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In this paper, the mechanisms of hydrate formation in the presence of porous activated carbon particles (PACP) loaded with cyclopentane (CP) and immersed in an excess of pure water are investigated using differential scanning calorimetry (DSC) in combination with gas porosimetry (GP) and mercury intrusion porosimetry (MIP). PACP with different pore size distributions (PSDs) are used and CP hydrates are formed at atmospheric pressure and 1°C. CP desorption from the PACP, initially saturated or oversaturated with CP, that is induced by hydrate crystallization is studied by quantifying the amount of CP-to-hydrates obtained and/or the CP-conversion rate. It was found that the CP available for hydrate formation is predominantly contained in the large pores and on the external surface of the PACP. Therefore, to enhance the quantity of hydrates formed, PACP with pores larger than a given threshold pore size, a large macroporous volume and oversaturated with CP should be used. Moreover, the shift observed in the hydrate equilibrium temperature shows that a fraction of hydrates is formed inside the pores. The conclusions reached might offer new insights into hydrate-based processes.

Introduction

Gas hydrates are ice-like solids formed by assemblages of water-based cages in which "guest" molecules, such as acid gases and light hydrocarbons, are enclathrated (Sloan Jr and Kho, 2007). They usually form at low temperatures (a few degrees above 0°C) and high pressure (a few MPa). Several properties of gas hydrates, including the exclusion of non-hydrate formers (such as salts), capture selectivity and the capacity to store hydrate formers, could make these compounds potentially useful in a number of industrial applications such as water desalination, gas storage, and gas separation. Significant obstacles for the development of hydrate-based technologies are the generally slow kinetics of hydrate crystallization and the growth rate of the hydrates. Consequently, low water-to-hydrate conversion rates are generally obtained over a short period of time. Based on this observation, several studies, published in the literature, were conducted to see how hydrate formation kinetics and hydrate growth could be enhanced. Indeed, methods to improve hydrate formation were investigated based on: i) co-guests such as cyclopentane (Ho- [START_REF] Ho-Van | Cyclopentane hydrates -A candidate for desalination?[END_REF], cyclohexane [START_REF] Cha | Increasing gas hydrate formation temperature for desalination of high salinity produced water with secondary guests[END_REF], tetrahydrofuran [START_REF] Li | Anti-agglomeration in cyclopentane hydrates from bio-and cosurfactants[END_REF], and carbon dioxide (Park et al., 2011), ii) enhanced formation conditions (mainly by increasing the subcooling (which is defined as the difference between the equilibrium and experimental temperatures at the experimental pressure)) [START_REF] Zylyftari | Salt effects on thermodynamic and rheological properties of hydrate forming emulsions[END_REF], iii) memory effect (phenomenon induced in a solution that has previously experienced hydrate formation and decomposition) [START_REF] Sefidroodi | Investigation into the strength and source of the memory effect for cyclopentane hydrate[END_REF], iv) new methods/protocols (such as LNG cold energy utilization [START_REF] Babu | Hydratebased desalination (HyDesal) process employing a novel prototype design[END_REF][START_REF] He | A novel conceptual design of hydrate based desalination (HyDesal) process by utilizing LNG cold energy[END_REF], innovative reactor designs (stirred vessel, bubble column, spray column [START_REF] Babu | A Review of clathrate hydrate based desalination to strengthen energy-water nexus[END_REF][START_REF] Zheng | Progress and trends in hydrate based desalination (HBD) technology: A review[END_REF]), v) chemical compounds (surfactants: SDS, SDBS, APG [START_REF] Zheng | Progress and trends in hydrate based desalination (HBD) technology: A review[END_REF], polymers (Ho- [START_REF] Ho-Van | Cyclopentane hydrates -A candidate for desalination?[END_REF]), vi) solid materials (silica sand, silica gel, activated carbons, nanoparticles, dry water, dry gel [START_REF] Linga | A review of reactor designs and materials employed for increasing the rate of gas hydrate formation[END_REF], graphite [START_REF] Li | Promotion effect of graphite on cyclopentane hydrate based desalination[END_REF]). The latter are classified into open-solid surfaces (non-porous solids) and confining solids (porous solids and packed-beds). Open-solid surfaces were found to act as heterogeneous nucleation sites. However, there is no unanimity on their impact on hydrate formation kinetics. The surface chemistry of the solid materials was put forward as a determining factor [START_REF] Nguyen | Critical review on gas hydrate formation at solid surfaces and in confined spaces. Why and how does interfacial regime matter?[END_REF]. [START_REF] Govindaraj | Kinetics of methane hydrate formation in the presence of activated carbon and nano-silica suspensions in pure water[END_REF] observed that activated carbon suspensions had a promoting effect on methane hydrate formation whereas deactivated carbon suspensions had an inhibiting effect in the same conditions. [START_REF] Baek | Inhibition effects of activated carbon particles on gas hydrate formation at oil-water interfaces[END_REF] observed that the use of small activated-carbon particles (< 150 µm) in a tightly packed layer configuration inhibited the formation of CP-propane mixed hydrates in the presence of non-hydrate formers (molecules of high molecular weight such as isooctane) and a surfactant.

