystals completely dissociated. This point is the four-phase equilibrium point of sII binary CP/CO2 mixed hydrate (V-LW-LHC-H).

The overall process was verified for all the experiments in presence of KCl. The experimental data for V-LW-H equilibrium condition of simple CO2 hydrate and four-phase equilibrium points of CP/CO2 hydrate (V-LW-LHC-H) are presented in the following paragraphs and sections. Once more, the figure provides remarkable observations. During hydrate formation in presence of NaCl/KCl mixture, a second nucleation event was again observed. Nonetheless, the temperature change due to the exothermic behavior of hydrate formation was less significant than in the case of hydrate formation in presence of KCl. The dissociation process could again be divided into two sections. First, the system pressure was noticeably augmented by increasing the temperature. However, the slope of decomposition curve was changed considerably at temperatures above 276.95 K. Unlike the previous case, the decomposition curve did not meet the cooling line. This point (276.85 K and 18.4bar), that was previously supposed to be a three-phase equilibrium condition (V-LW-H) of simple CO2 hydrate, is a bit different now, although still close to pure CO2 hydrate equilibrium. When compared to the equilibrium data of CO2 hydrate in literature the values remain quite similar. For instance, Ohgaki et al. [START_REF] Ohgaki | Formation of CO2 hydrate in pure and sea waters[END_REF] reported (276.91 K and 18.39bar) for V-LW-H equilibrium condition of simple CO2 hydrate. This was also observed during the other experiments in presence NaCl-KCl mixtures.

Repeatedly, the following heating step results in a long curve parallel to initial cooling curve. Therefore, no significant release of CO2 was observed, so maybe the pure CP hydrate dissociation, or the dissociation of small amount of CP/CO2 hydrates. The final step encore exhibits a pressure increase, and a final dissociation point corresponding to CP/CO2 hydrate equilibrium in the brine system.

Up to now, the results of PT diagrams revealed that only sII CP/CO2 hydrate should be formed in pure water. However, the presence of KCl, and to less extent NaCl (phenomena harder to detect), could lead to the formation of both structures (sI simple CO2 hydrate and sII binary CP/CO2 hydrate). In this case, the hydrate dissociation could start with the declathration of simple CO2 hydrate cavities, and then presents a decomposition of binary CP/CO2 hydrate. This change in the slope of the curve could be attributed to an equilibrium condition, whether V-LW-H or V-LW-LHC-H. However, more evidences are needed to support such affirmation.

Thermodynamic equilibrium results: total dissociation points

The new four-phase equilibrium data (V-Lw-LHC-H) for CP/CO2 binary hydrates in pure water, in presence of NaCl, KCl and a mixture of NaCl-KCl are presented in Table 2.

In order to assess the quality of experimental data, and to evaluate reproducibility of results, experiment in presence of 3.5 wt% KCl has been replicated twice. The four-phase equilibrium points obtained from both experiments were approximately identical (T=291.75K and P=33 bar compared to T=291.80K and 33.2 bar). Thus, it was adequately accurate to ascertain the quality of experimental data produced during the experimentation.

In addition, the V-LW-LHC-H experimental results of CP/CO2 hydrate in pure water obtained in this work have been compared to literature, see Figure 5. As the figure shows, by considering the standard instrumental uncertainties, the data obtained in this study are comparable to experimental data in literature [START_REF] Herslund | Measuring and modelling of the combined thermodynamic promoting effect of tetrahydrofuran and cyclopentane on carbon dioxide hydrates[END_REF][START_REF] Matsumoto | Phase equilibrium relations for binary mixed hydrate systems composed of carbon dioxide and cyclopentane derivatives[END_REF][START_REF] Zhang | Phase Equilibrium of Cyclopentane + Carbon Dioxide Binary Hydrates in Aqueous Sodium Chloride Solutions[END_REF]. [START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF], the thermodynamic equilibrium curve of CP/CO2 hydrate in presence of salts are shifted to lower temperatures (or higher pressures). Furthermore, presence of salt could lead to "salting-out" phenomenon which reduces the solubility of CO2 and cyclopentane in water (D. Sloan, Koh, & K.Sum, 2011). Consequently, equilibrium temperature should be changed to lower values, as observed and expected.

