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A B S T R A C T   

This work presents the application of a multicycle procedure to determine the dissociation temperature and 
enthalpy of gas hydrates using high-pressure microcalorimetry (HP-µDSC). In the multicycle procedure, a sample 
of water in contact with the gas undergoes successive cooling and warming cycles below hydrate dissociation 
temperature, increasing the conversion of water into hydrate. This technique has been previously used in 
literature to increase water conversion during carbon dioxide hydrate formation up to 2.0 MPa, but its appli
cability has not been assessed for higher pressures and with different guest molecules. New experimental 
equilibrium data for methane, ethane, and carbon dioxide hydrates were obtained through HP-µDSC up to 90 
MPa using the multicycle procedure. The advantages and limitations of the method are discussed. Dissociation 
temperatures are in good agreement with data previously obtained from a HP-µDSC standard method, which 
confirms the reliability to determine this property by both methods. Nevertheless, the enthalpy of hydrate 
dissociation obtained by the direct integration of thermograms provided by the HP-µDSC standard method is not 
accurate. Thus, it is usually calculated by using the Clapeyron equation from equilibrium temperature and 
pressure data obtained by the HP-µDSC standard method, as presented in previous work. The new dissociation 
enthalpies presented in this work were obtained experimentally by direct integration of thermograms using the 
multicycle procedure, which provides accurate data as the conversion is very high (above 97% of water converts 
into hydrate), the baselines are clearly established, and no exothermic peak related to metastable phases is 
observed.   

1. Introduction 

Gas hydrates or clathrates are compounds in which water molecules 
are bound by hydrogen bonds forming a thermodynamically stable 
crystalline structure with the inclusion of small gas molecules (guest) in 
the cavities. Clathrates have received much attention in recent years as 
advanced materials for storage and transportation of natural gas 
[58,29], since under standard conditions, 1 m3 of gas hydrate can store 
between 150 and 180 m3 of natural gas [36,50]. Gas hydrates have also 
received attention as a new method of storage and transportation of 

hydrogen [16,33,19,72]. They are also attractive to be used in the 
capture and sequestration of CO2 [15,60,61,37], water desalination 
[32,3] and as phase change materials for refrigeration [13,43,44]. They 
are also important in geophysical and astrophysical areas, where the 
dissociation of clathrate hydrates has long been inferred as a potential 
replenishment mechanism for atmospheric methane [45,7,52]. Despite 
the variety of applications related to sustainable chemistry [29], gas 
hydrates can be a problem for petroleum companies because their solid 
character can lead to flow assurance problems. Finally, the melting of 
permafrost areas due to global warming can release methane trapped 
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into the hydrate reservoir and produce catastrophic environmental 
consequences. 

Equilibrium (temperature and pressure of dissociation) and thermal 
properties of gas hydrates (enthalpy of dissociation and heat capacity) 
are relevant in all these areas. This is true especially when hydrate is 
proposed to be used as an alternative fuel or in carbon dioxide seques
tration and long-term storage in deep-sea sediments, since they provide 
information about the conditions at which gas hydrate are formed and 
allow quantify either the amount of energy that can be stored in the 
hydrate form or the effects on climate change due to hydrate dissocia
tion [22]. Clathrate formation usually requires high pressures, low 
temperatures, and a high amount of hydrocarbon dissolved in water, 
conditions that hinder their study due to the necessity of suitable in
struments of analysis. Under these conditions, thermal and equilibrium 
properties of clathrates are scarce, sometimes even inexistent, and 
mostly derived from mathematical models. The scarcity of experimental 
equilibrium data available in the literature prevents validation and 
improvement of the thermodynamic models used in processes design. 

The phase behavior of gas hydrates has been extensively studied so 
far mainly using PVT cells equipped with see-through windows for vi
sual inspection and temperature/pressure sensors for detecting pressure 
or temperature drop when gas hydrate is formed. However, these ex
periments are more time-consuming methods and less powerful 
compared to those based on calorimetry [10]. High-pressure microcal
orimetry is a technique that has been used for several years in studies of 
gas hydrates [28,25,56,41,31,55,9,22,48,51,49,47,46]. It allows to 
accurately obtain the enthalpy and temperature of any transition 
involving energy transfer. In pioneering works, gas hydrates were syn
thesized in a reactor and then transferred into the calorimetric vessel to 
determine the heat of dissociation and heat capacity 
[26,23,24,25,56,27,41,31]. However, gas hydrates can be dissociated 
and contaminated when transferred to the calorimetric cell, and for that 
reason, in situ formation and characterization of gas hydrates is 
preferred. Mu and von Solms [51] studied dissociation enthalpies and 
thermal equilibrium properties of methane-carbon dioxide double hy
drates below 10 MPa through microcalorimetry. A high sub-cooling 
degree is necessary for gas hydrate formation, producing ice, which 
crystallizes much easier than hydrate [10]. Mass transfer resistance can 
be reduced (and consequently a higher conversion of water to hydrate 
can be achieved) if pure water is injected into three capillary tubes with 
a micro-syringe [51]. However, even with this method, some of the 
dissociation thermograms still present a small exothermic peak closely 
behind the main peak. These exothermic signals have also been observed 
by our group when samples are analyzed through a standard DSC pro
cedure (see Fig. 1). 

Mu and Solms [51] attributed this phenomenon to the existence of 
more than one guest molecule in hydrate structures. Nevertheless, such 

hypothesis does not explain the presence of these peaks in single guest 
hydrates formed from one type of gas molecule. Gupta et al. [22] sug
gested that a similar peak appeared in their work due to the conversion 
of some melted ice into methane hydrate, which leads to the formation 
of hydrate metastable phases. 

The structure of clathrate hydrates is stabilized as the cage occu
pancy is increased. The existence of empty cages results in metastable 
phases which may dissociate in a large range of temperature and in
fluence the enthalpy of dissociation values and equilibrium properties. 
These factors can lead to considerable uncertainties in these measure
ments. The use of a multicycle program of temperature, as described in 
Delahaye et al. [12], constitutes an alternative to reduce the appearance 
of metastable hydrate phases. The multicycle method consists of suc
cessive cooling and warming cycles below hydrate dissociation tem
perature, allowing water consumption to be monitored by the decrease 
in the ice melting peak at constant pressure. Once this signal is almost 
negligible, or its enthalpy becomes constant, which means that the 
amount of ice in the system is low or inexistent, the maximum conver
sion of water into gas hydrate has been reached and any metastable 
phase has disappeared. Thus, no recrystallization peak is observed, and 
the concentration of produced hydrate sample is maximized. Hence, the 
signal-to-noise ratio (sensitivity) and resolution (degree of separation of 
overlapping thermal effects from each other) increase. Consequently, 
the integration of dissociation peak to determine enthalpy and equilib
rium properties is more accurate than in the standard procedure. 