The effect of confining solids on hydrate formation is more complex due to several parameters; in particular, the size and surface chemistry of the pores are reported to be determining factors [START_REF] Pasieka | The effect of hydrophilic and hydrophobic multi-wall carbon nanotubes on methane dissolution rates in water at three phase equilibrium (V-Lw-H) conditions[END_REF].

Micropores (< 2 nm) most likely do not provide sufficient space for hydrate nucleation [START_REF] Nguyen | Critical review on gas hydrate formation at solid surfaces and in confined spaces. Why and how does interfacial regime matter?[END_REF].

In contrast, activated-carbon and porous-glass mesopores (2 to 50 nm) were found to host methane hydrate formation [START_REF] Casco | Experimental evidence of confined methane hydrate in hydrophilic and hydrophobic model carbons[END_REF][START_REF] Uchida | Effects of pore sizes on dissociation temperatures and pressures of methane, carbon dioxide, and propane hydrates in porous media[END_REF]. [START_REF] Casco | Experimental evidence of confined methane hydrate in hydrophilic and hydrophobic model carbons[END_REF] observed higher methane hydrate formation rates in prewetted hydrophobic mesopores than in hydrophilic ones. They also demonstrated a very high rate of methane hydrate formation in activated-carbon pores [START_REF] Casco | Methane hydrate formation in confined nanospace can surpass nature[END_REF]. [START_REF] Uchida | Effects of pore sizes on dissociation temperatures and pressures of methane, carbon dioxide, and propane hydrates in porous media[END_REF] noticed a shift in the equilibrium temperatures of gas hydrates (methane, carbon dioxide and propane) confined in small pores (4 to 100 nm) of porous glass at a given pressure. The shift obtained is inversely proportional to the pore size. For example, the equilibrium temperature of methane hydrates formed in 4-nm wide pores at 8 MPa exhibited a shift of -12.3 K, which in the case of 100-nm wide pores decreased to -0.5 K at pressures ranging from 2.95 to 5.72 MPa. The shift toward lower equilibrium temperatures indicates an inhibition effect in these pores [START_REF] Uchida | Effects of pore sizes on dissociation temperatures and pressures of methane, carbon dioxide, and propane hydrates in porous media[END_REF].

Packed beds were also investigated in the literature, namely glass beds, silica particles, clays, minerals, zeolites, and so on. [START_REF] Linga | Gas hydrate formation in a variable volume bed of silica sand particles[END_REF] studied methane hydrate formation in beds of silica sand particles of different sizes. They discovered that hydrates are formed within the intra-particle spaces and that the water-tohydrate conversion, after three formation growth stages, is high (74 -98%). They concluded that the hydrate formation rate is dependent on the bed size. Siansgai et al. ( 2014) evaluated the size effect of activated-carbon particles in a fixed bed on methane hydrate formation. The authors reported enhanced hydrate formation for all particle sizes (from 250 to 1,680 µm). The main conclusion of their work is that the hydrate growth rate is faster with small particles, but water conversion, at the end of the experiments, is higher with large particles.

