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A novel prototype of a microcalorimetric cell with in-situ stirring has been developed to perform DSC measurements under atmospheric or pressure conditions. After a brief technical description of the apparatus, preliminary tests are presented which analyzed the influence of the stirrer rotation on the heat-flow signal. Experiments were then performed with complex fluids such as ice slurries and clathrate hydrates formed with cyclopentane and with carbon dioxide. They took place in stirred and non-stirred conditions and the results obtained were then compared. It was proven that the rotation of the microstirrer in the measuring cell does not disrupt the heat-flow signal during the analysis. As regards the practical applications tested, the in-situ stirrer efficiently reduces crystallization metastability, increases the water-to-hydrate conversion, and reduces the amount of time needed for analysis. The dissociation enthalpy of cyclopentane (CP) hydrates was measured at atmospheric pressure; it is effectively very difficult to analyze this system with non-stirred calorimetry techniques because the two liquid phases are immiscible. The experimental results, in good agreement with other data found in the literature, showed complete water-to-CP hydrate conversion within a short period of time using a simple protocol. Experiments were also performed under pressure to demonstrate that CO 2 hydrate phase equilibrium data could be obtained rapidly and easily. It is therefore our opinion that the potential of this novel technology has been thoroughly demonstrated.

Introduction

Calorimetry, and more particularly Differential Scanning Calorimetry (DSC), is a highly sensitive and non-intrusive process used to detect geneous mixture, it is relatively easy to measure its thermodynamical and thermophysical properties using a conventional calorimetric cell in which the material is left in static conditions during the experiment.

For some applications though, such as studying energetic materials [START_REF] Muravyeva | HP-DSC study of energetic materials. Part I. Overview of pressure influence on thermal behaviour[END_REF], gas hydrates [START_REF] Le Parlouër | Characterisation of gas hydrates formation using a new high pressure micro-DSC[END_REF] or mimicking industrial process conditions [START_REF] Pecchi | Thermodynamics of hydrothermal carbonization: assessment of the heat release profile and process enthalpy change[END_REF], the calorimetric analysis must be performed under pressure. In the case of multiphase and complex mixtures, particularly if the analysis has to be done under pressure, the use of non-stirred calorimetric cells can pose serious limitations, such as long gas-in-liquid dissolution times, and homogeneity problems when emulsions, suspensions or fluids with complex rheology are used. In the case of crystallization and phase change materials in particular, nucleation in quiescent conditions is likely to require very long induction times due to the high metastability of the system studied, even if the temperature is reduced well below the fusion point of the material [START_REF] Shao | Rheological behaviors of sugar alcohols for low-to-medium temperature latent heat storage: effects of temperature in both the molten and supercooled liquid states[END_REF]. The problem is even more complex when analyzing gas-liquid-solid systems under pressure, particularly in crystallization studies. In some cases, crystallization at the gas-liquid interface progressively forms a solid crust that prevents efficient gas dissolution in the liquid and limits the conversion rate if the liquid reacts (or interacts) with the gas. In such cases, analyses are made very difficult and time-consuming because of the absence of in-situ stirring in the calorimetric cell.

To overcome these limitations, the authors previously developed and patented a macro calorimetric cell (V ∼ 8 cm 3 ) equipped with a mechanical stirrer and able to work under pressure (Torré et al., 2015b). This type of mixing cell was successfully used in a Tian-Calvet calorimeter (BT 2.15 model from SETARAM Instrumentation) and proved its efficiency, particularly for determining the thermophysical properties of gas hydrates [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF][START_REF] Plantier | Development of a new type of high pressure calorimetric cell, mechanically agitated and equipped with a dynamic pressure control system -application to the characterization of gas hydrates[END_REF]. However, in the past 30 years, the need arose for more sensitive, smaller-sample, and more flexible scanning calorimetry techniques, while new heat flow measurement systems such as Peltier elements became available. All this contributed to the development of the concept of micro Differential Scanning Calorimetry (-DSC), leading to a drastic reduction in equipment size and in the quantity of products needed for analysis. Miniaturizing the system greatly improved the global flexibility and versatility of the calorimeters; the use of Peltier elements instead of thermocouples helped increase the sensitivity of the methods, and improvements in terms of sample temperature control were also observed. However, the problem of maintaining the fluids under quiescent conditions during analysis still remained, particularly for measurements having to be performed under pressure, as until now, no technical solution had been put forward to ensure in-situ stirring in the -DSC high pressure cells.

This paper therefore presents the potentialities of a novel type of microcalorimetric cell equipped with an in-situ mechanical stirrer. After a description of the technical apparatus, the influence of the stirring effect on the heat flux measured is discussed on the basis of preliminary runs. The efficiency of the apparatus is then demonstrated by studying two types of complex fluids for which crystallization and metastability problems frequently occur when using conventional analysis methods, i.e. unstirred cells: (i) ice slurry; (ii) clathrate hydrates (cyclopentane hydrates and CO 2 hydrates).