For instance, the experimental results demonstrate that the presence of 3.5 wt% (0.87%mol) KCl in aqueous solution changed slightly the position of equilibrium curve compared to the pure water. Moreover, the equilibrium curve of CP/CO2 hydrate in presence of 7 wt% (1.79 %mol) KCl shifted considerably to lower temperatures. This highlights the more significant effect of salt on thermodynamic equilibrium of CP/CO2 at higher molar concentrations.

Furthermore, the equilibrium temperature of CP/CO2 hydrate in presence of 7 wt% (1.79 %mol) KCl was always slightly lower than the equilibrium temperature of 7 wt% (2.27 %mol) NaCl. This means that the inhibitory effect of NaCl is marginally higher than of KCl. This is in good accordance with experimental results of Ho- Van et al. (Ho-Van et al., 2018;Ho-Van et al., 2018). They reported the same observation about the inhibitory effects of NaCl and KCl on thermodynamic equilibrium of simple cyclopentane hydrate. In fact, Sloan and Koh (E. D. [START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF] stated that the interaction between the charged ions of salts and dipoles of water molecules is governed by a much stronger Coulombic interactions than the van der Waals forces and the hydrogen bond, leading to ion clustering around the solute molecules. Consequently, the water molecules preferentially interact with salt ions rather than water molecules. This prevents hydrate formation. Therefore, it could be supposed that the Coulombic interactions in presence of NaCl is stronger than that that in presence of KCl (at the same salt molar concentration) which causes lower temperature equilibrium.

Figure 6. V-LW-LHC-H equilibrium data of CP/CO2 hydrate in brine solution obtained in this work

In this study, the influence of NaCl/KCl mixture (each 1.75 wt%) on the V-Lw-LHC-H equilibrium of CP/CO2 hydrate was also investigated. The results demonstrate that despite the presence of overall 3.5 wt% salt in aqueous solution, noticeably lower temperatures are required for hydrate formation compared to that with 3.5 wt% KCl. Nonetheless, this temperature difference is less significant at pressures less than about 10 bar.

Experimental data in presence of hydrates

As aforementioned in the experimental section, some equilibrium data during the intermediate heating stages were also recorded for each experiment (between point C and D, as shown on figures 2,3,4). Liquid samples were also taken at these stages in order to determine the salt concentrations by ion chromatography (IC). The results are tabulated in Table 3.As the table shows, the salt concentration at each dissociation point is greater than its initial concentration. This increase of salt concentration means that the salts remain in the concentrated aqueous solution. Furthermore, it validates and confirms the reliability of our experimental set-up and procedure. However, these data cannot be considered to be under thermodynamic equilibrium, especially if several hydrate structures coexist.

For the experiments including 3.5 wt% KCl (initial concentration), the results reveal that at a desired temperature (for instance about 286.6K), the salt concentration in aqueous phase at 21.2 bar is greater than 1.51 (4.44 wt % compared to 3.89 wt%). In other words, the higher initial pressure leads to more salt concentrated solution. Indeed, higher initial pressure means larger driving force. Consequently, water conversion increases and larger quantity of water convert into hydrate structure. This investigation was also observed for 7 wt% KCl (near 288K).

The salt concentration in aqueous solution in presence of a mixture of NaCl/KCl (each initial concentration 1.75 wt%) was also investigated. Given the fact that, the ions of salts do not participate in hydrate formation and hydrate structure does not include them, the change in concentration of both salts should be equal. The results show that, the concentration of NaCl in aqueous phase is almost identical to the concentration of KCl. 