The multicycle method has been successfully used to analyze carbon 
dioxide hydrates up to 20 MPa [42]. Few hours were necessary to 
convert water into hydrate. However, the formation of cyclopentane 
hydrates at atmospheric pressure was not observed through this meth
odology after more than 60 h of experiment [66]. Since the rate of hy
drate formation is limited by gas–liquid mass transfer, increasing 
pressure and/or mixing is required in this case. A novel prototype of a 
mixing cell has been recently designed for microcalorimetry measure
ments on gas hydrates to improve mass transfer and promote clathrate 
formation [66]. Nevertheless, their maximum working pressure is 15 
MPa. Thus, the multicycle protocol is currently the only alternative to 
measure properties reliably above this threshold. However, the existing 
studies are restricted to CO2 hydrates at pressures below 20 MPa. To 
evaluate the applicability of the multicycle DSC technique to a greater 
number of systems and pressure ranges, in this work equilibrium and 
thermal properties of methane, ethane and carbon dioxide single guest 
hydrates have been studied up to 90 MPa by high-pressure microcalo
rimetry. Both multicycle equilibrium temperatures and enthalpies ob
tained herein were compared with data reported in previous work, in 
which the standard DSC method was applied to experimentally deter
mine equilibrium temperatures, and enthalpies were calculated solely 
through the Clapeyron equation [46]. Since enthalpy determination 

Fig. 1. Thermograms of ethane ( ), methane ( ) and carbon dioxide ( ) hydrates showing the exothermic peak close to the main 
hydrate dissociation peak. Samples were analyzed at 20 MPa through a standard DSC procedure using cooling and heating rates of 1 K⋅min− 1. 
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requires the knowledge of the water to guest ratio (hydration number, 
n), two recently developed approaches [46] were used to determine this 
parameter. The first one is based on the fractional cage occupancy 
parameter, which is predicted by the CSMGem software assuming one 
guest per cavity. The second one is based on an iterative method that 
considers the hydrate dissociation enthalpy variation between two 
points related to experimental conditions. Further details about both 
methods can be obtained in Menezes et al. [46] and are briefly described 
in section 2.6. The effects of isothermal compressibility and isobaric 
expansivity on the lattice parameter were considered to estimate the 
hydrate volume. A detailed description of the procedure is described in 
Menezes et al. [46]. 

2. Experimental Configuration and Methods 

2.1. Material 

The specification of the gases used in gas hydrates studies is pre
sented in Table 1. Milli-Q water, ranging from 30 to 65 mg, was used in 
all the analyses performed by the high-pressure microcalorimeter. 

2.2. Experimental configuration 

Dissociation temperature and enthalpies of gas hydrates were 
measured by a high-pressure microcalorimeter (μ-DSC7 evo - Setaram). 
A temperature correction coefficient based on the well-known melting 
properties of different substances (naphthalene, water and n-decane) 
and a Joule effect calibration of the sensitivity coefficient (which con
verts the electrical energy into heat flow) were performed at the man
ufacturerś factory. Calibration was checked according to the 
manufacturer’s recommendations, by using high purity naphthalene 
(≥99.97%) and hermetically sealed standard cells. Experimental high- 
pressure cells (measurement and reference), made of Incoloy and with 
a maximum volume available for the sample of 0.19 mL, were placed 
inside two block-machined cavities of the furnace. The reference cell 

remained empty and depressurized during the whole experiment. The 
double-stage temperature control with Peltier coolers allows the 
equipment to work from 228.15 K to 393.15 K, aided by an auxiliary 
thermostatic bath Julabo F32. The resolution of the calorimeter is 0.02 
µW. A constant flow of inert gas (nitrogen 99.999%) was used to avoid 
water condensation in the calorimetric wall, especially at low temper
atures. A gas mixer and a high-pressure piston compressor were con
nected to the microcalorimeter to prepare gas mixtures (when 
necessary) and to control the pressure, respectively. This configuration 
allows operation at constant pressure or constant volume at pressures up 
to 100 MPa with an accuracy of ± 0.2 MPa. The possibility of humidity 
condensation over the DSC components when working at sub-ambient 
temperatures was reduced by introducing the calorimeter inside an 
acrylic box with a constant flow of dry air. A scheme of the experimental 
configuration is shown in Fig. 2. 

2.3. Standard and multicycle methods 

The standard experimental procedure is described in previous works 
[48,49,47,46]. The sample was first cooled at 1 K/min from 293.15 K to 
233.15 K at constant pressure to form the methane hydrate, and after 10- 
min of equilibration time at the lowest programmed temperature 
(233.15 K) the hydrate sample is subsequently heated until its dissoci
ation. During the multicycle procedure, the sample is also cooled at the 

Table 1 
Samples used in microcalorimetric analyses.  

Component CAS Registry Number Source Puritya (mol%) 

Naphthalene b (C10H8) 91-20-3 Setaram ≥ 99.97 
Methane (CH4) 74-82-8 White Martins ≥ 99.50 
Ethane (C2H6) 74-84-0 Linde ≥ 99.95 
Carbon Dioxide (CO2) 124-38-9 Gama ≥ 99.99 

aAs reported by the supplier. b Used for the instrument calibration and certified 
by LGC organization. 

Fig. 2. Instrument setup for calorimetric measurements [45].  

Fig. 3. Example of a multicycle procedure applied to increase the conversion of 
water into CH4 hydrate at 70 MPa. 

M.D. Robustillo et al.                                                                                                                                                                                                                          



Fuel 312 (2022) 122896

4

same conditions as in the standard procedure, and heated until the non- 
converted ice is melted, but without dissociating the formed hydrate in 
each cycle, as illustrated in Fig. 3. This temperature is previously esti
mated from the standard analysis and should be at least 5 K higher than 
the ice melting endset temperature or more if the ice melting and hy
drate dissociation peaks are separated enough. Consecutive cooling- 
heating cycles are repeated until the water conversion into hydrate is 
higher than 97% after the last cycle. Once the conversion threshold is 
reached, the sample is heated during the last cycle until total dissocia
tion of clathrate and equilibrium properties are obtained from the 
dissociation peak. Calisto software (Setaram) was used to determine 
onset, peak and endset points, as detailed in previous work [46]. 