They explained the faster growth rate by the larger interconnection spaces between the particles, and the higher water conversion rate by the larger interstitial spaces. The pattern of methane hydrate formation in silica sand and activated-carbon beds was investigated by [START_REF] Babu | Morphology of methane hydrate formation in porous media[END_REF]. Their video recordings showed a hydrate front moving across the silica-sand and smaller activated-carbon beds. In the silica sand bed, hydrate nucleation was seen to take place in the interstitial spaces, whereas in the activated carbon bed, it took place at the surface of the particles. Very recently, [START_REF] Nguyen | Critical review on gas hydrate formation at solid surfaces and in confined spaces. Why and how does interfacial regime matter?[END_REF] reported that hydrate nucleation, in beds of mesoporous materials of different wettabilities initially filled with water, takes place at the solid surface when the latter is hydrophobic or at the water-gas interface in the case of a hydrophilic surface. Besides, they concluded that partially saturated packed beds with mild wettability are optimal for hydrate formation since they allow maximum water-gas contact.

Most of the systems studied in the literature consist of packed-solid materials pre-wetted with water, with a gaseous compound as the hydrate former. The present work looks at porous activated carbon particles (PACP) as the solid material, loaded with cyclopentane (CP), which is a non-gaseous compound that forms hydrates at atmospheric pressure and moderate temperatures (<~7°C (Ho- [START_REF] Ho-Van | Experimental measurement and thermodynamic modeling of cyclopentane hydrates with NaCl, KCl, CaCl2 or NaCl-KCl present[END_REF]Mallek et al., 2020a)). This configuration was used in a recently patented hydrate-based desalination process [START_REF] Mottet | Method for crystallising clathrate hydrates, and method for purifying an aqueous liquid using the clathrate hydrates thus crystallised[END_REF] and evaluated in a previous paper (Mallek et al., 2020a). The PACP used were found to act as CP carriers and kinetic promoters of hydrate formation. However, the results showed that, after 24 hrs. of hydrate formation at a subcooling of 6°C, less than half of the CP present in the system had been converted to hydrates. Based on this observation, the CP adsorption-desorption of PACP was investigated, irrespective of hydrate crystallization, mainly by measuring adsorption/desorption isotherms [START_REF] Mallek | Experimental characterization of cyclopentane adsorption/desorption in microporous activated carbons[END_REF]. The results obtained revealed that after prolonged evacuation (under primary vacuum at 30°C for 24 hrs.), all the CP in pores of less than 1.1 nm remained trapped in the PACP. CP desorption from the PACP during hydrate crystallization should therefore be investigated in an attempt to elucidate the prevailing mechanisms of hydrate formation in the presence of CP-loaded PACP, explain the low water-to-hydrate conversion, and enhance the quantity of hydrate formed. For that purpose, hydrate formation in the presence of CP-saturated and CP-oversaturated PACP immersed in an excess of pure water at 1°C (subcooling of around 6°C) was studied. The experiments were performed using PACP with three different pore size distributions (PSD). In the first part of this work, the pore volumes (PV) and PSD of the PACP were determined using both gas and mercury intrusion porosimetry, and the CP-adsorption capacities of the PACP at 1°C were measured by weighing the PACP placed in a closed vessel partially filled with CP. Afterwards, CP-hydrate formation and dissociation in the CP-saturated and oversaturated PACP/water systems were studied using DSC. From there, the quantities of CP-to-hydrates obtained and CP-conversion rates were determined. Microscopic observations of the hydrate crystallization in these systems were also carried out.

Experimental

Materials and Apparatus

CP (purity of 97%) was ordered from Sigma Aldrich. Deionized water (resistivity of 18.2 MΩ.cm) was produced by a Purelab laboratory water-purification system. Three grades of PACP, G-BAC-G70R (below referred to as Gbac), Cyclecarb 401 (below referred to as Cycarb) and BGX, were used for the hydrate formation experiments. Gbac, which is a beaded activated carbon, was purchased from Keruha GmbH (Germany), and Cycarb and BGX, which are granular activated carbons, were supplied by Calgon Chemviron (Belgium). They have different PSD and their mean particle sizes, as provided by the suppliers, are 700 µm for Gbac, and 1,000 µm for both Cycarb and BGX (Cf. section 3.1).

The PV and PSD of the PACP were determined using both an Autosorb iQ gas sorption analyzer (from Quantachrome®) and an Autopore IV 9500 mercury intrusion porosimeter (from Micromeritics®). A vacuum preparation apparatus called VacPrep™ (from Micromeritics) was used to purify the PACP samples before the mercury intrusion porosimetry experiments and before the PACP were loaded with CP.