Ice slurries are two-phase refrigerant fluids consisting of ice particles dispersed in water or in a water-based liquid aqueous solution. They appear to represent a very promising solution in the field of cold distribution networks [START_REF] Kumar | On-demand intermittent ice slurry generation for subzero cold thermal energy storage: numerical simulation and performance analysis[END_REF]. By using ice slurry as a secondary fluid, it is possible to minimize the refrigerant charge in the primary cycle by dedicating it to cold production instead of transportation. It also allows the transportation of large quantities of latent cooling energy thanks to liquid solid phase change-related enthalpy [START_REF] El Abbassi | The energetic performance analysis of the coupling between the production and distribution of an ice slurry loop[END_REF]. In addition, ice slurry can be used in many direct contact food applications, in bakeries and fisheries for instance, but also for separation processes [START_REF] Vaessen | Evaluation of the performance of a newly developed eutectic freeze crystallizer: scraped cooled wall crystallizer[END_REF], or medical protective cooling applications to ensure protective hypothermia during heart surgery for example [START_REF] Kauffeld | Ice slurry applications[END_REF]. The mixing cell prototype presented in this article was first tested on ice slurry formed by crystallization of a water/ethanol mixture. The behavior of these solid-liquid systems had already been studied in our laboratory when we performed an energetic analysis of an entire cold network system, considering production and distribution [START_REF] El Abbassi | Energetic performances of a refrigerating loop using ice slurry[END_REF]. For these tests, an initial solution containing 8.7% mass fraction of ethanol in water was chosen. At this concentration, the ice slurry presents two advantages: (i) it remains sufficiently fluid when ice particles crystallize, making it possible to test the stirring device without any risk of damage to the system due to blocking of the stirrer; (ii) the freezing point of the mixture, located on the liquidus curve at -3.8 ± 0.1 • C [START_REF] Flick | Industrial Solvents Handbook[END_REF], is easily accessible with our apparatus. As a reminder for the reader, the liquidus equilibrium curve of a binary solution, such as the slurry studied here, represents the separation between singlephase and two-phase states. Above this curve, there is only a single liquid phase consisting of a solution of water and ethanol. Below this curve, two phases coexist: a solid phase consisting of pure ice, and a liquid phase of water and ethanol, which becomes more concentrated in alcohol as the temperature decreases. So, experiments were performed in quiescent and stirred conditions, following a protocol involving successive temperature cycles in order to test the apparatus and evaluate the effect of stirring on the crystallization of this system.

Clathrate hydrates are ice-like supramolecular solids formed by a network of water cages (the water is named the "host" molecule) stabilized by small "guest" molecules trapped within them [START_REF] Sloan | Clathrate Hydrates of Natural Gases, 3rd ed[END_REF]. Fundamental understanding of these compounds is crucial in many energy, process and environmental areas [START_REF] Chong | Review of natural gas hydrates as an energy resource: prospects and challenges[END_REF][START_REF] Gholinezhad | Separation and capture of carbon dioxide from CO2/H2 syngas mixture using semi-clathrate hydrates[END_REF][START_REF] Koh | Fundamentals and applications of gas hydrates[END_REF]. The guest molecule forming the clathrate can be either liquid at atmospheric pressure (such as cyclopentane (CP), tetrahydrofuran or 1,3-dioxolane), or gaseous (such as CO 2 , H 2 S, CH 4 ) forming what are known as "gas hydrates". These compounds are crystallized in specific thermodynamic conditions, which depend on the host-guest system, generally at low temperature (a few degrees above 0 • C), and under pressure (from a few bar to a few dozens of bar) for gas hydrates. Calorimetry techniques are essential for investigating the thermodynamic properties of hydrates and obtaining phase equilibrium data [START_REF] Sum | Clathrate hydrates: from laboratory science to engineering practice[END_REF]. A huge number of articles can be found in the literature concerning the use of DSC and -DSC techniques applied to gas hydrates, such as the study of hydrate nucleation [START_REF] Davies | Studies of hydrate nucleation with high pressure differential scanning calorimetry[END_REF], effect of additives [START_REF] Daraboina | Natural gas hydrate formation and decomposition in the presence of kinetic inhibitors. 1. High pressure calorimetry[END_REF], cold storage in air-conditioning systems [START_REF] Li | Study on thermal properties of TBAB-THF hydrate mixture for cold storage by DSC[END_REF], gas separation [START_REF] Zhong | Investigation on methane recovery from low-concentration coal mine gas by tetra-n-butyl ammonium chloride semiclathrate hydrate formation[END_REF], and hydrogen storage [START_REF] Cai | Experimental studies on hydrogen hydrate with tetrahydrofuran by differential scanning calorimeter and in-situ Raman[END_REF].

In some cases, measurements are severely limited due to the fact that the calorimetric cell (containing the sample to be analyzed) cannot be stirred. To overcome the limitations caused by quiescent conditions in the measuring cell, a succession of cooling and heating temperature cycles can be performed in order to progressively increase the water-tohydrate conversion from cycle to cycle. This method has been found to give reliable results, maximizing hydrate production by reducing, from cycle to cycle, the metastable phases (e.g. ice) that can affect the thermogram analysis (Deschamps andDalmazzone, 2009, 2010;[START_REF] Martinez | Thermodynamic properties of THF +CO 2 hydrates in relation with refrigeration applications[END_REF]. However, the main drawbacks of this protocol are: (i) the time needed to complete all the temperature cycles, (ii) the formation of unwanted products, as the temperature must be sufficiently low in order to obtain a substantial driving force to break the high metastability of the system and succeed in crystallizing (iii) the solid crust formed at the liquid-gas interface that has a significant impact on kinetics and prevents efficient gas dissolution. In some cases, even when the protocol includes up to dozens of temperatures cycles, the systems might remain heterogeneous during the cooling phase [START_REF] Sales | Phase behavior of simple tributylphosphine oxide (TBPO) and mixed gas (CO 2 , CH 4 and CO 2 + CH 4 ) + TBPO semiclathrate hydrates[END_REF] and the water not completely converted to hydrates [START_REF] Egenolf-Jonkmanns | Experimental study on the influence of hydrogel on CO 2 hydrate formation[END_REF]. Cyclopentane (CP) hydrates can form at atmospheric pressure at temperatures below ∼6-8 • C (Ho- [START_REF] Ho-Van | Cyclopentane hydrates -a candidate for desalination?[END_REF]. Owing to this very interesting property, CP hydrates are considered as a model system for various studies and applications. For example, they are a good analog of natural gas hydrates for testing the effects of different types of chemical additives (e.g. anti-agglomerants) for flow assurance purposes in oil and gas production [START_REF] Abojaladi | Can cyclopentane hydrate formation be used to screen the performance of surfactants as LDHI anti-agglomerants at atmospheric pressure?[END_REF][START_REF] Dicharry | Using microscopic observations of cyclopentane hydrate crystal morphology and growth patterns to estimate the anti-agglomeration capacity of surfactants[END_REF]. CP is lighter than water (density of 0.7457 g cm -3 at 20 • C) [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF], is almost immiscible in water (156 ppm at 25 • C) [START_REF] Yalkowsky | Handbook of Aqueous Solubility Data[END_REF], and water/CP systems always have two liquid phases at atmospheric pressure. In addition, CP has a vapor pressure of 0.437 bar at 25 • C [START_REF] Kay | Vapor pressures and saturated liquid and vapor densities of cyclopentane, methylcyclopentane, ethylcyclopentane and methylcyclohexane[END_REF], which makes it a very volatile organic compound.

