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Abstract 

Gas hydrates have drawn the attention of many scientists because of their potential role in energy 

applications. By using some thermodynamic promoters, it is possible to form hydrates at reduced 

pressure and near ambient temperature, which are suitable formation conditions for most industries. In 

this study, a high pressure micro differential scanning calorimeter was used to measure the 

dissociation conditions of mixed cyclopentane (c-C5H10) + CO2 hydrates in the system composed of 

liquid water + liquid hydrocarbon + hydrate + vapour, in a pressure range of 0 to 4.3 MPa in a 

temperature range of 280 to 292 K. The analysis of the heat flow curve allowed the direct 

determination of the dissociation enthalpy of c-C5H10 + CO2 hydrates (e.g.,  ∆� =  462.5 ±  1.5 kJ. 

kg-1 
water at equilibrium pressure 0.25 MPa) and the average mass heat capacity of c-C5H10 + CO2 

hydrates in a temperature range o �277.9 − 281.2� K (CpH = 1479.09 ± 137.43 J. K-1. kg-1 hydrate at 

0.25 MPa). 
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Abbreviations 
 

P   Pressure  
 

T   Temperature 

 

��   Heat flow  

 

Z   Gas compressibility  

 

R   Universal gas constant  

 

∆��  Enthalpy of dissociation per mole of carbon dioxide calculate from Clausius-

Clapeyron method 

 

∆��   Enthalpy of dissociation per mole of water measured with the DSC method 

 

Cp1   Mass heat capacity in the system before dissociation  

 

Cp2   Mass heat capacity in the system after dissociation   

 

CpH   c-C5H10 + CO2 hydrate mass heat capacity in the system before dissociation    

 

Cpc-C5H10  Mass heat capacity of cyclopentane 

 

mH   Hydrate formed mass 

 

mc-C5H10   Mass of cyclopentane in the system before dissociation of c-C5H10 + CO2 hydrate  

 

m’c-C5H10  Mass of cyclopentane in the system after dissociation of c-C5H10 + CO2 hydrate  

 

mH2O   Mass of water in the system before dissociation of c-C5H10 + CO2 hydrate 

 

m’H2O   Mass of water in the system after dissociation of c-C5H10 + CO2 hydrate 

 

mCO2   Mass of carbon dioxide in the system before dissociation of c-C5H10 + CO2 hydrate 

 

m’CO2   Mass of carbon dioxide in the system after dissociation of c-C5H10 + CO2 hydrate 
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1. Introduction 

Gas hydrates are crystalline structures belonging to the family of clathrates (from "klathron" in Greek, 
which means closure). These are inclusion compounds that form a network of water molecules called 
hosts, which are filled by another so-called guest/invited/included molecule. Three different structures 
are usually formed for gas hydrates: structure I (sI), structure II (sII), and structure H (sH) determined 
by the size of the guest molecules (Jeffrey, 1984). 

The thermodynamic stability and thermophysical properties of clathrate hydrates depend on hydrate 
structure, the trapped molecular species, but also on the cage occupancy for each invited molecule. 
Many experimental measurements of thermophysical properties are required to obtain a complete data 
set, including the phase diagram, composition of gas hydrates at variable pressure, dissociation 
enthalpy, and heat capacity (Carroll, 2014). Various studies have been conducted on hydrate-liquid-
vapour-equilibrium data for several applications, such as gas separation (Mondal et al., 2012), gas 
transport (Taheri et al., 2014), and refrigeration (Marinhas et al., 2006; Oyama et al., 2005; Wenji et 

al., 2009) 

The complete determination of thermophysical properties, particularly useful in the field of 
refrigeration, is rare. The use of gas hydrates as phase-change materials (PCM) for secondary 
refrigeration using two phases fluid (hydrate slurries), is an alternative solution to reduce greenhouse 
gas emission of refrigerant as HFCs. CO2 hydrates have been identified as a good PCM candidate in 
secondary refrigeration (Oignet et al., 2017) because of their advantage of being formed by a non-
mechanical process of gas injection into a cooled liquid phase (compared to ice slurries) and also 
because of their high dissociation enthalpy (Marinhas et al., 2006). 