2.4. Dissociation enthalpy based on integration of thermograms 

The methodology to determine the dissociation enthalpy was firstly 
applied for methane hydrate by Gupta et al. [22] by using the high- 
pressure microcalorimetric standard method. In this work, the calcula
tion procedure of Gupta et al. [22] was extended to higher pressures (up 
to 90 MPa) and different guest molecules. However, the direct integra
tion of hydrate dissociation curves obtained with the standard method 
may not provide accurate enthalpy values for ethane and carbon dioxide 
hydrates, as they remain in the liquid phase. In a single standard 
experimental run, the conversion of water into hydrate is incomplete, 
and so the total heat absorbed to dissociate the hydrate (Q̇, mW⋅K) 
cannot be directly used to calculate the dissociation enthalpy, as will be 
described later. The higher the amount of non-converted water into 
hydrate, the higher the uncertainty. Nevertheless, the integration of the 
hydrate dissociation peak obtained by the multicycle method, as illus
trated in Fig. 4, provides the total heat absorbed during dissociation (Q̇,

mW⋅K) regardless of the guest molecule used to form the hydrate, since 
no free water or ice is practically present in the system. The dissociation 
enthalpy per mol of gas (ΔHdiss, J⋅mol− 1

) is obtained through Eq. (1), 
wherein ∅ is the heating rate (K⋅min− 1). 

ΔHdiss =
Q̇hydrate dissociation

ngas∙∅
(1) 

Fig. 4 compares heating thermograms of methane hydrate obtained 
by the standard DSC method and the multicycle method. Differences 
between hydrate dissociation peaks areas are remarkable. Exothermic 
transition is only observed when the standard method is used. 

For methane hydrate, for instance, the reaction of formation is pre
sented in Eq. (2), in which (n) is the hydration number: 

CH4 + nH2O→CH4∙nH2O (2) 

The amount of gas incorporated in the hydrate (ngas) can be estimated 

by considering the amount of water in the form of hydrate (Eq. (3)) and 
the stoichiometric ratio determined by the hydration number (n). Esti
mations of the hydration number can be found in the literature [62,64]. 
For methane hydrate, the value for n is close to 6 [8,28], but a wider 
range of values is found in the literature for carbon dioxide hydrates. 
Moreover, the hydration number may depend significantly on the 
pressure. The methods to estimate values of hydration number are 
described in section 2.6. 

The amount of water in the form of hydrate, nH2O(hidrate), can be ob
tained by Eq. (3), because the total amount of water initially added in 
the cell is known. When a peak is found at the ice melting temperature, 
the amount of water not converted to hydrate is calculated by inte
grating this peak (Eq. (4)). Since the amount of water in the calorimetric 
cell is very low (30–65 mg), it is considered that the amount of gas 
dissolved in the water at the experimental conditions is negligible, ac
cording to Mu and von Solms [51]. The melting enthalpy of ice was 
extrapolated to the specific system pressure [6,14,20,34]. 

nH2O (hydrate) = nH2O (total) − nH2O (ice) (3)  

nH2O (ice) =
Q̇Ice melting

ΔHIce melting (theorical)∙∅
(4) 

The advantage of the multicycle method is that none or a small 
fraction of water is present during the last cycle and no metastable hy
drate phases are formed. The integration of the hydrate dissociation 
peak provides a representative value of the total heat absorbed during 
dissociation (Q̇, mW⋅K). This fact contributes to a higher analytical 
accuracy. 

2.5. Dissociation enthalpy based on the Clapeyron equation 

The enthalpy of dissociation at each point was calculated based on 
the Clapeyron equation (Eq. (5)). The experimental equilibrium tem
perature (T,K) and pressure (P,MPa) obtained by the multicycle method 
were fitted to polynomial equations, as presented in Appendix A. The 
expressions of dP/dT were obtained by simple derivation. Following 
Anderson approach [1,2], the volume change, ΔV (m3∙mol− 1), was 
calculated through equation (6), considering the compounds and phases 
involved: hydrocarbon or CO2 (VHC or VCO2 ; vapor or liquid), water 
(VH2O; ice or liquid) and hydrate (Vhyd; solid). 

dP
dT

=
ΔH

TΔV
(5)  

ΔV =

(

1 −
n∙xHC

1 − xHC

)

∙VHC + n∙
(

VH2O +

(
xHC

1 − xHC

)

∙V∞
HC,H2O

)

− Vhyd

(6) 

Fig. 4. Heating thermograms of methane hydrate obtained by the standard DSC method ( ) and the multicycle method ( ). Samples were 
analyzed at 20 MPa using a cooling and a heating rate of 0.2 K⋅min− 1; std: standard method; mc: multicycle method. 
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The molar volumes of pure compounds, VHC and VH2O, were obtained 
from the NIST Webbook database [59,18,63]. Equation (6) requires the 
volumes of methane, ethane, and carbon dioxide in water at “infinite 
dilution” (V∞

HC,H2O) and the enthalpy of solution at infinite dilution 
(ΔH∞

HC,H2O) [1,2]. The solubilities of methane and ethane in water (xHC) 
were determined through the Krichevsky-Kasarnovsky equation [39], 
while the solubility of carbon dioxide in water was calculated by the 
correlations from Diamond and Akinfiev [17]. The volume of hydrate 
containing 1 mol of the guest compound was calculated through equa
tion (7). The calculation of the molar volume of the hydrate unit cell 
(Vuc) accounts for the isobaric thermal expansivity (β(v)) and isothermal 
compressibility (κT (v)). Details of these calculations are presented in 
Appendix B. 

Vhyd(T,P)/(m3∙mol− 1)
= 6.0221∙1023∙Vuc∙n

46
(7)  

2.6. Estimation of hydration number 

The hydration number indicates the number of water molecules per 
guest molecule. Two methods to estimate n at each experimental point 
were presented in previous work [46]. A brief description is summarized 
below to indicate the main equations applied in both methods. 

2.6.1. Hydration number based on computational predictions 
The first method is based on the software CSMGem predictions and 

considers the fractional occupancy (θ) for hydrate cavities, which is 
calculated as a function of the Langmuir constant for the guest molecule 
in the respective cavity type and of the fugacity of the guest molecule in 
the gas phase [62]. Considering that the single hydrates studied are 
known to form structure I, the hydration number can be calculated ac
cording to equation (8). 

n =
46

2θsmall + 6θlarge
(8)  

2.6.2. Hydration number by numerical iterations 
The second method is based on an iterative procedure to determine 

the hydration number at different experimental points, not necessarily 
referring to the lower quadruple point (Q1), as addressed in the litera
ture [11,62]. Considering two points defined by (T1, P1) and (T2, P2), the 
hydration number can be estimated by iterations based on Eq. (9). The 
enthalpy of the dissociation at any point 1 (ΔH1) is initially calculated 
by the Clapeyron equation (Eq. (5)), considering a hypothetic value of n. 
The enthalpy of the hydrate dissociation at point 2, in turn, is found in 
the literature for the respective system. The enthalpies of hydrocarbons 
and water (HHC and HH2O) are taken directly from NIST Webbook. The 
hydration number obtained is used to recalculate ΔH1 (Eq. (5)) and the 
cycle is repeated through iterations until the hydration number 

Table 2 
Reproducibility of dissociation data of CH4 hydrates obtained at 20 MPa by HP-µDSC* using the multicycle method.  