Due to the fact that CP hydrates crystallize at the CP/water interface, it can be very difficult to get a large quantity of CP hydrates to form in quiescent conditions, particularly when no additives (e.g. surfactants) are added to the system [START_REF] Delroisse | Effect of a hydrophilic cationic surfactant on cyclopentane hydrate crystal growth at the water/cyclopentane interface[END_REF][START_REF] Taylor | Macroscopic investigation of hydrate film growth at the hydrocarbon/water interface[END_REF]. To overcome this substantial limitation, it is possible to work with an emulsion formed before the calorimetry experiment. The main advantages of this emulsification technique are: (i) the possibility of achieving high hydrate conversion rates by significantly increasing the water-CP interfacial area, and (ii) of limiting CP evaporation as the droplets of CP (forming the dispersed phase) are surrounded by water (forming the continuous phase). However, this protocol also has some severe drawbacks: (i) there has to be an additive (e.g. a surfactant) in the system to stabilize the emulsion, and (ii) residual unconverted liquid might be present at the core of the droplets. In this study, comparative experiments were performed with this system in quiescent and stirred conditions, to observe the effect of stirring on the results obtained and to provide an estimation of the dissociation enthalpy of CP hydrates. Indeed, this value has hardly ever been debated in the hydrate scientific community [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF][START_REF] Lee | Thermodynamic, structural, and kinetic studies of cyclopentane + CO 2 hydrates: applications for desalination and CO 2 capture[END_REF][START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF][START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF].

Lastly, the cell prototype was tested under pressure with CO 2 and water to study CO 2 hydrates. We chose this system as its properties are well known [START_REF] Circone | CO 2 hydrate: synthesis, composition, structure, dissociation behavior, and a comparison to structure I CH 4 hydrate[END_REF][START_REF] Uchida | Physical property measurements on CO 2 clathrate hydrates. Review of crystallography, hydration number, and mechanical properties[END_REF][START_REF] Uchida | Physical data of CO 2 hydrate[END_REF], and CO 2 hydrates are promising candidates for potential engineering applications such as carbon capture [START_REF] Kumar | Enhanced carbon dioxide hydrate formation kinetics in a fixed bed reactor filled with metallic packing[END_REF] and secondary refrigeration [START_REF] Oignet | Rheological study of CO 2 hydrate slurries in the presence of Sodium Dodecyl Sulfate in a secondary refrigeration loop[END_REF]. Note that, when the gas used to form hydrates is CO 2 , an additional advantage of maintaining the temperature above 0 • C during the analysis is that it avoids the liquefaction of CO 2 at low temperature. The aim of the experiments carried out was to verify the following three points: (i) is the set-up suitable for studying the formation of gas hydrates under pressure?; (ii) could the stirred system trigger hydrate formation under pressure at temperatures greater than 0 • C to avoid ice formation (which is usually an issue when using conventional measurement cells)?; and (iii) is one temperature cycle sufficient to obtain a point on the CO 2 hydrate phase equilibrium diagram (i.e. the hydrate dissociation temperature which corresponds to the constant pressure of the experiment)?

Experimental section

Description of the experimental apparatus

Fig. 1 shows a diagram of the stirred calorimetric cell prototype, and Fig. 2 presents general views of the apparatus.

As shown in Figs. 1 and 2a, the upper part of the device is the stirring motor. The stirring shaft, fixed on a permanent magnet and connected to the motor by a magnetic coupling, runs through the fluid injection section with gas inlet/outlet fittings, and reaches the measuring cell located at the bottom of the prototype. A flat paddle (Fig. 2b) made in-house is connected to the end of the shaft for stirring the fluids contained in the measuring cell. In the middle section, the stirring shaft runs through a tube made of stainless steel used to circulate the fluids in the system from the injection section to the measuring cell. The whole set-up can withstand pressures of up to 150 bar. The stirrer's rotational speed was measured under atmospheric conditions using a photo tachometer (Lutron DT 2259 with a precision of ±1 rpm). A linear relationship was found between the voltage (V, in volts) and the rotational speed (, in rpm) up to 2000 rpm, satisfying Eq. 1 from V = 1.53 V ( = 186 rpm) up to V max = 10.7 V ( = 2054 rpm):

ω = 203, 7 V -125, 6 (1) 
The usable volume of the measurement cell (Fig. 2c) -considering the volume of the stirrer and the liquid level limit at the top of the stirrer -is 0.213 cm 3 . The total sample volume of the apparatus (i.e. the volume of the measurement cell with the stirrer, the tube through which runs the shaft, the fluid injection section, and the dead zones of the inlet/outlet fittings) is 2.1 ± 0.1 cm 3 .