Short discussion on Thermodynamic consistency of the results

According to the work of Sa et al. [START_REF] Sa | Assessing thermodynamic consistency of gas hydrates phase equilibrium data for inhibited systems[END_REF], a consistency test can be used to assess the quality of the thermodynamic results. This test can be applied to gas hydrates in presence of inhibitors, such as salts. It consist of verifying three assessments (developed in appendix A).

In their article, they have shown how it can be employed for methane hydrate in presence of NaCl.

In our case, even though the system is more complex, the three assessments have been examined.

The results of the consistency test for our results (section 3.2) and results of Zhang et al [START_REF] Zhang | Phase Equilibrium of Cyclopentane + Carbon Dioxide Binary Hydrates in Aqueous Sodium Chloride Solutions[END_REF]) are presented in details in Appendix A.

In a few words, our results present good accordance with the first assessment, an acceptable accordance with the second, and a poor with the third. In our opinion, this could be attributed to the ''poor'' correlation accuracy of the pure data (CO2/CP hydrates in pure water), without inhibitors, that are used in the 2 nd and 3 rd assessments (see Appendix A).

Modelling thermodynamic equilibrium of mixed CP/CO2 hydrates

The van der Waals and Platteeuw model (van der [START_REF] Van Der Waals | Clathrate solutions[END_REF]) is employed to describe the clathrate hydrate phase equilibrium. Details of this thermodynamic model have been provided in previous efforts [START_REF] Herri | Gas hydrate equilibria for CO2-N2 and CO2-CH4 gas mixtures-Experimental studies and thermodynamic modelling[END_REF][START_REF] Quang | Experimental procedure and results to measure the composition of gas hydrate, during crystallization and at equilibrium, from N2-CO2-CH4-C2H6-C3H8-C4H10 gas mixtures[END_REF]. However, some basic information for the liquid/hydrate equilibrium is offered hereafter.

The equilibrium is calculated based on the uniformity of chemical potentials of water in the liquid and hydrate phases. A reference phase β is introduced. Accordingly, the equilibrium can be written as follows:

∆𝜇 𝑤 𝛽-𝐻 = ∆𝜇 𝑤 𝛽-𝐿 (1) 
where

L w     and H w   
 are the difference between chemical potentials of water in the reference phase β and in the liquid phase or hydrate phase, respectively. The first can be calculated based on the Gibbs-Duhem equation [START_REF] Herri | Gas hydrate equilibria for CO2-N2 and CO2-CH4 gas mixtures-Experimental studies and thermodynamic modelling[END_REF], while the second is based on the van der Waals and Platteeuw model as follows:

∆𝜇 𝑤 𝛽-𝐻 = -𝑅𝑇 ∑ 𝑣 𝑖 𝑖 ln (1 -∑ 𝜃 𝑗 𝑖 𝑗 ) ( 2 
)
where R is the universal constant, T the absolute temperature, νi the number of type i cavities per water molecule in the hydrate and𝜃 𝑗 𝑖 the occupancy factor (𝜃 𝑗 𝑖 [0, 1]) of the cavities of type i by the guest molecule j. Occupancy factor 𝜃 𝑗 𝑖 can be achieved from integration of Kihara potential, according to the Parrish and Prausnitz model [START_REF] Parrish | Dissociation Pressures of Gas Hydrates Formed by Gas Mixtures[END_REF]. For this calculation, three

Kihara parameters (maximum attractive potential ε, distance between the cores and the cavity wall at zero potential energy σ, and the hard-core radius a) are required.