P (MPa) n◦

Cycles 
Ø (K⋅min− 1) H2O 

(mg) 
H2O Conv. 
(%) 

T ONSET (K) T PEAK (K) T ENDSET (K) △Hintegration*** (kJ/mol 
CH4). 

△HClapeyron*** (kJ/mol 
CH4). 

20 22 0.2 41.6 99.02 291.60 292.48 293.69 55.26 54.23 
27** 0.2 47.0 99.20 291.70 293.77 294.69 55.18 54.94 
22 0.2 56.5 98.87 291.74 293.25 294.81 55.75 54.97 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 
** – water conversion after 22 cycles was 98.3%. 
*** – Hydration number obtained from iterative method (n = 6.17). 

Table 3 
Dissociation data of CH4 hydrates obtained by HP-µDSC* using standard and multicycle methods.  

P (MPa) n◦ Cycles Ø (K⋅min− 1) H2O (mg) H2O Conv. (%) T ONSET (K) T PEAK (K) T ENDSET (K) 

9.8 1 1  56.5 –  285.87  288.25  290.20 
23 0.2  56.5  97.96  285.94  288.13  289.57  

20 1 0.2  31.0  –  291.74  292.92  293.91 
1 1  41.6  –  291.43  292.44  294.53 
22 0.2  41.6  99.02  291.60  292.48  293.69 
1 1  56.5  –  291.56  294.49  296.92 
22 0.2  56.5  98.87  291.74  293.25  294.81  

31.5 1 1.0  56.5  –  294.95  297.48  300.41 
17 0.2  56.5  97.62  295.23  296.95  298.17  

40 1 0.2  31.0 –  296.98  298.39  299.31 
1 1  56.5  –  296.71  299.37  302.21 
20 0.2  56.5  98.26  296.96  298.63  300.01  

50 1 1.0  64.6  –  298.55  300.33  302.20 
22 0.2  64.6  97.51  298.82  300.45  301.19  

59.4 1 1.0  41.6  –  300.10  301.25  303.00 
22 1.0  41.6  99.86  299.99  302.03  306.54  

70 1 1.0  51.7  –  301.73  302.72  304.44 
22 0.2  51.7  99.83  301.83  302.93  304.43  

80 1 0.2  31.1  –  303.21  303.73  304.38 
1 1  64.6  –  302.91  304.79  306.61 
20 0.2  64.6  99.97  303.13  304.33  305.75  

90 1 1.0  64.6  –  304.10  305.04  307.03 
15 0.2  64.6  99.98  304.33  305.74  306.44 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 
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converges. The calculation of the hydrate enthalpy variation 
(HHyd(2)

− HHyd(1)
) is based on the definition of partial derivatives, as 

explained in detail in the referred work [46]. 

n =
ΔH1 − ΔH2 + (HHC(2) − HHC(1) )+(HHyd(1) − HHyd(2) )

(HH2O(1) − HH2O(2) )
(9)  

2.7. Computational predictions 

The equilibrium state of gas hydrates was calculated by the software 
package CSMGem code Version 1.10 (January 1, 2007). This software 
package uses the SRK equation of state for liquid and vapor phases and 
the van der Waals and Platteeuw model for the hydrate phase [69]. 

3. Results 

3.1. Methane-Water system 

3.1.1. Equilibrium data of CH4 hydrates 
Reproducibility of the multicycle method concerning the water 

sample size was assessed at 20 MPa. Results shown in Table 2 show no 
significant difference in onset temperature and enthalpy values, whereas 
peak and endset temperatures are only slightly influenced by the mass of 
the water sample. 

Table 3 and Fig. 5 present the dissociation data from standard and 
multicycle methods at several pressures. The onset temperatures agree 
even when the experiments were carried out at different heating rates. 
According to Fig. 5, the deviations of onset temperatures and predictions 
are similar for both standard and multicycle methods and are within the 
experimental uncertainty. 

The onset temperatures obtained by both standard and multicycle 
methods are in good agreement regardless of the heating rate. Results 
are also in agreement with Menezes et al. [46]. The values obtained from 
multicycle experiments seem to be slightly lower than those obtained 
through the standard method when both methods were performed at the 
same temperature scanning rate (20, 40 and 80 MPa at 0.2 K⋅min− 1; 

Fig. 5. Dissociation data of CH4 hydrates obtained by HP-µDSC using standard 
method (empty symbols) and multicycle method (full symbols) at 0.2 K⋅min− 1: 
( ) onset temperature; ( ) peak temperature; ( ) endset temperature. Black 
lines refer to CSMGem predictions. Horizontal lines on the symbols represent 
the error bars. 

Fig. 6. Thermograms of CH4 hydrates dissociation obtained by the multicycle 
method. Two samples were analyzed at 20 MPa containing 41.6 mg1 and 56.5 
mg2 of water inside the cell. 

Fig. 7. Dissociation of CH4 hydrates obtained by the multicycle method at 20 
MPa and 0.2 K⋅min− 1: ( ) 41.6 mg H2O; ( ) 56.5 mg H2O. 

Fig. 8. Conversion of water to CH4 hydrate throughout 22 cycles at 20 MPa and 
0.2 K⋅min− 1: ( ) 41.6 mg H2O; ( ) 56.5 mg H2O. 
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59.4 MPa at 1 K⋅min− 1); however, the observed differences are within 
experimental uncertainty. The corresponding thermograms are pre
sented in Fig. 6. 

Fig. 7 shows that the water content affects the breadth of the hydrate 
dissociation curve. However, the onset temperatures from both experi
ments are similar, as shown in Table 3. The water content does not affect 
the thermodynamic equilibrium but affects the water-to-hydrate 

conversion profile, as can be seen in Fig. 8, in which two samples are 
compared. The fraction of water converted to hydrate in the first run is 
significantly higher for the sample containing a larger amount of water 
(56.5 mg). This sample reached 95% water conversion in 12 cycles, 
while the sample containing 41.6 mg of water took 15 cycles for the 
same conversion. These findings indicate that a higher amount of water 
inside the cell favors hydrate formation, in accordance with previous 
work [46]. The droplet size can cause water to spread over a larger 
surface area on the cell, and it is crucial for hydrate formation. The 
hydrate formation was reported to be first limited by the clathrate re
action at the crystal-growing interface and not by the gas diffusion to 
said interface [40]. The second hydrate formation stage is under a 
diffusion-limited growth regime, thus the conversion of water to hydrate 
occurs at a similar rate in both cases after cycle 1, as seen in Fig. 8. 
However, the overall conversion (after 17 cycles) is the same for both 
runs. 