The use of CO2 hydrate in cold transport has been investigated. Therfore, these hydrates must have a 
high energy density to be used. 

However, the formation of CO2 hydrates at high pressure and low temperature hinders the industrial 
development of these processes (Clain et al., 2015; Kang and Lee, 2000). Therefore, some studies 
have shown that the use of additives can reduce the equilibrium pressure. Many investigations on gas 
hydrate equilibrium conditions in systems containing water + CO2 + additive, including 
tetrahydrofuran (THF), cyclopentane, cyclohexane, methyl cyclopentane (Mohammadi and Richon, 
2009), and quaternary ammonium salts (Mayoufi et al., 2010; Sakamoto et al., 2011) have been 
carried out and have shown a significant reduction in pressure formation.. 

Table 1 shows the experimental conditions studied in the literature for carbon dioxide and 
cyclopentane as promoter. (Mohammadi and Richon, 2009) have detailed the hydrate equilibrium 
conditions for CO2 hydrate systems with methyl cyclopentane, methyl cyclohexane, and cyclopentane. 
The comparison of experimental hydrate equilibrium data reported in the literature leads to the 
conclusion that cyclopentane is the most effective among all the promoters used. 

(Zhang and Lee, 2009) presented experimental results of the formation/ dissociation conditions for 
carbon dioxide hydrates with cyclopentane compared to THF and TBAB. They showed that the 
dissociation temperature of mixed c-C5H10 + CO2 hydrates at the same pressure was slightly higher 
than that with the other two other additives; (Matsumoto et al., 2014) also presented the 
thermodynamic equilibrium data of gas hydrates with cyclopentane and its derivatives over a large 
range of pressure [0.08 – 4.88] MPa and temperature [274.2 – 293.7] K. They showed that the 
maximum dissociation temperature is reached at a pressure around 3 MPa and determined the 
dissociation enthalpy of mixed c-C5H10 + CO2 hydrates at 308 ± 29 kJ.mol-1 of hydrates using 
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Clausius-Clapeyron equation; then. (Herslund et al., 2014) performed an experimental study on the 
dissociation of CO2 hydrates dissociation with cyclopentane in a 5 mol % THF, which reduced the 
hydrate formation pressure by 20 % compared to the cyclopentane promoted system at a similar 
temperature. 

Finally, (Lee et al., 2019) investigated the mixed c-C5H10 + CO2 hydrates formation using differential 
scanning calorimetry (DSC) over a temperature range [285.1 – 292.2] K and pressure [0.60 –
 3.78] MPa. The obtained enthalpy of dissociation ∆� was equal to 491.4 ± 7.4 J.g-1 water and a 
hydration number of 7.6 was found at 3 MPa. 

Table 1: Experimental condition results of c-C5H10+CO2 hydrates in the literature 

Author Method Temperature 
(K) 

Pressure 
(MPa) 

∆Hd 

(Zhang and Lee, 2009) Micro DSCVII [286.6 – 292.6] [0.89 – 3.51] - 

(Mohammadi and Richon, 
2009) 

Isochoric pressure [284.3 – 291.8] [0.35 – 2.52] - 

(Herslund et al., 2014) Isochoric temperature [280.1 – 291.6]  [0.08 – 4.88]  - 

(Matsumoto et al., 2014) Clapeyron equation [285.1 – 292.2] [0.60 – 0.96] 308 ± 29 kJ.mol-1 of 
hydrates 

(Lee et al., 2019) HP µDSC [285.1 – 292.2] [0.60 – 3.78] 491.4 ± 7.4 J.g-1 of 
water 

 

In the present work, the dissociation temperatures of c-C5H10 + CO2 hydrates in a pressure range of 
[0.1 - 4.3] MPa are presented. The dissociation enthalpies of the c-C5H10 + CO2 mixed hydrates were 
determined directly by the MicroDSC and estimated using the Clausius-Clapeyron equation. The 
experimental results are compared with the literature. The second part of this work is devoted to the 
determination of the composition of mixed c-C5H10 + CO2 hydrates and the measurement of their mass 
heat capacity. One of the originalities of the present work is the determination of the dissociation 
enthalpy and the hydration number of c-C5H10 + CO2 mixed hydrates at different pressure and 
temperature conditions. The determination of the specific heat capacity of mixed c-C5H10 + CO2 
hydrate is another originality presented by the paper presents. 