The adsorption capacities of the PACP at 1°C were determined using a closed vessel partially filled with CP, here referred to as the CP adsorption chamber, and a set of closable flasks with a 5-ml capacity. The closed vessel was inserted into a universal convection incubator (from Memmert®). An ALC-110.4 balance (from Accurlab ®) was used to weigh the samples with an uncertainty of 10 -4 g.

The hydrate formation and dissociation experiments were performed in the measurement cell (1-cm 3 capacity) of a micro-DSC7 Evo (from Setaram Instrumentation®). The uncertainties as regards the energy and temperature measured are 2% and 0.2°C respectively.

The microscopic observation of CP-hydrate formation in the presence of PACP was performed using a binocular magnifier (Wild Heerbrugg) fitted with a CCD camera (IDS UI124xSE-C).

Procedure

Characterization of PACP and determination of adsorption capacities

To perform the gas porosimetry measurements, the PACP were purified at 200°C under secondary vacuum for 12 hrs. Argon adsorption-desorption isotherms were generated at 87 K -controlled using liquid nitrogen and SynCryostat -and interpreted with the help of the Quenched Solid Density Functional Theory (QSDFT) in order to determine the pore volumes and PSD. This technique provides a reliable evaluation of pore sizes from 0.5 to 30 nm. MIP, whose practical range is 10 nm to 300 µm, was used to complete the pore sizes in the macroporous region. After being purified at 200°C under primary vacuum for 12 hrs., 0.2 to 0.9 g of each type of PACP (depending on the PACP density and the penetrometer capacity) were loaded into a suitable powder penetrometer. The interpretation of the mercury intrusion volume curve using the Washburn model and taking into account the compressibility of the PACP and mercury at the highest pressures, served to determine the PSD and cumulative PV. The Mayer-Stowe method was used in the low-pressure range to determine the particle size distribution and compare it to granulometry measurements.

To perform the CP-adsorption capacity measurements, the PACP were purified at 200°C for 12 hrs. under primary vacuum. Using a glass funnel, the hot purified sample was directly transferred to a small closable flask (5-mL capacity), which was then weighed and introduced into the CP adsorption chamber. The PACP were not in contact with liquid CP but with CP vapor (cf. Figure S1). The CP adsorption chamber was placed in the incubator at 1.0 ± 0.5°C. After 48 hrs. of adsorption, the flask was weighed again and the CP-adsorption capacity of the PACP was determined. The experiment was repeated 3 times to check the results' reproducibility and define the associated uncertainties. The validity of this method was checked by determining the adsorption capacity of BGX at 30°C and comparing the result obtained with the one deduced from the CP-adsorption isotherm (cf. Figure S2 and Table S1) generated using the gravimetric technique [START_REF] Mallek | Experimental characterization of cyclopentane adsorption/desorption in microporous activated carbons[END_REF].

CP-Hydrate formation in the presence of CP-saturated PACP

In order to investigate the effect of the PSD of the PACP on hydrate formation, experiments were performed using the three types of PACP saturated with CP. Figure 1 shows a CP-saturated PACP immersed in water before hydrate formation. In this case, PACP were first purified at 200°C for 12 hrs. under primary vacuum. µDSC below) using a glass funnel. The cell was introduced into the CP-adsorption chamber at 1°C for 48 hrs. (as described in section 2.2.1) in order to saturate the PACP with CP. Afterwards, 200 mg of deionized water were added into the cell, which was then closed and placed in the µDSC. A temperature profile, consisting of two main stages, was imposed on the system in order to form and dissociate hydrates (cf.

Figure 2). In the first stage, hydrate crystallization was initiated through ice formation. The system was cooled to -20°C (to form ice) and then heated to 1°C (to melt the ice and form the hydrates) and maintained at this temperature for 24 hrs. Afterwards, the hydrates formed were dissociated at a heating rate of 0.05 K/min. The second stage consisted of 10 cycles of fast hydrate formation and decomposition followed by a slow decomposition cycle (heating rate of 0.05 K/min). This second stage was repeated 5 times. The dissociation temperature(s) and amount of energy released were determined after each slow hydrate dissociation cycle.