In this work, CO2 Kihara parameter have been taken from Herri et al [START_REF] Herri | Gas hydrate equilibria for CO2-N2 and CO2-CH4 gas mixtures-Experimental studies and thermodynamic modelling[END_REF]. CP parameters have been obtained by mathematical regression upon data in pure water from Wang et al [START_REF] Wang | Equilibrium Hydrate Dissociation Conditions of CO2+ HCFC141b or Cyclopentane[END_REF], data from NaCl solution from Zhang et al [START_REF] Zhang | Phase Equilibrium of Cyclopentane + Carbon Dioxide Binary Hydrates in Aqueous Sodium Chloride Solutions[END_REF] and our equilibrium measurements. The geochemical model PHREEQC has been employed to provide water activity in brine solutions. The others parameters have been taken from literature [START_REF] Herri | Gas hydrate equilibria for CO2-N2 and CO2-CH4 gas mixtures-Experimental studies and thermodynamic modelling[END_REF] and Ho- Van et al.(Ho-Van et al., 2017)).

The absolute average deviation (AAD) that will be used hereafter is expressed as follows:

    N i i pred i T T N AAD 1 exp , , 1 (3) 
where N is the number of experimental data points, Ti,pred (K) is the predicted equilibrium temperature, and Ti,exp (K) is the experimental equilibrium temperature.

The Kihara parameters optimization procedure can be read in Herri et al. [START_REF] Herri | Gas hydrate equilibria for CO2-N2 and CO2-CH4 gas mixtures-Experimental studies and thermodynamic modelling[END_REF].

Finally, note that SRK equation of state has been used for the CP/CO2 vapor-liquid equilibrium.

Presence of water in vapor and CP phase has been neglected. The solubility of CO2 in water has been calculated based on the method described by Galfré et al [START_REF] Galfré | Clathrate hydrate equilibrium data for the gas mixture of carbon dioxide and nitrogen in the presence of an emulsion of cyclopentane in water[END_REF].

CP Kihara Parameters

The hard core radius a for CP was determined based on the method described by Tee el al [START_REF] Tee | Molecular Parameters for Normal Fluids. Kihara Potential with Spherical Core[END_REF]. Its value is a=0.8968nm. ε and σ were optimized by minimizing the deviation between the predicted and experimental equilibrium data of CP/CO2 binary hydrates. deviation is huge when σ is less than 2.55 or more than 2.74 regardless the value of ε/kb (kb being the Boltzmann constant). Therefore, the Kihara parameters for CP can be determined in the valley of Figure 8 between these values.

The valley of Figure 7 is presented in Figure 8 in only two dimensions. Based on these results, the chosen set of Kihara parameters correspond to the minimum AAD: σ = 2.641 Å, ε/kb = 262.38 K (with a=0.8968 nm). As illustrated on figure 8, all set of parameters between 2.55 and 2.74 Å for σ will likely provide similar results (very close AAD). Therefore, our choice is arbitrary, and more data are needed to refine the optimization. Considering other guest species (methane for instance) would be helpful to find the best parameters.

Note that, [START_REF] Takeuchi | Statistical-Thermodynamics Modeling of Clathrate-Hydrate-Forming Systems Suitable as Working Media of a Hydrate-Based Refrigeration System[END_REF] also worked on CP hydrates and provided a Kihara parameters optimization, based on van der Waals and Platteeuw approach. Like our effort, they found an infinite sets of parameters. However, they cannot be compared to our sets of parameter since the hydrate thermodynamic properties that have been used are different, as well as the CP fugacity calculation.

Modelling results

The modelling results are plotted in Figure 9. Simulations present a good agreement with the experimental results. Indeed, the minimum deviation is only 0.2 K in the presence of 7 wt% NaCl, and the maximum average deviation is 0.4 K in presence of 3.5wt% KCl, 7wt% NaCl, or 1.75 wt% KCl -1.75 wt% NaCl. The total AAD is 0.4 K. This indicates that the equilibrium is well reproduced by using the optimized Kihara parameters for CP.

Moreover, Figure 9 shows that the predicted data in the case of 3.5% wt KCl and equi-weight mixture of 1.75 wt% KCl-1.75 wt% NaCl are very close to each other under similar pressures when considering the same pressure. This can be attributed to the similarity in water activity coefficient of these two brine solutions (0.993 for 3.5% wt KCl and 0.992 for 1.75 wt% KCl-1.75 wt% NaCl).