2. Materials and methods 

2.1 Materials 

The experiments were carried out with distilled water. Cyclopentane was purchased from Sigma 
Aldrich (Molar purity: 0.98), carbon dioxide was obtained from Air Liquide (Molar purity: 0.99995). 
All materials were used without further purification. 

2.2 Equipments 

Figure 1 is a schematic representation of the main experimental setup for measuring hydrate 
dissociation temperatures in a high-pressure Micro DSC VII (SETARAM). A Differential Scanning 
Calorimetry (DSC) can identify transformations that affect heat flow, namely phase changes or 
endothermic or exothermic chemical reactions. It has long been used to study phase change 
thermodynamics, and to measure the thermophysical properties of phase change materials used in cold 
storage and transfer in refrigeration applications. In the present configuration, the DSC is equipped 
with gas-tight cells capable of withstanding pressures up to 40 MPa. A pressure sensor is connected to 
the DSC data logger to record pressure changes during the temperature program.  
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Figure 1: Representation of the main experimental setup in a Micro DSCVII (SETARAM). 

There are two identical cells, one containing the sample and the other serving as a reference. The 
sample cell was filled with 0.05 cm3 of distilled water and 0.1 cm3 of c-C5H10, then CO2 gas was 
injected. The temperature range varied from 253.1 K to 281.1 K and the CO2 pressure range was up to 
4.0 MPa. 
 
2.3 Methods 

The aim of the experiments was to determine p-T equilibrium points of the hydrates aqueous liquid-
organic liquid-vapour (H-LW-Lc-C5H10 - V), the hydrates dissociation enthalpies, the heat capacity and 
the approximate composition in the systems c-C5H10 + CO2 + H2O at different CO2 pressures. An 
excess of c-C5H10 (mass ratio of water to 1:2) was used in all experiments. The experimental 
procedure for the measurements of mixed c-C5H10 + CO2 hydrates formation parameters in water is as 
follows: 

First, the liquid samples (50 µl of water and 100 µl of cyclopentane) were introduced into the DSC cell 
and weighed using a precision analytical balance (resolution ± 0.01mg). Due to the very poor 
miscibility of c-C5H10 and water, the two liquids remained separated, with a water droplet at the 
bottom of the cell surrounded by an excess of cyclopentane. The cell was placed in a calorimeter block 
that was continuously purged with a stream of nitrogen to avoid water condensation during the cooling 
phases. The cell was then connected to the CO2 supply line and purged at least five times to evacuate 
the remaining air. The initial pressure of CO2 was set to the desired value. It should be noted that the 
set pressure corresponds to the initial conditions. The pressure in the cell would then depend on the 
gas dissolution in the liquids, the gas consumption during hydrate formation or the release of the 
hydrate during dissociation. The pressure would depend on the temperature program imposed on the 
cell. By recording the pressure signal along with the usual temperature and heat flow signals, it is 
possible to accurately track the gas pressure variation within the cell throughout the program. As 
mentioned by Martinez et al. (Martinez Valentin-Gamazo, 2009), various solids can occur in the 
ternary system c-C5H10 + CO2 + water mixture: 
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 single hydrates (c-C5H10 and /or CO2 hydrates), mixed c-C5H10 + CO2 hydrates, and ice. A 
competition between the different kinds of hydrates took place between ice and c-C5H10 hydrates and 
more stable c-C5H10 + CO2 hydrates. To maximize the conversion rate of the c-C5H10-CO2-H2O 
mixture to c-C5H10 + CO2 hydrates, a sequence of cooling and warming cycles was applied to 
successively crystallize and melt metastable phases (ice and single cyclopentane hydrate) and 
accumulate the stable mixed hydrate. For this purpose, the upper temperature of the cycles was set to 
values that do not reach the dissociation temperature of mixed hydrates (here warming temperature 
was 281.15 K). Figure 2 shows the heat flow and pressure evolutions during a typical cycling 
sequence realized to obtain the mixed c-C5H10 + CO2 hydrates. This run was performed at a CO2 
pressure of 0.25 MPa. During each thermal cycle, we observed that the crystallization and dissociation 
peaks decreased, indicating the disappearance of the less stable solids in the system. When both peaks 
are stable and no further evolution is observed a slower heating program is applied to achieve 
complete dissociation of the mixed c-C5H10 + CO2 hydrates. 