Dissociation temperatures were obtained by applying the tangent method (standard ISO 11357-3) and the amount of energy released by integrating the hydrate dissociation peaks. The latter were converted through CP-hydrate dissociation enthalpy (115.4 kJ/mole of CP [START_REF] Delroisse | Determination of thermophysical properties of cyclopentane hydrate using a stirred calorimetric cell[END_REF]) to a CP-to-hydrate mass and subsequently to a CP-conversion rate, defined as follows:

𝐶𝑃_𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) = 𝐶𝑃_𝑡𝑜_ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑚𝑎𝑠𝑠 * 100 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑃_𝑚𝑎𝑠𝑠 (1)
The uncertainties as regards energies were calculated as the sum of the deviations determined based on the two experiments performed (deviation from the average value) and calibration control (through the dissociation of ice formed from deionized water (cf. Figure S3)). 

CP-Hydrate formation in the presence of CP-oversaturated PACP

The objective of this section is to investigate the amounts of CP-to-hydrates obtained in CP-oversaturated PACP water systems (cf. Figure 3). To this end, two types of PACP (Gbac and BGX) were overloaded with the same excess amount of CP (excess mass compared to CP mass at saturation). The latter, below referred to as surface CP, entirely covered the external surface of the PACP. In other words, no free liquid CP appeared while the PACP were being loaded. The initial surface-CP mass was calculated as the difference between the total loaded CP mass and the CP mass at saturation (cf. equation 2).

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒-𝐶𝑃 𝑚𝑎𝑠𝑠 = 𝐿𝑜𝑎𝑑𝑒𝑑-𝐶𝑃 𝑚𝑎𝑠𝑠 -𝐶𝑃 𝑚𝑎𝑠𝑠 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (2)

For this purpose, 25 mg of the hot purified PACP (under primary vacuum at 200°C for 12 hrs.) were transferred to the µDSC measurement cell. The PACP were directly soaked with liquid CP so as to be oversaturated at a rate of 0.4 g excess CP (CP above saturation) / g PACP. Afterwards, 200 mg of deionized water were added to the cell, which was then closed and introduced into the µDSC. Hydrates were formed following the first stage of the temperature profile (cf. Figure 2).

The hydrate dissociation peaks were integrated in order to obtain the CP-to-hydrate mass and consequently the CP-conversion rate (see equation 1). The surface-CP-to-hydrate mass was determined by assuming that the surface CP is converted before the pore CP. From there, the surface-CP conversion rate was calculated using equation 3:

Surface-CP conversion rate (%) = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒-𝐶𝑃 𝑡𝑜 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑚𝑎𝑠𝑠 * 100 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒-𝐶𝑃 𝑚𝑎𝑠𝑠 (3) [24], where CP hydrates were formed in the presence of CP-oversaturated Gbac (0.8 g CP/g PACP) in quiescent conditions (without stirring) for 24 hrs.

Visualization of CP-hydrate crystallization in the presence of CP-loaded PACP.

CP-loaded PACP (Gbac and BGX) and CP-hydrate crystallization were observed using the binocular magnifier. To do so, the glass cell was filled with 25 ml of deionized water. Alongside this, 200 mg of each type of PACP were saturated or oversaturated with CP at the same rates as previously (0.8 g CP/g Gbac and 1.36 g CP/g BGX) and then introduced into the glass cell. The system was cooled down to 1°C so as to achieve a subcooling of 6°C. CP-hydrate crystallization was triggered by seeding the system with a few CPhydrate crystals, prepared beforehand. The cell was tightly sealed in order to prevent CP evaporation. The binocular magnifier was focused on CP-loaded PACP and snapshots were acquired at a regular timestep.

During the experiment, the seal top was exposed to an air flow in order to prevent water condensation and subsequently, blurry images.

Results and Discussion

Characterization of PACP and determination of adsorption capacities

The microporosity of the three types of PACP was analyzed using the adsorption isotherm of Argon at 87 K.