The stirred calorimetric cell prototypes presented in this study are used with a Setaram Instrumentation DSC7 evo device made by KEP Technologies. The apparatus features a Calvet three-dimensional sensor with Peltier elements and is calibrated by Joule effect. The cells are heated and cooled owing to a two-stage liquid thermostat also with Peltier elements. Just as standard DSCs, the DSC7 has two cells (a measurement cell and a reference one) in order to correct the heat flow signal measured for most thermal effects related to the cells. During experiments (e.g. measuring a thermophysical property of a complex fluid, a phase change transition temperature, etc.), the cell prototype is placed in the measurement well of the calorimeter (Fig. 2d), while another cell (this one without a stirring system and containing only Nitrogen) is placed in the reference well. To obtain only the thermal response of the sample of interest, the flow measurement of the measuring cell is subtracted from that of the reference cell. The operational temperature of the DSC7 ranges between -45 • C and 120 • C, while its programmable temperature scanning rate ranges between 0.001 and 2 • C min -1 . Finally, the measuring cell is connected to a high-pressure panel equipped with a digital manometer (Keller, model Leo II) with an accuracy of ±0.1 bar. The panel comprises a pressure-reducing valve to pressurize the cell, coupled with a 300 cm 3 buffer vessel which is always connected to the cell. This system relies on the large volume difference between the buffer vessel and the cell to maintain a constant pressure in the cell and make up for most pressure variations during the experiments.

For calorimetric measurements such as phase transition temperature and associated enthalpy change, meticulous temperature and enthalpy calibrations are required. Although the Peltier heat flux sensor elements of the DSC7 evo calorimeter are pre-calibrated by the supplier, two high-purity standards (n-tetradecane and hexadecane) and water were analyzed to make sure that the calibration was correct and 

Materials

The materials used for the experiments presented in section III are compiled in Table 1.

The cells and the materials loaded into the cell were weighed using a precision balance (Mettler Toledo XP26 model) with an accuracy of 0.004 mg.

Preliminary tests

Because this type of microcalorimetric cell containing a mechanical stirrer had never been tested before, it was thought that the rotation of a mechanical element in the measuring cell might disrupt the thermal response (e.g. signal noise). This section therefore presents the results of preliminary tests carried out before any analyses and calculations, to answer the following question: does the mechanical stirring affect the stability of the heat flux baseline during the DSC analysis? At first, the influence of the stirrer rotation was tested at pressure, without any liquid loaded in the measuring cell. The evolution of the heat flux versus time is shown in Fig. 3.

Throughout the experiment, the temperature is stabilized at 25 • C (Fig. 3A). At time t = 17 min, the stirrer is switched on (Fig. 3B) at a rotational speed of 490 rpm. The heat flow increases very slightly and then rapidly stabilizes (in ∼1 min). The pressure of the cell is then set to 40.0 bar (Fig. 3C) with CO 2 . As a logical consequence, an exothermic peak related to gas compression is then measured. Temperature and pressure are then stabilized for one hour, from t = 20 min to t ≈90 min, while the stirrer is in operation (Fig. 3D). During this time, the heat flow measured is perfectly stable, which indicates that the rotation of the stirrer does not disrupt the heat flow measurement. The gas decompression step (Fig. 3E) exhibits an inverse behavior to the compression step and generates an endothermic peak as can be seen on the thermogram, followed by heat flow equilibrium at t = 108 min. The stirrer is switched off at t = 117 min: the heat flow decreases slightly and stabilizes at a constant value identical to the one reached before the stirrer was started (Fig. 3F).

The second test consisted in performing the same experiment but with liquid in the cell. In this experiment, the cell was filled with 0.047060 g of water. The experimental protocol is essentially identical to the one described in the previous paragraph, and the results obtained are presented in Fig. 4. The temperature is first stabilized at 25 • C before stirring starts at 4A). Then, at t = 20 min, the cell is pressurized by CO 2 (P = 44.0 bar), producing an exothermic peak (Fig. 4B) due to compression of the gas. In short, from t = 20 min to t = 40 min, the cell is under pressure, contains water, and the mechanical stirrer is rotating at 490 rpm. Consequently, even with liquid in the cell, the stirring does not induce any measurement noise. To finish, the cell is decompressed (leading to an endothermic signal) at t = 40 min (Fig. 4C), returned to atmospheric pressure (Fig. 4D) at t = 60 min and the stirrer is stopped at t = 77 min (Fig. 4E). It can be concluded, from the slight drifts observed on the thermograms for A and E events, that the starting and stopping of the stirrer induce only small, insignificant variations in the heat flow signal.

The two tests, performed under pressure with and without liquid in the cell, demonstrated that this type of system, comprising a mechanical stirrer rotating in a microcalorimetric cell, does not cause any disruption of or signal noise (e.g. a perfectly stable baseline is obtained) on the heat flux measured over time, even in pressure conditions.