As a result, the predicted equilibrium data are nearly identical.

The numerical data can be found in the Table B1 and Table B2 in the APPENDIX II. Finally, note that the simulated data are close to the experimental measurements at final dissociation (Table B1).

This fact supports again the consistency of the Kihara model as well as the trustworthiness of our experimental data. However, some experimental data from intermediate dissociation points present significant uncertainties compared to simulation results (up to 289.45 K). These data should therefore been carefully considered (Table B2). These points are probably not at thermodynamic equilibrium. Indeed, since several kind of hydrates are expected in the bulk from the previous observations, this behavior reinforces this hypothesis. In details, mean average errors are within 0.3K, 0.3K, 0.5K, 0.5K, 0.9K for results in 3.5%, 7%, 10%, 15% and 25%mass of NaCl, respectively.

Conclusion

In the present work, new four-phase equilibrium data (V-Lw-LHC-H) for CP/CO2 binary hydrates in the presence of NaCl, KCl and a mixture of NaCl-KCl was have been obtained. Experiments have been conducted in a batch reactor using an isochoric technique in a pressure range of 10-40 bar. A volumetric ratio of 1:9 has been used between cyclopentane and aqueous liquid solution.

The results of thermodynamic stability boundaries have shown that the equilibrium temperature of binary CP/CO2 hydrates is significantly higher than simple CO2 hydrates. Furthermore, at the same concentration of NaCl and KCl, the equilibrium curve of CP/CO2 hydrates in NaCl aqueous solution are located at an upper position than that in KCl aqueous solution. Concerning the mixture of NaCl-KCl, the influence of NaCl salt on equilibrium temperature is stronger. Indeed, at same overall salt concentration, data are closer to the results in presence of NaCl than in presence of KCl.

Additionally, two crystallization phenomena have been witnessed. Accordingly, at least two dissociation behavior have been observed during the heating step of the system. Consequently, different crystal structures should have been formed in the reactor. This could be an evidence for co-existence of sI simple CO2 hydrates and sII binary CP/CO2 hydrates.

Moreover, simulation results show that the use of van de Waals model is acceptable to describe the equilibrium. The optimized Kihara parameters for CP illustrate a good capability of reproducing the dissociation temperatures of mixed CP/CO2 hydrate in pure water and in the present of salts.

Average deviation is less than 0.4K for all systems tested for final dissociation temperature.

Furthermore, the increase of the model uncertainty when significant amount of hydrates is present in the system reinforces the non-equilibrium (SI + SII) hypothesis. Therefore, data in presence of hydrates are not at thermodynamic equilibrium. The thermodynamic consistency of total dissociation points has been investigated with the Sa et al. [START_REF] Sa | Assessing thermodynamic consistency of gas hydrates phase equilibrium data for inhibited systems[END_REF]) assessments, along with Zhang et al. results. Even though the assessments 1 and 2 are usually satisfied, the third has not been validated. This could be caused by the poor accuracy of the PT correlation curve of CP/CO2 hydrates in pure water.

Finally, this research provides valuable thermodynamic data, necessary for the development of hydrate-based CCS/water treatment/desalination applications. Furthermore, it raised new fundamental questions concerning the co-existence and co-crystallization of different hydrates structures from guest mixtures in presence of thermodynamic inhibitors. Upcoming studies, involving spectroscopic tools, will be used to ascertain the previous observations.

APPENDIX I: CONSISTENCY OF THEMODYNAMIC RESULTS

AI.1 Description of the test

According to the work of Sa et al. [START_REF] Sa | Assessing thermodynamic consistency of gas hydrates phase equilibrium data for inhibited systems[END_REF], the thermodynamic consistency of the equilibrium data can be verified thanks to three assessments, described shortly hereafter:

1-At given salt concentration, PT curve present a linear behaviour between ln(P) and 1/T. The linear regression should provide R-squared (here 1-R²) values below 2.5% at best, or below 5% at least. 2-The relative deviation of the previous slopes (symbol ATHI) compared to pure water system (slope AW), (ATHI-AW)/AW, should be lower than 5% at best, 10% at least. 3-In such systems, the ratio ΔT/T0T, with T0 the equilibrium temperature without inhibitors, and T the suppression temperature (T-T0) should be constant. The 3 rd assessment is the relative standard deviation (RSD) of ΔT/T0T. If lower than 5%, it is good, if between 5-10%, it is acceptable, and if above 10% it fails.