The cumulative PV and PSD of the three samples, obtained with the QSDFT (slit pore geometry), are shown in Figure 4. As can be observed, BGX (green curve) has a much more developed PSD in the largest micropore and small mesopore ranges than the other two PACP. Indeed, this criterion served as a basis for the selection of BGX in this study, considering the conclusions of a previous work [START_REF] Mallek | Experimental characterization of cyclopentane adsorption/desorption in microporous activated carbons[END_REF] indicating that CP remains trapped in the ultramicroporosity and small supermicroporosity regions after adsorption. To further characterize the micropore volumes and PSD obtained using Argon porosimetry, the mesoand macropore volumes were quantified using MIP. A typical mercury intrusion curve is shown as a function of pressure in Figure 5 for a sample of Gbac. Three stages can be distinguished in the intrusion process: first, mercury invades the voids between the particles which causes a steep increase in the volume of intruded mercury at the lowest pressures (P < 0.02 MPa approx.). It is followed by a region in which the volume of intruded mercury continues to increase but to a lesser extent (0.02 < P < 3 MPa approx.); this corresponds essentially to the surrounding of the particles by the mercury and possibly its intrusion inside the microcracks. Finally, mercury penetrates the intraparticle porosity. It is the latter part of the intrusion curve that helps deduce the macro and mesoporous volume of the samples. The intruded mercury volume (or cumulative PV) obtained by considering compressibility at the highest pressures is plotted in Figure 6 as a function of pore size. The Washburn equation was used to link pressure and pore size. A contact angle of 145° -a typical value for activated carbons [START_REF] Lowell | Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density[END_REF] -was used for both Cycarb and BGX samples. For Gbac, a highly spherical activated carbon made from petroleum pitch, a mercury contact-angle value of 130° was obtained by fitting the particle diameter distribution obtained using the Mayer-Stowe method with the particle size distribution measured previously [START_REF] Mallek | Experimental characterization of cyclopentane adsorption/desorption in microporous activated carbons[END_REF]. The corresponding macro-and mesoporous volumes are given in Table 1 together with the CP-adsorption capacities of the PACP at 1°C. The adsorption capacities measured are in line with the PSD obtained. Indeed, BGX, which has the highest adsorption capacity, presents both a greater micropore fraction, where most of the CP adsorption takes place, and larger pores (meso-and macropores) than Cycarb. On the other hand, it has almost the same micropore fraction as Gbac, but a greater fraction of large pores. In addition, the adsorption capacity of BGX is greater than what was determined at 30°C (cf. Table 1 andTable S1), which makes sense since adsorption capacity decreases with temperature. Table 1: characteristics of the PACP used

CP-Hydrate formation in the presence of CP-saturated PACP

CP-hydrate formation/dissociation cycles in the presence of CP-saturated PACP resulted in several endothermic peaks. By analyzing them, it was possible to determine both the hydrate dissociation temperatures and dissociation energies (Figure 7). The latter were then used to calculate the CP-to-hydrate masses (cf. Figure 8). In the hydrate dissociation stages, both a main peak around the CP-hydrate equilibrium temperature (T ≈ 7.1°C) and few small peaks at lower temperatures (between 4.8°C and 7.1°C) can be observed. Since gas hydrates confined in small pores are known to dissociate at lower temperatures than bulk hydrates [START_REF] Uchida | Effects of pore sizes on dissociation temperatures and pressures of methane, carbon dioxide, and propane hydrates in porous media[END_REF], the shifts observed in the CP-hydrate equilibrium temperature prove that a fraction of the CP hydrates was formed inside the PACP pores, which indicates that water molecules were able to enter the PACP pores to form hydrates with the CP. For the three types of PACP, the CP-to-hydrate mass increased until reaching a maximum value after a given number of cycles depending on the PACP used (40, 30 and 10, for Gbac, Cycarb and BGX respectively). Figure 8 shows that CP in pores is converted progressively and suggests that the conversion occurred at different kinetics. The maximum CP-conversion rates shown in Table 2 imply that the PACP trapped a high percentage of the CP initially loaded (up to 97% in the case of Gbac), meaning that only a few percent of CP (3% in the case of Gbac) was available for hydrate formation. The large fraction of trapped CP can be explained by a combination of: i) the fluid-solid and fluid-fluid interactions within the pores, and ii) the low CP-desorption driving force (applied by hydrate crystallization). This result is consistent with a previous study where a smaller fraction of trapped CP was obtained for Gbac (45%) using primary vacuum as the CPdesorption driving force [START_REF] Mallek | Experimental characterization of cyclopentane adsorption/desorption in microporous activated carbons[END_REF]. It also explains the relatively small quantity of hydrates formed in a previous study, which evaluated the hydrate-based desalination process of "BGH" (Mallek et al., 2020a). The maximum CP-conversion rate depends on the type of PACP used (cf. Table 2) and seems to be related to their PSD. Indeed, BGX, which has the largest pores and meso-and macropore volumes among the PACP used (cf. Table 1) produced the highest CP-conversion rate, whereas Gbac which has the smallest pores and hardly any meso-and macropores gave the lowest CP-conversion rate. One can see that the variation in the maximum CP conversion rate of two different types of PACP is roughly proportional to the ratio of their macroporous volumes. As an example, the latter for BGX and Gbac is 13 (= 0.65:0.05) and the CP conversion rate of BGX is 12.7 (= 38:3) times greater than that of Gbac.