Experiments with ice slurry

To perform comparative experiments and illustrate the effects of in-situ stirring, ∼0.05 g of the ethanol/water mixture (8.7 wt% of ethanol) were carefully introduced into the measuring cell. The analysis was conducted first without stirring, then with continuous stirring at a rate of 490 rpm. The following experimental protocol was applied: the ethanol/water mixture was maintained at 10 • C for 15 min, the temperature was reduced to-15 • C at 0.5 • C min -1 , and the system was stabilized for 15 min at this temperature. The system was then heated at 0.5 • C min -1 to return to the initial temperature of 10 • C. This cooling/heating cycle was performed successively 6 times, and the results were analyzed at the end of the cycles.

Experiments with clathrate hydrates

Cyclopentane hydrates

All the experiments with CP hydrates involved an excess amount of CP, with respect to the stoichiometric amount of water and CP necessary to form CP hydrates (usually called "excess CP protocol" in opposition to the case where an excess amount of water is used). The CP excess protocol has two main advantages: (i) it is easy to verify whether a full water-tohydrate conversion is obtained, (ii) and because there is always a quantity of liquid CP present during the experiment, this ensures that the gas phase is always saturated with CP. As it takes one mole of CP per 17 mol of water for cyclopentane hydrates (formula CP-17H 2 O) to form, it is easy to determine the stoichiometric quantities of phases necessary to ensure CP hydrate formation. However, as CP is a highly volatile organic compound, a sufficient excess amount of CP (relative to the exact stoichiometric quantity of CP required to form the CP hydrates) must always be introduced into the cell to guarantee that full water-to-hydrate conversion will be achieved. In the experiments presented below, we always worked with cold water and CP (∼8-10 • C) to limit evaporation as much as possible when preparing the sample, and used a molar excess of CP (in relation to the stoichiometric value) of 15-30%. Considering the total gas volume of the apparatus and the vapor pressure of CP at 25 • C (initial and maximum temperature in the protocol), we calculated that less than 10% of the CP initially introduced into the cell vaporizes to saturate the gas phase, which always leaves a minimum of 5% excess liquid CP (in relation to the stoichiometric value) during the experiments. A very simple protocol was used to illustrate the potential of the apparatus and assess the effect of stirring. The temperature profile was programmed as follows: the temperature was first decreased (in quiescent conditions) from 25 • C to -40 • C at 1 • C min -1 (to force the system to crystallize), before being increased to +1 • C (with the same temperature ramp) and maintained for 6 h at this temperature. At the end of the +1 • C temperature plateau, before increasing the temperature to 25 • C, we chose to decrease the temperature to -10 • C to check for the presence of any unconverted water: if there were any free water in the cell, it would crystallize during this cooling step, leading to an exothermic peak on the thermogram (this step could be avoided by reducing the time of analysis for routine measurements, as it is just a way of checking whether or not unconverted water is present). Finally, the temperature was increased from -10 • C to 25 • C at 0.1 • C min -1 to melt the crystals formed and measure the dissociation temperature and enthalpy of the CP hydrates. The phase transition temperature correlated with the heat flow signals obtained during the final heating step make it possible to identify the nature of the crystals formed: ∼0 • C for ice, and ∼7 • C for the CP hydrates. The experiments were repeated twice for non-stirred conditions, and four times for stirred conditions.

CO 2 hydrates

In these experiments, the temperature varied between 20 • C and 0.8 • C. The pressure level was chosen so that the CO 2 would remain in its gaseous state: as the liquefaction pressure of CO 2 at 0 • C is 34.85 bar [START_REF] Anwar | Carbon Dioxide Thermodynamic Properties Handbook: Overing Temperatures From -20 • to 250 • C and Pressures up to 1000 Bar[END_REF], the operating pressure was set slightly below this at 33.0 ± 0.5 bar. Additionally, this is an ideal operating point (i.e. 33 bar, 0.8 • C) to maximize the driving force for crystallization, which, at constant pressure, corresponds to the subcooling temperature (i.e. the distance between the hydrate equilibrium temperature and the experimental set point). Note that, at ∼33 bar, the CO 2 hydrate equilibrium temperature given by the Colorado School of Mines Hydrate Prediction Program CSMGem V1.10 ( [START_REF] Sloan | Clathrate Hydrates of Natural Gases, 3rd ed[END_REF] is 7.8 • C, corresponding to a subcooling of ∼7 • C. Note that, in the conditions of this study, the excellent agreement between experimental values and numerical CO 2 hydrate equilibrium data predictions obtained from CSMGem have already been demonstrated by the authors in a previous article (Torré et al., 2015a).

The following experimental protocol is typically used: a mass of water ∼0150 g is first introduced and precisely weighed in the measurement cell. The cell is closed, inserted into the calorimeter and connected to the gas panel. The system is flushed at least three times with CO 2 to eliminate any traces of air. Approximately ten minutes after the beginning of the experiment, the cell is pressurized with 33 ± 0.5 bar of CO 2 . The only difference between the two sets of experiments is a stirring period of 100 min. Concerning the temperature profile, the cell is first regulated at 20 • C for 40 min, before the temperature is decreased to 0.8 • C at 1 • min -1 and stabilized for 40 min. It is then increased again to 20 • C as per the same temperature ramp and finally stabilized at 20 • C. Four experiments were carried out for each condition (i.e. quiescent and stirred) using the same protocol to check reproducibility.