For a complete explanation of the three assessment, please refer to the original article of Sa et al.

AI.2 Results

Both this work results and Assessment 2 needs the pure water slope for the curve ln(P)=f°(1/T). This assessment hence depends on the quality of experimental data in the literature. Here, all data used in figure 6 have been considered [START_REF] Herslund | Measuring and modelling of the combined thermodynamic promoting effect of tetrahydrofuran and cyclopentane on carbon dioxide hydrates[END_REF][START_REF] Matsumoto | Phase equilibrium relations for binary mixed hydrate systems composed of carbon dioxide and cyclopentane derivatives[END_REF], Zhang et al. 2017, and this work). However, the regression coefficient is questionable (R²=0.96). Therefore, there is an uncertainty when testing assessments 2 and 3. In the end, the new results are close to the 5% error, as recommended by Sa et al,, while the deviations for Zhang's data are usually higher.

The third assessment corresponds to the relative standard deviation of ΔT/T0T. Therefore, it requires a good estimation of T0. Unfortunately, such data is not trustfully available for CO2/CP hydrates, as discussed before. Moreover, it is even more important for this assessment than for the second. Table A1 shows that the test is sometimes acceptable, especially for Zhang et al. data above 10% NaCl, or our results for 7% NaCl. In fact, it is acceptable for cases showing higher suppression temperatures (or higher salt concentration), and/or low equilibrium temperatures. In our opinion, it is difficult to trust the data in Table A1 for this assessment. Too many uncertainties remain. 

Figure 1 .

 1 Figure 1. Experimental set-up Two batch reactors have been developed in order to study the phase equilibria of clathrate hydrates as well as kinetics. Both systems have the same features and specifications (except the inner volume, 2.36 liter and 2.23 liter). Each reactor is covered by an isolation jacket and the inner temperature is controlled by a cooling bath LAUDA RC6 CS ranging from -15 to 50 C. They are composed of two windows for direct observation. There are vertical stirrers with two sets of blades; the top set of blades is in the gas phase and the bottom set in liquid. The autoclaves are equipped

Figure 2 .

 2 Figure 2. A typical pressure-temperature evolution of CP/CO2 hydrate in pure water

Figure 3 .

 3 Figure 3. Pressure-temperature evolution of CP/CO2 hydrate in presence of 3.5 wt% KCl.Curves for pure CO2 hydrates from Dholabhai et al(Dholabhai et al., 1993) and GasHyDyn software from Kwaterski et al(Kwaterski & Herri, 2014). Curves for CP/CO2 hydrates from this work modeling (uncertainty 0.3K).Before moving to the summary of all results, let's have a look at another mixture in presence of both NaCl and KCl. Again, different formation and dissociation behaviors were observed. Figure4presents the pressure-temperature changes during CP/CO2 hydrate formation and dissociation procedures in presence of NaCl/KCl mixture (1.75% NaCl + 1.75 wt% KCl) in the solution.

Figure 4 .

 4 Figure 4. Pressure-temperature evolution of CP/CO2 hydrate in presence of NaCl/KCl (1.75 wt% NaCl + 1.75 wt% KCl) mixture in the solution. Curves for pure CO2 hydrates from Dholabhai et al (Dholabhai et al., 1993) and GasHyDyn software from Kwaterski et al (Kwaterski & Herri, 2014). Curves for CP/CO2 hydrates from this work modeling (uncertainty 0.4 K).

Figure 5 .