Greater pore sizes mean reduced confinement, and CP is therefore released more easily. Both the trapping of CP and the effect of pore size (or PSD) on the CP-conversion rate suggest the existence of a threshold pore size above which CP is available for conversion to hydrates. Indeed, CP is trapped in small pores where high confinement is exerted (high interactions) whereas it is available for hydrate conversion in the case of larger pores. Assuming that CP is converted/released more easily from larger pores and that all the CP contained in the pores larger than the threshold size is converted, the conversion rate could be roughly determined by projecting the maximum CP-to-hydrate volumes on the mercury intruded volume (Figure 9). As an example, the threshold size was found to be of the order of a micrometer for BGX. Note that for the two other types of PACP, it was impossible to estimate the threshold size due to both the small pore volumes and the corresponding uncertainties in the macro-and mesoporous ranges. Even though the CP-conversion rate, and therefore the quantity of hydrates, was enhanced using PACP with PSD more developed in the meso-and microporous regions, it still remained relatively low (< 28±4% after 1 cycle and < 38±5% after 50 cycles (see Table 2)). Consequently, the PACP were oversaturated with CP in an attempt to enhance the CP-conversion rate. Figure 10 represents the dissociation peaks of CP-hydrates formed in the presence of oversaturated Gbac and BGX. Analysis reveals a significant enhancement in CP-conversion rates compared to those achieved with the CP-saturated PACP system after the same number of hydrate formation/dissociation cycles, namely after one cycle (from 1.0±0.3% to 44±6% for Gbac and from 28±4% to 45±6% for BGX (see the second line in Table 2 and the third line in Table 3). This is due to the high conversion rate of surface CP (88±12% for Gbac and 100±23% for BGX) (Table 3). A reasonable explanation is that the surface CP is in direct contact with water and thus readily available for hydrate formation.

Gbac

As mentioned in section 2.3.3, the experiment involving CP-oversaturated Gbac mimics the hydrate-based desalination process studied in a previous paper (Mallek et al., 2020a). The authors found a CP-conversion rate of 47.4% (cf. case of Gbac loaded with 0.8 g CP/g PACP without stirring in (Mallek et al., 2020a)).

Interestingly enough, this rate is close to the one found here, i.e. 44% (cf. Table 3) even though the system volume differs by more than three orders of magnitude (250 µL and 900 mL in the present and previous work respectively). This suggests that the system volume has no significant effect on hydrate formation.

One can infer that the results obtained at laboratory scale might be reproducible at an industrial scale. 

Visualizing of CP-hydrate crystallization in the presence of CP-loaded PACP

In order to understand why greater quantities of CP-to-hydrates are obtained in CP-oversaturated PACP systems, hydrate crystallization in CP-saturated and oversaturated Gbac and BGX systems was observed under the microscope (see Figures 11 for Gbac and S4 for BGX). Figure 11a shows that very few hydrate crystals formed from CP-saturated Gbac particles. This result is in line with section 3.2 where the CP contained in the pores of the CP-saturated Gbac system was found to remain almost-entirely trapped (97%).

As can be seen in Figure 11b, upon contact with water, small CP droplets were released from the CP film present at the surface of the CP-oversaturated PACP. Moreover, fibrous hydrate crystals emerged from the surface of the particles toward the aqueous phase. A similar morphology was observed by [START_REF] Venet | A novel gas hydrate morphology: massive hollow fiber growth on a porous substrate[END_REF] in experiments where the authors introduced A-bac-SP particles (smaller particles but with the same PSD as Gbac) at the interface of both excess water and CP. Concomitantly to the formation of the fibrous hydrate crystals, the CP droplets released by the PACP were converted to hydrates. The greater amounts of hydrates obtained with CP-oversaturated PACP can therefore be attributed to the high water/CP contact provided by both the external surface of the particles and the CP droplets.