The effect of pressure on the conversion of water to hydrate was 
evaluated by comparing experiments with the same water content. Fig. 9 
refers to samples containing 56.5 mg of liquid water. The conversion 
profiles present two distinct stages: in each cycle, the conversion rate is 
higher up to about 90%, and lower after this threshold. As pressure in
creases, the conversion of water to hydrate tends to be larger and faster. 
This may be related to the higher methane solubility and diffusivity in 
water at higher pressures. The slight discrepancy observed at 31.5 MPa 
reminds the stochastic nature of hydrate formation – the lower con
version in the first cycle shifts the whole conversion curve. 

3.1.2. Enthalpy of dissociation and hydration number 
Although the standard method is accurate for determining dissoci

ation temperatures, only the multicycle procedure provides accurate 
results for dissociation enthalpy by direct integration of thermograms, as 
explained in detail in section 2.4. Table 4 presents dissociation enthalpy 
values obtained from multicycle experiments data. Results estimated 
from pressure and temperature data previously obtained through stan
dard experiments [46] are also included for comparison. The hydration 
number (n) was calculated based either on the fractional cages occu
pancies obtained by CSMGem predictions or on the iterative method. 
CSMGem presents hydration numbers slightly lower than those obtained 
by the iterative method. The cage occupancy increases due to the ther
mal expansivity effect on the hydrate lattice. However, the increase in 
compressibility factor caused by the increase in pressure may lead to a 
distortion in the lattice, which results in some empty cavities, since the 
molecules may not fit on them. It occurs mainly for systems containing 
larger guest molecules, such as ethane and CO2. In the iterative method, 
the hydrate volume was estimated by considering the effect of 
temperature-dependent expansivity and isothermal compressibility 
factors on the lattice parameter. These factors affect the hydration 
number and hence the enthalpy of dissociation. The experimental 
enthalpy change used as a reference in the iterative method was 54.19 
kJ/mol C2H6, as reported by Handa [28]. The lower differences between 
enthalpies obtained by the Clapeyron equation and by integration 
indicate that the iterative method provides the most reliable results, 
mainly at higher pressures. The multicycle method results are also 
compared with the average enthalpy value obtained from the integra
tion performed in the standard procedure thermograms. Considering the 
presence of ice in such standard thermograms, the multicycle method 
shows to be the most appropriate one for determining the enthalpy due 
to the higher accuracy obtained during the integration of curves and the 
mitigation of the uncertainty related to extrapolated enthalpy for ice at 
high pressures. 

Fig. 10 shows the enthalpies of dissociation obtained through the 
Clapeyron equation (A) and through the integration of dissociation 
curves from multicycle thermograms (B). Enthalpies obtained by the 
integration method are slightly higher than those obtained by the Cla
peyron equation. The uncertainty of enthalpies calculated from Cla
peyron method lies mainly on the determination of dP/dT and on the 

Fig. 9. Effect of pressure on the water conversion to CH4 hydrate: ( ) 9.8 MPa; 
( ) 20 MPa; ( ) 31.5 MPa; ( ) 40 MPa. All samples consisted of 56.5 mg 
of water. 

Table 4 
Enthalpies of CH4 hydrates based on experimental data obtained by HP-µDSC*.  

Hydration number (n) based on predictions of fractional cages occupancy  

P (MPa) T (K) n  △H 
Clapeyron. 

△H 
Integration 

(kJ/mol 
CH4) 

(kJ/mol 
CH4) 

20.0 291.74 5.93 55.83 53.61 
31.5 295.23 5.89 55.78 53.96 
40.0 296.96 5.87 56.28 53.49 
50.0 298.82 5.85 56.97 52.99 
59.4 299.99 5.83 58.03 53.12 
70.0 301.83 5.82 57.98 53.29 
80.0 303.13 5.81 58.66 53.05 
90.0 304.33 5.80 59.68 - 

Multicycle Method (Average ± CI95%) 5.85 ±
0.03 

57.40 ±
0.98 

53.36 ±
0.26 

Standard Method 
(Average ± CI95%)  

a 5.85 ±
0.05 

a 57.72 ±
2.39 

53.70 ±
1.50 

Hydration number (n) from Iterative Method  

P (MPa) T (K) n  △H 
Clapeyron. 

△H 
Integration 

(kJ/mol 
CH4) 

(kJ/mol 
CH4) 

20.0 291.74 6.17 54.97 55.75 
31.5 295.23 6.08 54.73 55.67 
40.0 296.96 6.09 54.77 55.51 
50.0 298.82 6.10 54.92 55.31 
59.4 299.99 6.15 55.07 56.06 
70.0 301.83 6.09 55.20 55.81 
80.0 303.13 6.11 55.37 55.78 
90.0 304.33 6.13 55.77 - 

Multicycle Method (Average ± CI95%) 6.11 ±
0.02 

55.10 ±
0.24 

55.70 ±
0.18 

Standard Method (Average ± CI95%) a 6.10 ±
0.09 

a 55.17 ±
0.45 

56.10 ±
1.50  
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calculation of the hydrate volume. This highlights the importance of 
choosing an adequate equation to fit the experimental data. The inte
gration can also be affected by the baseline determination, which is 
subject to experimental uncertainty. The enthalpies calculated using n 
based on fractional cages occupancy are highly dependent on the pres
sure, as shown in Fig. 11, which may indicate a limitation of this 
method. 

Table 5 summarizes enthalpies of methane hydrates obtained in this 
work by using the multicycle method and found in the literature. No 
experimental values of enthalpies were found at similar conditions to 
this work. The main hydration number data from the literature are 
included. However, as pointed out in previous work [28], direct com
parison is not strictly valid and a substantial deviation of hydration 
number can be found in the literature even for similar thermodynamic 
conditions. 

The results obtained from iterations are more consistent and com
parable to the data reported by Anderson [2]. To the best of our 
knowledge, the only experimental enthalpy data for methane hydrates 
obtained by the direct integration of thermograms at such high pressures 
were presented by Gupta [21]. However, these data were obtained using 
the standard method at lower pressures, which results in higher 

deviations. The great advantage of the multicycle method is the accu
racy of the integration, due to the lower amount of ice and to the absence 
of recrystallization. The direct integration of the hydrate dissociation 
peak provides a more representative value of the total heat absorbed 
during hydrate dissociation. 