 

Figure 2: Thermal cycles for c-C5H10 + CO2 hydrates at 0.25 MPa to improve the conversion of 

c-C5H10-H2O-CO2 solution to c-C5H10 + CO2 hydrates 

3. Results and discussion 

This part focuses on the results related to the dissociation of mixed c-C5H10 + CO2 hydrate in the 
MicroDSC. For all experiments, the initial volume of water and cyclopentane is the same. First, the 
experimental dissociation data for c-C5H10 + CO2 hydrates are reported at different pressures and 
temperatures and compared with the literature data (Section 3.1). The dissociation enthalpy of c-
C5H10 + CO2 is determined by two different methods: Clausius-Clapeyron equation and the heat flow 
integration (Section 3.2). Then, the composition of the mixed hydrates is presented based on the 
dissociation enthalpy results (Section 3.3). Finally, the dissociation thermogram at an initial pressure 
of 0.275 MPa (which corresponds to an equilibrium pressure of 0.25 MPa) is used to calculate the heat 
capacity of c-C5H10 + CO2 hydrates. The equilibrium point at (0.25 MPa, 282.4 K) was chosen because 
it provided a better dissociation peak which allowed the determination of the mass heat capacity 
(Section 3.4). 
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3.1 Lw-Lc-C5H10-H-V equilibrium points 

An extract from the DSC thermogram of the heating sequence after hydrates formation is shown in 
Figure 3. It must be remembered that only dissociation experiments are used for equilibrium 
determinations, since crystallization of aqueous phases, especially hydrates, is subject to large 
subcooling. As this type of DSC experiment is dynamic, the system can only be considered close 
enough to equilibrium when the heat flow is close to zero, which corresponds to the onset point of the 
dissociation peak as shown in Figure 3. The P onset point corresponds to the first inflection point of the 
pressure signal. A perpendicular projection of the inflection point of the heat flow signal gives the 
onset temperature T onset. It is noticeable that the onset temperature coincides exactly with the onset of 
the pressure signal. This indicates that the gas is released at the same time that heat starts is consumed 
to ensure hydrate dissociation. Thus, the coordinates of the equilibrium point are (Tonset, ponset). 

 

 

Figure 3: Typical dissociation thermogram of mixed c-C5H10 + CO2 hydrates under a pressure of 

0.25 MPa of CO2 

The dissociation temperatures of mixed c-C5H10 + CO2 hydrates at equilibrium pressures ranging from 
[0.1 - 4.3] MPa are listed in Table 2. These results are plotted in Figure 4 and compared to those 
published in the literature.  
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Table 2: Dissociation temperature of mixed c-C5H10 + CO2 hydrates at different pressures 

obtained by Micro DSC 

T /K (±0.2 K) p /MPa T /K (±0.2 K) p /MPa 

292.1 
292.0 
292.0 
291.3 
291.1 
290.9 
290.5 
290.4 
290.4 
289.8 
289.8 
289.5 

 

4.34 ± 0.11 
3.57 ± 0.09 
3.48 ± 0.09 
2.80 ± 0.07 
2.54 ± 0.06 
2.46 ± 0.06 
2.33 ± 0.06 
2.20 ± 0.06 
1.90 ± 0.05 
1.94 ± 0.05 
1.84 ± 0.05 
1.83 ± 0.05 

 

289.1 
288.9 
288.9 
288.1 
286.8 
286.5 
285.7 
284.4 
282,8 
282.4 
282.2 
281.5 
281.4 
279.7 

1.47 ± 0.04 
1.64 ± 0.04 
1.42 ± 0.04 
1.04 ± 0.03 
0.83 ± 0.02 
0.95 ± 0.02 
0.63 ± 0.02 
0.45 ± 0.01 
0.28 ± 0.01 
0.25 ± 0.01 
0.24 ± 0.01 

0.16 ± 0.004 
0.15 ± 0.004 
0.00 ± 0.004 

 

 

Figure 4: Hydrate + Liquid + Vapor phase equilibria in water + c-C5H10 + CO2 system 