CP-saturated Gbac CP-oversaturated Gbac 

Conclusion

This work investigated the prevailing mechanisms of CP-hydrate formation in (excess) pure water in the presence of PACP (Gbac, Cycarb, BGX) with different pore volumes and PSD, initially saturated or oversaturated with CP. The CP-loaded PACP were found to act as a CP source. In the case of Gbac, mainly microporous, 97% of the CP contained in pores was found to remain trapped. This result explained the small quantity of hydrates obtained in a previous paper in which a hydrate-based desalination process was evaluated (Mallek et al., 2020a). The use of a PACP (BGX) with PSD more developed in the meso-and microporous regions and a macroporous volume about 13 times greater than that of Gbac enhanced the conversion rate of pore CP in the same proportion. Moreover, calorimetric measurements showed that a fraction of hydrates is formed within the pores. The results obtained suggest that the CP available for hydrate formation is contained in pores of a size greater than a threshold size. Using rough hypotheses (the density of CP in the given pores (> threshold size) is equal to the density of bulk CP, and the CP contained in the given pores is completely converted to hydrates), it could be estimated to the order of a micrometer for BGX. In the case of CPoversaturated PACP, the CP conversion rate increased (from about 1 to 44% for Gbac, and from about 28 to 45% for BGX) due to the high conversion rate of surface CP (> 88±12%). The microscopic observation of hydrate formation using CP-oversaturated PACP revealed that a fraction of surface CP is released as small droplets in the aqueous phase, which enhance the CP/water contact area, and thus the amount of hydrates formed. Moreover, hydrate crystals with a peculiar fibrous morphology were observed and described. In order to optimize the quantity of hydrates formed from systems where a hydrophobic liquid hydrate former is loaded on PACP, large-pore and guest-oversaturated PACP should be used. All these results could present an interest for both fundamental research on hydrate formation in porous materials and hydrate-based processes at industrial scale.
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 1 Figure 1: CP-saturated PACP immersed in water

Figure 3 :

 3 Figure 3: CP-oversaturated PACP immersed in water

Figure 4 :

 4 Figure 4: PSD and cumulative pore volumes of PACP obtained with QSDFT Ar at 87 K
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 5 Figure 5: mercury intrusion curve (cumulative intrusion volume as a function of intrusion pressure) for Gbac.
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 6 Figure 6: mercury intruded volume as a function of pore size for the three PACP

Figure 7 :

 7 Figure 7: hydrate dissociation peaks of CP hydrates formed in the presence of CP-saturated PACP

Figure 9 :

 9 Figure 9: determination of the threshold pore size of pores releasing CP

Figure 10 :

 10 Figure 10: hydrate dissociation peaks of CP hydrates formed in the presence of CP-oversaturated PACP

Figure 11 :

 11 Figure 11: microscopic observation of hydrate formation from CP-saturated or oversaturated Gbac particles

Table 2 :

 2 maximum CP-conversion rates

	Cycarb	BGX

Table 3 :

 3 CP-conversion rates in the presence of PACP (Gbac or BGX)

		Gbac	BGX
	Dissociation energy	570 ± 30	1000 ± 45
	(J/g of PACP)		
	CP-to-hydrate amount	0.35 ± 0.04	0.61 ± 0.07
	(g of CP/g of PACP)		
	CP-conversion rate (%)	44 ± 6	45 ± 6
	Surface-CP-to-hydrate	0.35 ± 0.04	0.40 ± 0.07
	amount (g of CP/g of PACP)		
	Surface-CP conversion rate	88 ± 12	100 ± 23
	(%)		
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Supplementary Material

Investigation on hydrate formation from cyclopentane-loaded porous activated carbon particles Rafik Mallek, 1 Christelle Miqueu, 2 Matthieu Jacob 3 , Christophe Dicharry hydrate crystallization, no CP film is clearly visible at the surface, but a behavior similar to that of Gbac is nonetheless observed. Indeed, CP droplets are released in the aqueous phase before hydrate crystallization. As is the case for oversaturated Gbac particles, a large quantity of hydrates is formed in the aqueous phase owing to the large water/CP contact area provided by both the CP droplets and external surface of the particles.

However, no fibrous hydrate crystals were observed.