 5 Figure 5. Four-phase equilibrium data of CP/CO2 binary hydrate in pure water, this work compared to literature Figure 6 illustrates the four-phase thermodynamic equilibrium data obtained in the present work for CP/CO2 hydrate in brine solutions. The results of thermodynamic stability boundaries showed that the equilibrium curve of CP/CO2 hydrate in presence of salts are located at an upper position than CP/CO2 hydrate in pure water whatever the kinds of salt used. Given the fact that salt molecules can act as inhibitors (Dholabhai et al., 1993; Ho-van et al., 2019; Lee et al., 2002; E. D.[START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF], the thermodynamic equilibrium curve of CP/CO2 hydrate in presence of salts are shifted to lower temperatures (or higher pressures). Furthermore, presence of salt could lead to "salting-out" phenomenon which reduces the solubility of CO2 and cyclopentane in water (D.Sloan, Koh, & K.Sum, 2011). Consequently, equilibrium temperature should be changed to lower values, as observed and expected.

Figure 7 .Figure 8 .

 78 Figure 7. Average Deviation as a function of the Kihara parameters (ε/kb and σ)

Figure 9 .

 9 Figure 9. Measured and predicted equilibrium data of binary CP/CO2 hydrate in pure water and in brine

Figure A1 .

 A1 Figure A1. Polynomial regression of figure 5 results under the form T=f°(P)

  

Table 1 . Materials

 1 

	Name	Purity	Supplier
	Cyclopentane (CP, C5H10)	98%	Sigma Aldrich
	Sodium Chloride (NaCl)	99.5%	Sigma Aldrich
	Potassium Chloride (KCl)	99%	Sigma Aldrich
	Carbon dioxide (CO2)	99.999%	Air Products

Table 2 . Experimental four-phase equilibrium data (V-LW-LHC-H) of CP/CO2 binary hydrate in pure water and brine solutions

 2 

	T (K)	P (bar)	Salinity (wt%) NaCl KCl	Salinity (mol%) NaCl KCl
	(±0.2)	(±0.1)	(±0.002%) (±0.002%) (±0.002%) (±0.002%)
	290.70	18.7	0	0	0	0
	289.30	13.7	0	0	0	0
	291.90	28.4	0	0	0	0
	287.25	18.8	7	0	2.27	0
	285.30	11.4	7	0	2.27	0
	288.35	23.7	7	0	2.27	0
	291.80	33.2	0	3.5	0	0.87
	291.75	33.0	0	3.5	0	0.87
	290.70	24.4	0	3.5	0	0.87
	289.85	18.2	0	3.5	0	0.87
	287.60	10.9	0	3.5	0	0.87
	284.75	6.6	0	3.5	0	0.87
	289.70	31.7	0	7	0	1.79
	288.85	24.7	0	7	0	1.79
	287.40	17.5	0	7	0	1.79
	286.45	13.5	0	7	0	1.79
	284.80	9.3	0	7	0	1.79
	291.80	34.7	1.75	1.75	0.53	0.44
	290.35	27.9	1.75	1.75	0.53	0.44
	289.65	23.5	1.75	1.75	0.53	0.44
	288.45	16.3	1.75	1.75	0.53	0.44
	286.45	9.9	1.75	1.75	0.53	0.44
	284.55	6.9	1.75	1.75	0.53	0.44

Table 3 . Experimental PT observation after crystallization and during dissociation steps in presence of hydrates