From Figure 4, it can be seen that our results are generally consistent with literature data. To get an 
indication of the degree of approximation of our results with all authors, a statistical test called the 
Mahalanobis test was realized (Table 3). The Mahalanobis distance is an effective multivariate 
distance metric used to estimate the degree of agreement between two distributions of data sets and to 
measure the distances between two objects or distributions of data sets (Mahalanobis, 1936). At the 
same time, several mean values for different variables, here P and T, were measured for each sample. 
This distance was calculated to rank the equilibrium points obtained in the literature and determine 
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those closest to our results. The smaller the Mahalanobis distance, the closer are the equilibrium points 
are to those presented in Table 2. The test was examined in two subgroups. The first subgroup is for 
points below 289 K and the second subgroup includes all equilibrium points at a temperature above or 
equal to 289 K. 

Table 3: Mahalanobis distance between the equilibrium points of this work and the equilibrium 

points of each author 

 (Herslund et 

al., 2014) 
(Lee et 

al., 2019) 
(Matsumoto et 

al., 2014) 
(Mohammadi and 

Richon, 2009) 
(Zhang and 
Lee, 2009) 

< 289 K 0.596 0.731 0.050 1.141 1.597 
≥ 289 K 0.731 0.070 0.856 0.662 1.973 

 

Using this indicator, we can see that our results are  in particular agreement with the results of (Lee et 

al., 2019) at high temperature (≥ 289 K) and pressure and with those of (Matsumoto et al., 2014) at 
low temperature (< 289 K). 

3.2 Dissociation enthalpy 

The thermogram can be used to determine the dissociation enthalpy by two methods:  

The DSC peak integration. The MicroDSC VII gives a first direct measurement of hydrates 
dissociation enthalpy. Since the mass of the water sample is precisely known and assuming that water 
has been converted to hydrates (due to the cycling process), the heat of dissociation per unit mass of 
water is obtained by integrating the dissociation peak. In the case of incomplete water conversion, it is 
possible to estimate and subtract the amount of unconverted water by integrating the peak of ice 
melting that occurs at 273.15 K. This peak corresponds to a heat of dissociation per unit mass of 
water. This peak corresponds to a heat of fusion of 6 kJ per mole of water. 

Clausius-Clapeyron equation. The dissociation enthalpy of gas hydrates can also be calculated using 
the Clausius-Clapeyron equation from the univariant slope of the phase equilibrium (G.D. Holder et 
al., 1988) : 

 
��� (�)

�(
�

�
)

 = 
�∆��

 !
 (Eq.1) 

Where p and T are the equilibrium pressure and temperature of the gas hydrate, respectively, ∆�� is 
the dissociation enthalpy of the gas hydrate, per mole of CO2, Z is the compressibility factor of CO2, 
which can be determined by the Benedict Webb Rubin (BWR) equation of state (G.D. Holder et al., 
1988; Sandler, 1994), R is the universal gas constant. 

Figure 5 plots the equilibrium data in the Clapeyron diagram (lnp =f (1/T)). The enthalpy change, 
expressed per mole of CO2, is directly proportional to the slope of the straight line. 



 

 

10 

 

 

Figure 5: Clapeyron p-T phase diagram 

The results are shown in Table 4, where the DSC results are given per mole of water ∆��, while the 
Clausuis-Clapeyron equation results are given per mole of CO2 , ∆��. 

It can be seen from Figure 6 that the mixed c-C5H10 + CO2 hydrates have the highest heat of 
dissociation over the whole range of pressure compared to other mixed CO2 containing hydrates. It is 
about 30 % higher and even higher at low pressure. It can also be found that the enthalpy increases 
sharply from 406.78 to 466.39 kJ. kg-1 at a pressure equilibrium varying from 0 to 0.5 MPa and then 
stabilizes around 500 kJ. kg-1 of water at high equilibrium pressure. This value is higher than that of 
ice and is even greater than the enthalpy of the mixed hydrates TBAB + CO2. Moreover, the energy of 
these mixed hydrate can be obtained at lower pressure than concurrent MPCs (less than 1 MPa), which 
makes their use more efficient. 
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Figure 6: Enthalpy dissociation of mixed hydrates c-C5H10 + CO2 and comparison with data 