Results and discussion

Ice slurry

Figs. 5 and6 show the thermograms obtained in quiescent and stirred conditions respectively. With the protocol used, an exothermic peak related to the solidification of the water should be observed during the cooling phases (as the temperature set point of -15 • C is far beyond the liquidus point of ∼ -4 • C) followed by an endothermic peak during heating corresponding to the fusion of the ice formed. Fig. 5 shows that this is not the case in quiescent conditions for any of the six temperature cycles, demonstrating the high metastability of this system (i.e. the ice is not crystallizing even though the temperature is well below the freezing point of the mixture), and consequently, the difficulty of analyzing it in these conditions. On the contrary, in stirred conditions, the crystallization and fusion events occur in all the cycles as shown in Fig. 6. Accordingly, the liquidus temperature is then measured at the top of the fusion peak (progressive transformation) and equals 4.0 ± 0.2 • C, which is in perfect agreement with the value of -3.8 ± 0.1 • C mentioned in the literature [START_REF] Flick | Industrial Solvents Handbook[END_REF]. These simple experiments demonstrate that the micro stirrer rotating in the cell is very efficient for promoting nucleation and enhances the crystallization by easily breaking the subcooling effect. In the typical experiment shown in Fig. 7, the system is left in quiescent conditions (i.e. stirrer off all the time). In the first cooling step, crystallization is observed at ∼-20 • C, corroborated by the sharp exothermic peak measured on the heat flow curve (point A in Fig. 7a). In the following heating step, the fusion of the crystals formed at low temperature is revealed by the endothermic peak on the heat flow curve (point B in Fig. 7a). In the second cooling step (occurring at the end of the +1 • C plateau), the sharp exothermic peak observed on the heat flow curve is again directly correlated with a crystallization process (point C in Fig. 7a). In the final heating step, two peaks are visible as shown in Fig. 7b: a very large peak (marked with a single asterisk) and a very small one (marked with a double asterisk). As the onset temperature of the first peak is 0.1 • C ± 0.2, this phase transition indubitably corresponds to the fusion of ice. Concerning the phase transition corresponding to the tiny endothermic bump noted on the thermogram at around 6-8 • C (the onset temperature and the surface of this peak cannot be measured precisely as the peak is too small), it can be attributed to the dissociation of a very small quantity of hydrates formed with ice in the last crystallization step [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF] or in the heating step when the ice begins to melt [START_REF] Fouconnier | Study of CCl 3 F hydrate formation and dissociation in W/O emulsion by differential scanning calorimetry and X-ray diffraction[END_REF]Karanjkar et al., 2012a). The thermogram obtained in quiescent conditions is perfectly reproducible as shown in Fig. S1 of Supporting Information. As a matter of fact, this protocol without stirring is not appropriate for producing large quantities of CP hydrates, and confirms that it is very difficult to obtain CP hydrates in static conditions without using an additive.

Clathrate hydrates

Cyclopentane hydrates

In the typical experiment presented in Fig. 8, the system is first left in quiescent conditions for the first cooling and heating ramps to initiate crystallization. As expected, the same observations as in Fig. 7 can be made for this temperature cycle: crystallization is initially observed in the first cooling step (exotherm at point A), and the fusion of the crystals takes place in the first heating step (endotherm at point B). The stirrer in the calorimetric cell is then switched on, a few minutes after the temperature is stabilized at +1 • C (i.e. at the beginning of the temperature plateau, at point C). The system is maintained in stirring conditions for 90 min at a rotational speed of 1504 rpm, and the stirrer is then switched off at point E. During this short stirring step, a strong exothermic peak can clearly be seen on the heat flow curve (point D). Because the temperature of the cell is +1 • C (i.e. above the fusion temperature of ice and below the equilibrium temperature of CP hydrates), this peak cannot be attributed to ice crystallization, but to the formation of CP hydrates. Interestingly enough, the final temperature ramp (from -10 to 25 • C) exhibits only one endothermic peak (marked with a double asterisk), with a T onset = 6.6 ± 0.2. Note that the small peak observed in the cooling step from +1 • C to -10 • C at the end of the temperature plateau (point F) is a typical DSC artifact caused by the transient heat flux generated by the sensor response during the change of heating sequence, and not by ice crystallization; the heat flux is effectively perfectly flat close to 0 • C during the final heating ramp as clearly shown in Fig. 8b. The thermogram obtained in stirred conditions is perfectly reproducible as can be seen in Fig. S2 of Supporting Information. It can therefore be concluded that this simple protocol is very efficient for forming CP hydrates, with full conversion of the water into CP hydrates. To the best of the authors' knowledge, only four studies have been found in the literature presenting experimental dissociation enthalpy values for CP hydrates. [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF] were the first to propose a dissociation enthalpy value for this type of hydrate. Prior to their DSC analysis, they formed a CPin-water emulsion by ultrasonication stabilized by 4% Tween 85 (polyoxyethylene sorbitan trioleate non-ionic surfactant). They determined a value of 82,300 J mol -1 of CP for the dissociation enthalpy of CP hydrates. [START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF] published the results of their calorimetric experiments and proposed a new enthalpy value. In their study, they used two different calorimetric techniques (DSC and drop calorimetry) with CP/water emulsions in the presence of various surfactants. Using DSC, they found a dissociation enthalpy value equal to 284 J g -1 of hydrates ±1.1% (i.e. 106,900 ± 1200 kJ mol -1 of CP), which is ∼30% greater than the value reported by [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF]. Drawing on other experimental results obtained by drop calorimetry, and in agreement with the observations of [START_REF] Taylor | Macroscopic investigation of hydrate film growth at the hydrocarbon/water interface[END_REF] (who worked on hydrate-film growth at stationary water/CP interfaces), they suggested a reason to explain the discrepancy with Zhang's value: the bulky CP hydrates might contain unconverted liquid phases. Interestingly enough, drop calorimetry experiments using water/CP systems containing different types and quantities of surfactants produced slightly lower dissociation enthalpy values compared to the ones determined by DSC. They concluded that the effective dissociation enthalpy (i.e. the hydrate dissociation enthalpy which takes into account the possible presence of unconverted liquid trapped inside the bulky solid hydrates) depends on the quantity and the nature of the surfactant(s) used to stabilize the emulsion. Accordingly, they estimated that Zhang's value was inaccurate due to the possible presence of unconverted liquid phases in the hydrate phases. [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF], published results of DSC experiments carried out with a macro calorimetric cell equipped with an insitu mechanical stirrer using only CP and water (no additive). They determined a dissociation enthalpy of 115,400 ± 7600 J mol -1 of CP for the CP hydrates, in perfect agreement with the data of [START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF]. The last study to date was that of [START_REF] Lee | Thermodynamic, structural, and kinetic studies of cyclopentane + CO 2 hydrates: applications for desalination and CO 2 capture[END_REF] who measured the dissociation enthalpy of CP hydrates using exactly the same protocol, phase ratio, type of additive and additive concentration as [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF]. They found a value of 77,200 ± 5300 J mol -1 of CP, in good agreement with the value obtained by Zhang, but unfortunately, they did not compare their result with the values proposed previously by [START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF] and [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF] which are 38 and 49% higher than theirs respectively.