3.2. Ethane-Water system 

3.2.1. Equilibrium data of C2H6 hydrates 
Multiple cycles were also performed for ethane hydrate-forming 

Fig. 10. Enthalpies of CH4 hydrate dissociation determined by the Clapeyron equation (A) and the integration of dissociation curves (B) by the multicycle method: 
( ) n based on fractional cages occupancy; ( ) n based on the iterative method; ( ) Anderson [2]; ( ) Integration – n based on the iterative method ( ) 
Gupta [21]. 

Fig. 11. Absolute differences between enthalpies of CH4 hydrate dissociation 
obtained by the Clapeyron equation and the integration of dissociation curves 
by the multicycle method: ( ) n based on fractional cages occupancy; ( ) n 
based on the iterative method. 

Table 5 
Enthalpies of CH4 hydrates obtained in this work and found in literature.  

Reference Method T (K) ΔH (kJ/ 
mol CH4) 

n 

This work HP-µDSC 
(multicycles) 

291.74–304.33 55.70 ±
0.18 

6.11 ±
0.02 

Clapeyron 
(multicycles)a 

55.10 ±
0.24 

Menezes et al.  
[45] 

Clapeyron 
(standard)a 

291.74–305.48 55.17 ±
0.45 

6.10 ±
0.09 

Handa [23] Calorimeter 273.15 54.19 ±
0.28 

6.00 ±
0.01 

Tsimpanogiannis 
et al. [67] 

Clapeyron 
(MD)b 

274–304 54.5 ± 1.5 Variable 

Sun et al. [65] Clausius- 
Clapeyron 

284.4–289.5 59.1 – 

Nasir et al. [54] Clausius- 
Clapeyron 

Q1
c 55.26 – 

Kerkar et al. [35] Clausius- 
Clapeyron 

– 54.5–57.79 – 

Gupta [21] Clapeyron 290 53.86  
298 53.98 6.0 
306 54.89  

Gupta [21] Calorimeter 
(standard 
method) 

280.60 54.90 6.0 
285.65 52.21 
288.15 53.87 
288.45 53.20 
289.85 56.48 
291.65 54.79 
292.16 55.62 

Anderson [2] Clapeyron Q1
c 52.9 5.9 ±

0.3 286 55.7 
298 54 
302 54.50 
306 54.8 

Yoon et al. [71] Clausius- 
Clapeyron 

273.15 53.81 6.07 

aIterative method considering the enthalpy obtained by Handa [23] as reference. 
bMD: Molecular dynamic simulations. 
cQ1: Quadruple point (272.9 K; 2.563 MPa). 
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systems at 5, 9.8, 20, and 50 MPa. The results are shown in Table 6 and 
compared to data obtained by the standard method in Fig. 12. Onset 
temperatures are in good agreement. However, the differences among 

peak and endset temperatures are higher, which is due to the amount of 
hydrate formed, considerably larger for the multicycle analyses. 

Fig. 13 shows that the hydrate dissociation curves obtained through 

Table 6 
Dissociation data of C2H6 hydrates obtained by HP-µDSC* using standard and multicycle methods.  

P (MPa) n◦ Cycles Ø (K⋅min− 1) H2O (mg) H2O Conv. (%) T ONSET (K) T PEAK (K) T ENDSET (K) 

5 1  1.0  53.3  –  287.96  288.65  290.01 
38  0.2  53.3  97.53  288.35  289.11  291.26  

9.8 1  1.0  42.3  –  288.71  289.62  291.29 
32  0.2  42.3  98.67  289.00  289.59  291.74  

20 1  1.0  53.3  –  290.27  290.83  292.24 
42  0.2  53.9  99.80  290.61  291.29  293.18  

50 1  1.0  53.3  –  293.93  294.60  296.09 
41  0.2  51.9  99.07  294.49  294.92  296.91 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 

Fig. 12. Dissociation data of C2H6 hydrates obtained by HP-µDSC using stan
dard method (empty symbols) and multicycles method (full symbols): ( ) onset 
temperature; ( ) peak temperature; ( ) endset temperature. Black lines refer to 
CSMGem predictions. 

Fig. 13. Thermograms of C2H6 hydrates dissociation obtained by the multi
cycle method. 

Fig. 14. Conversion of water to C2H6 hydrate throughout multicycles at 
different pressures: ( ) 5 MPa – 53.3 mg H2O ( ) 9.8 MPa – 42.3 mg H2O ( ) 
20 MPa – 53.9 mg H2O ( ) 50 MPa – 51.9 mg H2O. 

Table 7 
Enthalpies of C2H6 hydrates based on experimental data obtained by HP-µDSC* 
applying the multicycle method at 0.2 K⋅min− 1.  

Hydration number (n) based on predictions of fractional cages occupancy  

P (MPa) T (K) n  △H Clapeyron. △H Integration 

(kJ/mol C2H6) (kJ/mol C2H6) 

5 288.35 7.74 74.79 57.00 
9.8 289.00 7.72 67.35 64.85 
20 290.61 7.68 62.20 65.51 
50 294.49 7.59 55.76 71.89 

Average ± CI95% 7.68 ± 0.06 65.02 ± 7.89 64.81 ± 5.98 

Hydration number (n) from Iterative Method  

P (MPa) T (K) n  △H Clapeyron. △H Integration 

(kJ/mol C2H6) (kJ/mol C2H6) 

5 288.35 8.69 66.41 64.00 
9.8 289.00 7.95 65.31 66.70 
20 290.61 7.44 64.72 63.45 
50 294.49 6.92 64.46 65.53 

Average ± CI95% 7.75 ± 0.74 65.23 ± 0.85 64.92 ± 1.45 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 
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the multicycle method present distinct overlapping peaks, which may 
indicate the presence of hydrate layers with different occupancy de
grees, as the hydrate formation is limited by the gas diffusion into the 

solid phase. 
A main difference from the methane hydrate results concerns the 

water conversion rate. Methane hydrates required less than 16 cycles for 
90% of water conversion (Fig. 9) for a minimum pressure of 9.8 MPa, 
whereas Fig. 14 shows that ethane-water systems required at least 20 
cycles to reach the same conversion. The larger molecular size of ethane 
and its lower diffusivity in water, compared to methane, may hinder its 
incorporation into the cavities, therefore requiring a larger number of 
cycles. 

3.2.2. Enthalpy of dissociation and hydration number 
Table 7 presents the enthalpies of dissociation obtained for ethane 

hydrates by the Clapeyron and integration methods. The results are 
based only on multicycle analyses, since the standard ones were inad
equate in this case to determine the enthalpy of dissociation, as the 
higher amount of ice formed made the integration process inaccurate. 
The calculated hydration number was higher when applying the itera
tive method. Fig. 15 shows that the hydration number based on 

Fig. 15. (A) Enthalpies of C2H6 hydrate dissociation: ( ) Clapeyron equation – 
n based on fractional cages occupancy; ( ) Clapeyron equation – n based on the 
iterative method; ( ) Integration – n based on the iterative method. (B) Ab
solute deviations between enthalpies of C2H6 hydrate dissociation obtained by 
the Clapeyron equation and the integration of dissociation curves: ( ) n based 
on fractional cages occupancy; ( ) n based on the iterative method. 