available in the literature 

3.3 CO2 content 

Considering that the structure of the mixed c-C5H10 + CO2 hydrates, is a type II cubic clathrate 
structure (De Hemptinne and Behar, 2000; Sloan Jr et al., 2007), and assuming that the c-C5H10 
molecules occupy 100 % of the large cavities (Zhang et al., 2004), the formation of the mixed hydrates 
can be written by the equation (Eq.2): 

 x CO2 (G) + c-C5H10(L) + 17 H2O(L)→ x CO2.  c-C5H10. 17 H2O (hydrate) (Eq.2) 

Based on this equation, the number of moles of hydrate can be obtained from (Eq.3) knowing the 
number of moles of water converted to hydrate: 

       #$%�&'() = 17 . #*'()& (Eq.3) 

From the ratio between the hydrate dissociation enthalpy in kilojoules per mole of CO2 given by the 
Clausius-Clapeyron equation ∆H2, and the experimental DSC values in kilojoules per mole of water 
∆H1, the ratio x can be calculated (Eq.4). 

                                 + =
∆��/-./ �01

∆�� /-./ 230

× 17                            (Eq.4) 

Then, the molar number of carbon dioxide nCO2 is calculated from the x values and the molar amount 
of  mixed hydrates #$%�&'(), using (Eq.5) and presented in Table 4. 
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  #230
= 

�56789:;

<
 (Eq.5) 

Table 4: Hydrate composition for water + c-C5H10 + CO2 system and dissociation enthalpy of 
mixed c-C5H10 + CO2 hydrates at various CO2 pressures measured by DSC, ∆H1 and calculated 

by Clausius-Clapeyron equation, ∆H2 

 

The calculation of nCO2 (Table 4), shows that the amount of CO2 varies slightly with gas pressure, 
indicating that there is probably an amount of gas that remains dissolved in the liquid and does not 
participate in the filling of cavities. This is logical considering that the gas only occupies the small 
cavities to stabilize the hydrates and that the amount of water and cyclopentane used is the same in all 
experiments. 

Hydration number  

Based on knowledge of hydrate structure and gas composition, it is possible to calculate the relative 
water/guest ratio called the hydration number. 

 #=$ = 
�>01

�?@AB>�CD�?E0
=  

�F

�D< 
 (Eq.6) 

Mixed c-C5H10 + CO2 hydrate have a type II hydrate structure with 16 small cavities and 8 large 
cavities. Cyclopentane is assumed to occupy all the large cavities, while CO2 occupies only the small 
cavities. The values obtained for the hydration number are much higher than the minimum hydration 
number which is 136 / 24 = 5.67. These values of hydration number are close to the results obtained 
by Lee et al (Lee et al., 2019) using a different method than the present enthalpy ratio method at a 
pressure of 3 MPa as shown in Figure 7. No other data seem to be available in the literature to 
compare our results at other pressures. 

T /K 

(±0.2 K) 

p /MPa ∆GH ( kJ. 

mol-1 CO2) 

∆H2 (kJ. mol-1 

H2O) 
x  n hydrate .103 

(mol) 

nCO2 .103 

(mol) 