Using the data extracted from the thermograms obtained in stirred conditions (see Fig. 8), both the dissociation temperature (T diss ) of the CP hydrates (onset temperature of the peak) and their dissociation enthalpy value H diss (by integration of the peak) can be obtained. The arithmetic mean of the results obtained from 4 experiments carried out under stirred conditions gives the following robust estimation for the two properties: T diss = 6.9 ± 0.4 • C and H diss = 109,900 ± 4600 J mol -1 of CP (359 ± 15 J g -1 of water). Our experimental CP-hydrate dissociation temperature value is in perfect agreement with literature data, as the most reliable equilibrium temperature range for these hydrates is considered to be between 6.6 and 7.2 • C (Ho- [START_REF] Ho-Van | Cyclopentane hydrates -a candidate for desalination?[END_REF].The dissociation enthalpy value is also in very good agreement with those of [START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF] (106,900 J mol -1 of CP) and [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF] (115,400 ± 7600 J mol -1 of CP), but substantially higher than the values proposed by [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF] and [START_REF] Lee | Thermodynamic, structural, and kinetic studies of cyclopentane + CO 2 hydrates: applications for desalination and CO 2 capture[END_REF]. In addition to the assumptions given by [START_REF] Nakajima | Clathrate hydrate formation form cyclopentane-in-water emulsion[END_REF] to explain the difference between their enthalpy value and that of [START_REF] Zhang | Differential scanning calorimetry studies of clathrate hydrate formation[END_REF] (i.e. the presence of unconverted liquid phases in the bulk hydrate phase), we also believe that phenomena related to the additives (e.g. adsorption/desorption of the surfactant, concentration and crystallization of the additive in the remaining liquid phases, etc.) might have been partly responsible for the discrepancies noted between the authors. For example, some properties of the CP hydrates are affected by the presence of surfactants, such as the CP hydrate equilibrium temperature [START_REF] Baek | Equilibria of cyclopentane hydrates with varying HLB numbers of sorbitan monoesters in water-in-oil emulsions[END_REF][START_REF] Peixinho | Growth of clathrate hydrates from water drops in cyclopentane[END_REF], crystal morphology [START_REF] Dicharry | Using microscopic observations of cyclopentane hydrate crystal morphology and growth patterns to estimate the anti-agglomeration capacity of surfactants[END_REF]Karanjkar et al., 2012b), zeta potential [START_REF] Lo | Adsorption of cationic and anionic surfactants on cyclopentane hydrates[END_REF] and cohesive force [START_REF] Aman | Surfactant adsorption and interfacial tension investigations on cyclopentane hydrate[END_REF]. Consequently, one might imagine that additives, particularly when they are used at relatively high concentrations (from few % to 10% as is the case in some of the previous studies cited in this paper involving water/CP emulsions), might also affect the measurement of the CP hydrates' dissociation enthalpy. This leads us to believe that the dissociation enthalpy value should be determined, where possible, without any additives.

CO 2 hydrates

Two typical thermograms are presented in Figs. 9 and 10 to highlight the effect of in-situ stirring. Note that reproducibility is very good between the different experiments performed in the same conditions, as the same trends were observed for each group of four runs. Two additional thermograms are given in Fig. S3 and S4 of Supporting Information as proof of the good reproducibility of the experiments carried out.

Approximately ten minutes after the experiments were started, the cell was pressurized by 33 ± 0.5 bar of CO 2 producing the small exothermic peak visible on the heat flow curve at point A in Figs. 9 and 10. The only difference between the two sets of experiments is a period of 100 min of stirring. In the experiment presented in Fig. 10, this stirring period starts at 20 min (point B) and stops at 120 min (point D). It should be noted that the decompression and stirrer stopping steps are not shown in the figures.