 3 

	Equilibrium	Initial salt	observed salt concentration
	conditions	concentration (%)	(%)	
	T (K)	P (bar)	NaCl	KCl	NaCl	KCl
	(±0.2)	(±0.1)	(±0.002%) (±0.002%)	(±1.5%)	(±1.5%)
	273.95	8.7	0	0	0	0
	274.15	4.7	0	0	0	0
	283.95	19.8	1.75	1.75	2.07	2.24
	286.95	14.4	1.75	1.75	2.07	2.03
	284.15	7.8	1.75	1.75	2.28	2.24
	274.10	4.5	1.75	1.75	2.21	2.17
	288.20	29.6	0	7	0	9.49
	287.00	22.2	0	7	0	8.82
	274.90	9.4	0	7	0	8.32
	282.05	7.2	0	7	0	8.22
	286.65	16.9	7	0	7.49	0
	274.45	5.6	7	0	8.11	0
	284.00	17.3	7	0	9.30	0
	289.60	30.8	0	3.5	0	4.43
	286.60	21.2	0	3.5	0	4.44
	286.85	15.1	0	3.5	0	3.89
	284.85	6.2	0	3.5	0	4.34

  Zhang et al. (Zhang et al 2017) results have been tested. Zhang et al. results have been considered because they are close and numerous. Table A1 present the results. Assessment 1 can be determined for both results in pure water and salty water. Zhang et al. results are good overall while this work results are always good.

Table A1 . Thermodynamic consistency assessments for this work and Zhang et al. (Zhang et al. 2017)

 A1 

			293					
			292					
		(K)	291					
		Temperature	287 288 289 290	y = 0.0002x 3 -0.0197x 2 + 0.7753x + 281.45 R² = 0.9616
			10	15	20	25	30	35
				Pressure (bar)		
			Assessment 1	Assessment 2			Assessment 3
					(ATHI-AW)/AW		
	%mass salt		1-R² (%) validation	(%)	validation RSD%	validation
	Zhang et al. (2017)						
		0	0.4	good	NA		NA	NA	NA
		3.5	0.2	good	-3.9	acceptable 22.4	fail
	NaCl	7	0.1	good	-3.8	acceptable 10.8	fail
		10	0.5	good	7.9		fail	9.4	acceptable
		15	2.6	acceptable	-9.2		fail	3.6	pass
		25	2.8	acceptable	-1.2	good	2.2	pass
	This work							
	pure	0	1.7	good	NA		NA	NA	NA
	NaCl	7	0.2	good	2.0	good	9.4	acceptable
	KCl	3.5	1.5	good	-0.7	good	56.1	fail
		7	0.2	good	5.6		fail*	16.1	fail
	NaCl+KCl 1.75+1.75	0.6	good	5.3		fail*	35.6	fail

Table B2 . Predicted intermediate dissociation temperatures of mixed CP/CO2 hydrates (italic illustrates significant uncertainties with thermodynamic model)

 B2 

			Intermediate dissociation points	
	Equilibrium salt	Experimental equilibrium	Predicted	|Texp-Tpred|, K
	concentration (%)	conditions	temperature,	
	(At the time taken samples			K	
	during dissociation)				
	NaCl	KCl	Pexp, bar	Texp, K	Tpred, K	
	(± 1.5%)	(± 1.5 %)	(± 0.1)	(± 0.2)		
	0	0	8.7	273.95	290.25	16.30
	0	0	4.7	274.15	287.30	13.15
	2.07	2.24	19.8	283.95	290.18	6.23
	2.07	2.03	14.4	286.95	287.90	0.95
	2.28	2.24	7.8	284.15	285.26	1.11
	2.21	2.17	4.5	274.10	284.98	10.88
	0	9.49	29.6	288.20	289.34	1.14
	0	8.82	22.2	287.00	288.34	1.34
	0	8.32	9.4	274.90	286.72	11.82
	0	8.22	7.2	282.05	283.96	1.91
	7.49	0	16.9	286.65	286.42	0.23
	8.11	0	5.6	274.45	283.23	8.78
	9.30	0	17.3	284.00	285.83	1.83
	0	4.43	30.8	289.60	291.67	2.07
	0	4.44	21.2	286.60	290.03	3.43
	0	3.89	15.1	286.85	288.56	1.71
	0	4.34	6.2	284.85	284.32	0.53
					AAD	4.19
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APPENDIX II: SIMULATION ON DISSOCIATION DATA