281.4 0.15±0.004 193.38 ± 23 7.99±0.1 0.70±0.1 0.154±0.03 0.219±0.05 

281.5 0.16±0.004 193.38 ± 23 8.03±0.2 0.71±0.1 0.154±0.03 0.218±0.05 

282.2 0.24±0.01 193.39 ± 24 8.27±0.1 0.73±0.1 0.154±0.03 0.211±0.05 

282.4 0.25±0.01 193.39 ± 24 8.33±0.1 0.73±0.1 0.154±0.03 0.210±0.05 

282.8 0.28±0.01 193.39 ± 24 8.39±0.1 0.74±0.1 0.154±0.03 0.208±0.05 

286.5 0.95±0.02 193.41 ± 24 8.90±0.2 0.78±0.1 0.150±0.03 0.192±0.05 

288.9 1.64±0.04 193.42 ± 24 8.91±0.1 0.78±0.1 0.157±0.03 0.200±0.05 

289.5 1.82±0.05 193.42 ± 24 8.90±0.1 0.78±0.1 0.150±0.03 0.192±0.05 

290.4 1.96±0.05 193.42 ± 24 8.97±0.2 0.79±0.1 0.154±0.03 0.194±0.05 

290.9 2.45±0.06 193.42 ± 24 9.06±0.2 0.80±0.1 0.150±0.03 0.189±0.05 

292.0 3.57±0.09 193.43 ± 24 8.97±0.1 0.79±0.1 0.157±0.03 0.199±0.05 

292.1 4.34±0.11 193.43 ± 24 8.95±0.1 0.79±0.1 0.157±0.03 0.199±0.05 
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Figure 7: Evolution of the hydration number of CO2 with pressure into the mixed c-

C5H10 + CO2 hydrates 

As mentioned earlier, the moles number, n hydrate is calculated using the ratio nH2O/17. From this value 
at 0.25 MPa and using (Eq.2) in the calculation of the molar mass of mixed hydrates, the mass of 
hydrate formed is estimated as shown in Table 5. 

Table 5: Composition of liquid water + liquid hydrocarbon + hydrate + vapor equilibrium 

 

3.4 Heat capacity of mixed c-C5H10 + CO2 hydrates 

Heat capacity can be determined from the thermogram analysis. Its determination is rather 
complicated as it requires a very stable heat flow signal before and after the dissociation peak of the 
hydrates, which explains the lack of Cp data in the literature. Figure 8 shows the dissociation 
thermogram of the hydrates at an equilibrium pressure of 0.25 MPa as an example of a stable signal 
that can be used (Eq.7). At any temperature below 281 K (Figure 8), the sample cell is assumed to 
contain liquid c-C5H10, carbon dioxide (gas), and mixed c-C5H10 + CO2 hydrates. All the water is 
assumed to be in the form of hydrates since an excess of c-C5H10 was used. From these assumptions 
and from (Eq.8), the determination of the heat capacity of mixed c-C5H10 + CO2 hydrate was possible 
knowing the amount of hydrate formed n hydrate, the free gas in the mixture (nCO2= nCO2 init –
 nCO2 consumed) (Table 4), and the amount of cyclopentane not consumed during hydrate formation (n c-

C5H10 = n c-C5H10 init – 1/17 nH2O init). In addition, after hydrate dissociation, a quantity of liquid water 
ni H2O, liquid cyclopentane ni c-C5H10, and carbon dioxide (gas) remains (Eq.10). 
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c-C5H10 + CO2  hydrate 0.15. 10-3 408.23 62.70 100 
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 I� =
��

JK
JL

 (Eq.7) 

Where ��  [mW] is the heat flow and 
�M

�(
 [K.s-1] is the heating rate of the DSC oven. 

 

Figure 8: Dissociation thermogram of mixed c-C5H10 + CO2hydrates 

Table 6: mass heat capacity of mixed c-C5H10 + CO2 hydrate before dissociation (Cp1), after 

dissociation (Cp2) 

c-C5H10 + CO2 hydrates CP 1 CP 2 

CP (J. K-1) 

CP (J. K-1. kg-1) 

0.12 ± 0.01  

962.5 ± 71 

0.23 ± 0.01 

1862.5 ± 65 

 

The determination of CP1 facilitates the calculation of the mixed hydrates heat capacity using (Eq.8) 

 I� � = N�OP� Q NR�2S��TOPR�2S��T Q NR.�OPR.� (Eq.8) 

 O�� =
I� � − NR�2S��TOPR�2S��T − NR.�OPR.�

N�

 (Eq.9) 

 I�� = N��3OP��3 Q N′R�2B��C
OPR�2B��C

Q N′R.�OPR.� (Eq.10) 
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Mixed c-C5H10 + CO2 hydrates form in a closed system that allows the mass of water and 
cyclopentane in the system to be considered constant after dissociation of c-C5H10 + CO2 hydrates. 
From this hypothesis, the determination of the composition of different components becomes easier. 
Thus, Cp H at different temperatures can be easily calculated from (Eq.8) using the experimental data of 
Cp 1 reported in the literature and the heat capacity of different components of mixed hydrates (Table 
7) (Table 8) 