In quiescent conditions, it can be seen in Fig. 9 that the heat flow variations measured versus time are due only to the typical transient effects that result from changes in the heating sequences (e.g. beginning of the ramp, end of the ramp) but there is no characteristic exothermic peak corresponding to hydrate crystallization. On the contrary, in stirred conditions, Fig. 10 exhibits a strong exothermic peak (point C), observed during the cooling step, that definitely corresponds to CO 2 hydrate crystallization as the temperature is always above 0 • C. As a logical consequence to the CO 2 hydrate crystallization, an endodermic peak is measured during the heating ramp which corresponds to the CO 2 hydrate dissociation (Fig. 10, point E). The onset temperature of this peak can be used to determine the hydrates' dissociation temperature, which is 8.1 ± 0.2 • C for an experimental pressure of 33.4 ± 0.1 bar. This result is in very good agreement with the equilibrium point of CO 2 hydrates expected in these conditions (7.8 ± 0.1 • C at 33.4 bar according to the CSMGem prediction [START_REF] Sloan | Clathrate Hydrates of Natural Gases, 3rd ed[END_REF]). We have consequently succeeded in answering the three questions that were asked upstream of the experiments: (i) this novel prototype mixing cell works well under pressure and enables the study of gas hydrates; (ii) in-situ stirring triggers the formation of CO 2 hydrates even at temperatures above 0 • C; and (iii) as a use case, this apparatus could be used for rapidly acquiring three-phase equilibrium data on gas hydrate systems.

Conclusions

A novel prototype of a microcalorimetric cell equipped with a mechanical stirrer, suitable for performing analyses under pressure, was designed, constructed and tested. In the experiments conducted, the entire system, which can theoretically withstand pressures of up to 150 bar, was experimentally tested under stirring conditions of up to 44.0 bar of CO 2 . Typical results obtained during the tests (e.g. pressurized cell, with and without liquid) showed that the rotation of the stirrer in the measuring cell did not affect or disturb the heat flow signal: a perfect baseline was obtained under stirring for all the conditions tested. In addition, experiments performed using an ethanol/water mixture at atmospheric pressure demonstrated that in-situ stirring helps the formation of ice slurry by triggering the crystallization and breaking the high metastability of this system. Experiments were also performed with clathrate hydrate systems. The study of cyclopentane (CP) hydrates at atmospheric pressure also demonstrated the very positive effect of in-situ-stirring for reducing the time of analysis and achieving full water-to-hydrate conversion. We believe that the protocol presented in this study was much simpler than the one involving a preformed emulsion, as the dissociation temperature and enthalpy of the CP hydrates was easily and rapidly obtained in few hours. A dissociation temperature of 6.9 ± 0.4 • C and a dissociation enthalpy of 109,900 ± 4600 J mol -1 of CP (362 ± 15 J g -1 of water) were obtained for the CP hydrates. Finally, the cell prototype was successfully tested under pressure to study CO 2 hydrates: a point on the three-phase equilibrium line of the phase diagram was easily obtained, within a short time and with only one temperature cycle. We consequently believe that this novel micro stirred cell has the potential to open up new avenues in calorimetry, particularly for thermal and DSC analysis of complex systems such as gas hydrates.

Fig. 1 -

 1 Fig. 1 -Diagram of the prototype.

Fig. 2 -

 2 Fig. 2 -Photographs of the prototype: a) full prototype, b) zoom-in on the stirrer and c) the measuring cell before the experiment, d) prototype placed on a Setaram DSC7 evo calorimeter.

Fig. 3 -

 3 Fig. 3 -Influence of stirring in an empty measuring cell under pressure. Heat flow: full blue line; temperature: dot-dashed red line; cell pressure: full gray line; letters A to F: characteristic steps or events cited in the text; the vertical dashed lines are visual guidelines.

Fig. 4 -

 4 Fig. 4 -Influence of stirring in a measuring cell under pressure and filled with water. Heat flow: full blue line; temperature: dot-dashed red line; cell pressure: full gray line; letters A to E: characteristic steps or events cited in the text; the vertical dashed lines are visual guidelines.

Fig. 5 -Fig. 6 -

 56 Fig. 5 -Thermogram obtained for a water/ethanol mixture at 8.7 wt% without stirring in the cell. Heat flow: full blue line; temperature: dot-dashed red line.

  Two typical thermograms obtained in quiescent (0.105290 g of water, 0.030310 g of CP, 20% excess molar volume of CP in relation to the hydrate stoichiometry) and stirred conditions (0.10590 g of water, 0.02841 g, 15% molar volume excess of CP in relation to the hydrate stoichiometry) are presented in Figs. 7 and 8 respectively. Two additional thermograms (see Fig. S1 and S2 of Supporting Information) show the very good reproducibility of the measurements in each condition.

Fig. 7 -

 7 Fig. 7 -Thermogram of a CP hydrate formation experiment without stirring in the cell. Heat flow: full blue line; temperature: dot-dashed red line; symbol *: ice fusion; symbol **: CP hydrate dissociation; letters A, B, C: characteristic events discussed in the text; (a) full thermogram; (b) zoom-in on the last heating cycle.

Fig. 8 -

 8 Fig. 8 -Thermogram of a CP hydrate formation experiment with a period of stirring in the cell. Heat flow: full blue line; temperature: dot-dashed red line; symbol **: CP hydrate dissociation; letters A to F: characteristic events discussed in the text; (a) full thermogram; (b) zoom-in on the last heating cycle.

Fig. 9 -

 9 Fig. 9 -Thermograms obtained with water and CO 2 (P CO2 = 33.0 ± 0.1 bar) without stirring in the cell. Heat flow: full blue line; temperature: dot-dashed red line; letter A indicates a characteristic step or event cited in the text.

Table 1 -materials used, suppliers and purities.
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	Material	Supplier	Purity
	Carbon dioxide	Air Liquide	≥99.7%
	Cyclopentane	Acros Organics	>98%
	Ethanol	Fluka Analytical	≥99.8%
	Hexadecane	Sigma Aldrich	≥99%
	n-Tetradecane	Sigma Aldrich	≥99%
	Water	Purelab system	-
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