Table 8 
Enthalpies of C2H6 hydrates obtained in this work and found in the literature.  

Reference Method T (K) ΔH (kJ/ 
mol C2H6) 

n 

This work HP-µDSC 
(multicycles) 

288.35–294.49 64.92 ±
1.45 

7.75 ±
0.74 

Clapeyron 
(multicycles)a 

65.23 ±
0.85 

Menezes et al.  
[45] 

Clapeyron 
(standard)a 

287.96–296.00 65.01 ±
0.22 

7.52 ±
0.24 

Nakagawa et al. 
[53] 

Calorimeter 283.00–286.00 71.10 – 

Yoon et al.  
[71] 

Clausius- 
Clapeyron 

273.15 71.34 7.77 

Handa [23] Calorimeter 273.15 71.80 7.67 ±
0.02  

a Iterative method considering the enthalpy obtained by Handa [28] as 
reference. 

Table 9 
Dissociation data of CO2 hydrates obtained by HP-µDSC* using standard and 
multicycle methods, both at 1 K.min− 1.  

P 
(MPa) 

n◦

Cycles 
H2O 
(mg) 

H2O Conv. 
(%) 

T ONSET 

(K) 
T PEAK 

(K) 
T ENDSET 

(K) 

9.8 1  48.9 –  283.70  285.41  286.88 
25  48.9 99.67  283.52  286.17  289.88  

20 1  48.9 –  284.87  286.72  288.70 
24  48.9 99.93  284.42  288.27  290.91  

40 1  53.4 –  286.15  287.99  289.53 
21  53.4 ~100  286.15  289.64  292.63  

50 1  48.9 –  286.74  288.17  289.66 
‘7  53.4 ~100  286.61  289.03  292.75 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 

Fig. 16. Dissociation data of CO2 hydrates obtained by HP-µDSC using standard 
method (empty symbols) and multicycles method (full symbols): ( ) onset 
temperature; ( ) peak temperature; ( ) endset temperature. Black lines refer to 
CSMGem predictions. 

Fig. 17. Heating thermograms of carbon dioxide hydrate obtained by the 
standard DSC method ( ) and the multicycle method ( ). 
Samples were analyzed at 20 MPa using a cooling and a heating rate of 
1 K⋅min− 1. 
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CSMGem predictions does not provide consistent results. A better 
agreement is found between enthalpies from the Clapeyron equation 
and integration when applying the iterative method. The average de
viations and the respective confidence intervals (95%), shown in 
Table 7, indicate that the iterative method is more reliable. The enthalpy 
used as a reference was 71.8 kJ/ mol C2H6, as reported by Handa [28]. 

Table 8 presents a comparison of values obtained in this work and 
from the literature. No experimental values of enthalpy were found in 
the literature at similar conditions, as the analyses presented herein 
were performed above the upper quadruple point (Q2), which connects 
LW-H-LHC and LW-H-VHC equilibrium lines. The calculated enthalpy 
changes are slightly lower than those obtained from the literature 
(below Q2) since the hydrate dissociation delivers ethane in form of 
compressed liquid instead of vapor. The latent heat of ethane vapor
ization is about 5 kJ/mol [18], which is close to the difference between 
the enthalpies obtained in this work (above Q2) and found in the 

literature (below Q2). 

3.3. Carbon Dioxide-Water system 

3.3.1. Equilibrium data of CO2 hydrates 
Table 9 and Fig. 16 present the dissociation temperatures obtained 

for carbon dioxide hydrates at different pressures. Since carbon dioxide 
at critical conditions is deleterious for the elastomer seal inside the 
pressure gauge, shorter analyses were carried out and the cooling/ 
heating rate applied for this system was kept at 1 K⋅min− 1. As previously 
shown, the influence of the rate on onset temperatures and enthalpy is 
almost negligible. The overall behavior of the dissociation curves 
(amount of hydrate formed and wider dissociation peaks) is similar to 
those previously observed for multiple cycles when compared to the 
standard procedure. 

Fig. 17 shows heating thermograms of carbon dioxide hydrate ob
tained in this work by the standard DSC method and the multicycle 
method. No exothermic peak related to metastable phases is observed 
when the multicycle method is applied. The onset temperatures for the 
multicycle analysis are remarkably close to those obtained by the stan
dard analysis. While onset temperatures tend to be slightly lower for the 
multicycle method, deviations are within experimental uncertainty. 

Thermograms of CO2 hydrate dissociation obtained by the multicycle 
method are shown in Fig. 18. They seem to be smoother than methane 
and ethane thermograms (Figs. 6 and 13, respectively). This can be 
explained by the fact that multicycle analyses of CO2 hydrate were run at 
higher heating rate than for methane and ethane hydrates, which 
enlarge the dissociation curves. Thus, distinct peaks are not so evident as 

Fig. 18. Thermograms of CO2 hydrates dissociation obtained by the multi
cycle method. 

Fig. 19. Conversion of water to CO2 hydrate throughout multicycles at 
different pressures: ( ) 9.8 MPa – 48.9 mg H2O ( ) 20 MPa – 48.9 mg H2O ( ) 
40 MPa – 53.4 mg H2O ( ) 50 MPa – 53.4 mg H2O. 

Table 10 
Enthalpies of CO2 hydrates based on experimental data obtained by HP-µDSC* 
applying the multicycle method.  