Table 7: heat capacity formers (Osborne et al., 1972; Yaws, 1996) 

Parameter  Cyclopentane Carbon dioxide Water 

Cp (J. K-1. kg-1) 1740 861 4194 

 
Table 8: heat capacity of hydrate at a range of temperature [277.9 – 282.2] K 

T (K) 

(±0.2 K) 

Cp1 (J. K-1) 

(±0.01 J. K-1) 

Cp1 (J. K-1. kg-1) 

(±71 J. K-1. kg-1) 

CpH (J. K-1. kg-1
hydrate) 

(±137 J. K-1. kg-1 
hydrate) 

CpH (J. K-1. kg-1
water) 

(±251 J. K-1. kg-1 
water) 

277.9 0.102 850 1263.8 1685.9 
278.4 0.105 875 1311.6 1749.8 
278.7 0.108 900 1359.5 1813.6 
279.0 0.111 925 1407.3 1877.4 
279.6 0.114 950 1455.2 1941.3 
279.9 0.117 975 1503.0 2005.1 
280.2 0.120 1000 1550.9 2068.9 
280.5 0.123 1025 1598.7 2132.6 
280.8 0.126 1050 1646.6 2196.6 
281.2 0.129 1075 1694.4 2260.4 
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Figure 9: Cp values of mixed c-C5H10 + CO2 hydrates at 0.25 MPa and THF + CO2 at 0.37 MPa 

The evolution of heat capacity with temperature was obtained between 277.9 K and 281.2 K. In Figure 
9, the values of Cp of mixed c-C5H10 hydrates at equilibrium pressure 0.25 MPa in J.K-1.kg-1

water are 
shown to be compared with (Martinez Valentin-Gamazo, 2009) results (the THF + CO2 hydrates heat 
capacity correlation obtained from experimental data at 0.37 MPa). As can be seen in Figure 9, the 
Cp H values increase with increasing temperature; this variation is much more significant for mixed c-
C5H10 + CO2 hydrates than for THF + CO2 hydrates. 
 
Conclusion 

The aim of the present work was to determine the formation conditions and thermophysical properties 
of mixed c-C5H10 + CO2 hydrates, in view of their possible use as cold storage material and secondary 
refrigerants. The four phase (LW-LCP-H-V) equilibrium conditions of the hydrates formed in the c -
 C5H10 + CO2 + water system were studied by the DSC method in the presence of an excess of 
cyclopentane. The equilibrium results presented in this work cover a wide pressure range (from very 
low to high pressures). It was found that the formation conditions of mixed hydrates in the presence of 
cyclopentane as promoter are weaker than those of simple CO2 hydrates. 
A multi-cycle DSC method was implemented to measure dissociation enthalpy of the mixed c-
C5H10 + CO2 hydrates in a pressure range that varies between 0 and 4.3 MPa. The variation of enthalpy 
with pressure showed two distinct trends: In a first pressure interval from 0 to 0.5 MPa, the enthalpy 
increases with pressure from 406.78 to 466.39 kJ. kg-1

water (462.5 ± 1.5 kJ. kg-1
water at the equilibrium 

point (282.4 K, 0.25 MPa)). In a second interval, for high pressure, the enthalpy remains almost 
constant around a value of 500 kJ.kg-1

water. 
The DSC curves were also used to determine the average mass heat capacity of the mixed hydrates, 
1479 ± 137 J.K-1. kg-1 of hydrates at 0.25 MPa in a temperature range between 277.9 K and 281.2 K. 
No data were found in the literature for the heat capacity of the mixed c- C5H10 + CO2 hydrates at any 
thermodynamic equilibrium conditions. 
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The hydrate mass and molar mass were estimated assuming that the total amount of water was 
consumed during hydrate formation. Therefore, the mixture of water + c-C5H10 + CO2 allowed the 
formation of mixed c-C5H10 + CO2 hydrates with a conversion rate of 100 % of water. The equilibrium 
and enthalpy results were also used to estimate the composition of the mixed hydrates formed at 
different CO2 pressures.  
The experimental results presented in this work could be used to validate or develop a thermodynamic 
model for mixed c-C5H10 + CO2 hydrates and to guide further work on hydrate slurries applied in 
secondary refrigeration and cold storage. 
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