Hydration number (n) based on predictions of fractional cage occupancy  

P (MPa) T (K) n  △H Clapeyron. △H Integration 

(kJ/mol CO2) (kJ/mol CO2) 

9.8 283.52 6.3 52.58 47.05 
20 284.42 6.2 51.44 46.62 
40 286.15 6.1 53.38 45.92 
50 286.61 6.0 52.27 46.08 

Average ± CI95% 6.15 ± 0.11 52.42 ± 0.79 46.42 ± 0.51 

Hydration number (n) from Iterative Method (ΔHa)  

P (MPa) T (K) n  △H Clapeyron. △H Integration 

(kJ/mol CO2) (kJ/mol CO2) 

9.8 283.52 6.2 54.17 46.16 
20 284.42 6.1 53.82 45.49 
40 286.15 6.1 53.65 45.84 
50 286.61 6.0 53.50 45.70 

Average ± CI95% 6.07 ± 0.08 53.79 ± 0.28 45.80 ± 0.28 

Hydration number (n) from Iterative Method (ΔHb)  

P (MPa) T (K) n  △H Clapeyron. △H Integration 

(kJ/mol CO2) (kJ/mol CO2) 

9.8 283.52 6.6 47.97 49.67 
20 284.42 6.5 47.72 48.50 
40 286.15 6.4 47.57 48.18 
50 286.61 6.3 47.48 47.84 

Average ± CI95% 6.43 ± 0.16 47.69 ± 0.21 48.55 ± 0.78 

* – Standard uncertainties are u(T) = 0.3 K, u(x) ≈ 0.0002 and u(P) = 0.1 MPa. 
a Iterations considering ΔH obtained by Kang et al. [31] as reference. 
b Iterations considering ΔH obtained by Anderson [1] as reference. 
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they are for methane and ethane hydrates. 
Finally, the water conversion over multiple cycles is shown in 

Fig. 19. Due to the solubility and diffusivity of CO2, faster conversion 
rates were expected in this system compared to methane and ethane 
hydrates. This can effectively be observed at 50 MPa, since only 6 cycles 
were enough to reach more than 90% of water conversion. However, 
this is not observed for lower pressures, in which the water conversion 
required as many cycles as methane hydrate samples. This fact recalls 
that pressure and H2O sample size affect the water conversion rate to 
hydrate, but the process has also a stochastic nature. 

3.3.2. Enthalpy of dissociation and hydration number 
The results of dissociation enthalpies for CO2 hydrates are presented 

in Table 10 and Fig. 20. Two different enthalpies from the literature 
were used as reference to calculate the hydration number through the 
iterative method: i) calorimetric data at 273.65 K from Kang et al. [31]; 

ii) data from the Clapeyron equation calculated by Anderson [1] at the 
upper quadruple point (283.1 K and 4.45 MPa). A significant difference 
is observed. Anderson [1] also obtained a difference of about 5 kJ⋅mol− 1 

for the enthalpies calculated on the LW-H-VHC equilibrium lines and 
suggested that a systematic error may have occurred in the calorimetric 
measurements from Kang et al. [31]. The calorimetric results for 
methane hydrate reported by Kang et al. [31] also present a significant 
deviation from enthalpies obtained by Handa [28], who used a direct 
method. 

The value of n tends to decrease as the pressure increases. The 
volumetric compressibility κT is found to be 3.0⋅10− 4, 3.0⋅10− 7 and 
3.0⋅10− 5 for methane, ethane and carbon dioxide, respectively [4]. 
Therefore, the effect of the compressibility factor on the lattice param
eter is lower for ethane and carbon dioxide hydrates, and the effect of 
thermal expansivity prevails and favors the cage occupancy, decreasing 
the hydration number. 

Fig. 20 shows the dissociation enthalpies (A) and absolute differ
ences from results obtained by Clapeyron equation and integration 
method (B). The average deviations and the respective confidence in
tervals (95%) shown in Table 10 indicate that using the enthalpy 
reference from Anderson [1] provides the most reliable results, as the 
results using either the integration method or the Clapeyron equation 
are similar (Fig. 20B). No data were found in the literature for CO2 
hydrate dissociation above Q2; for data below Q2, previously reported 
results vary in a broad temperature range, as listed in Table 11. The 
latent heat of CO2 vaporization is around 9 kJ/mol (NIST Webbook), 
which explains the difference of the enthalpy change determined in this 
work to those from the literature. 

4. Conclusions 

This work presents new experimental data for the dissociation 
enthalpy of methane, ethane and carbon dioxide hydrates at high 
pressures, using the multicycle method and numerical iterations for 
determining the hydration number. The results show that the multicycle 
method increases the water (ice) conversion to hydrate. This conversion 
depends on the guest molecule: for ethane, a larger molecule than 
methane and carbon dioxide, more cycles are necessary to reach 90% of 
water conversion to hydrate, whereas the fraction of hydrate formed in 
the first cycle is much higher for carbon dioxide than for methane and 
ethane hydrates, due to the higher solubility and diffusivity of CO2 in 
water. The dissociation onset temperatures obtained by the multicycle 

Fig. 20. (A) Enthalpies of CO2 hydrate 
dissociation: ( ) Clapeyron equation – n 
based on fractional cages occupancy; ( ) 
Clapeyron equation – n based on the iterative 
method; ( ) Integration – n based on the 
iterative method. (B) Absolute deviations 
between enthalpies of CO2 hydrate dissocia
tion obtained by the Clapeyron equation and 
the integration of dissociation curves: ( ) n 
based on fractional cages occupancy; ( ) n 
based on the iterative method. All the data 
shown are referred to the enthalpy reported 
by Anderson [1] as reference.   

Table 11 
Enthalpies of CO2 hydrates obtained in this work and found in the literature.  

Reference Method T (K) ΔH (kJ/mol 
CO2) 

n 

This work HP-µDSC 
(multicycles) 

283.52–286.61 48.55 ± 0.78 6.43 ±
0.16 

Clapeyron 
(multicycles)a 

47.69 ± 0.21 

Menezes 
et al. [46] 

Clapeyron 
(standard)a 

283.70–288.45 47.55 ± 0.15 6.42 ±
0.09 

Nasir et al.  
[54] 

Clausius- 
Clapeyron 

Q1 53.29 – 

Sabil [57] Clausius- 
Clapeyron 

273.15–282.06 75.37–56.85 – 

Yoon et al.  
[71] 

Clausius- 
Clapeyron 

273.15 57.66 6.21 

Anderson  
[1] 

Clapeyron 271.8–283.1b 63.6–57.6b 5.7–6.4 

Kang et al.  
[31] 

Microcalorimeter 273.65 65.22 7.23 

Bozzo et al.  
[5] 

Clausius- 
Clapeyron 

273.15 58.99 7.3 ±
0.1 

Vlahakis 
et al. [70] 

Clausius- 
Clapeyron 

273.20 59.90 7.3 

aIterative method considering the enthalpy obtained by Anderson [1] as refer
ence. 
bCorresponding to Q1 (1.256 MPa) and Q2 (4.499 MPa) 
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method are accurate, close to those provided by the standard method, 
which is reliable for this determination. Finally, in contrast to the 
standard method, the multicycle method allows the accurate determi
nation of the hydrate dissociation enthalpy regardless of the guest 
molecule used to form the hydrate, since no free water or ice is practi
cally present in the system. The absence of a recrystallization process 
and the higher conversion of water into hydrate also reduces the un
certainty during the baseline drawing to integrate the thermograms. 
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Appendix A Fitting of Experimental Data to Polynomial Equations 

The factor dP/dT is required to apply the Clapeyron equation for determining the enthalpy of dissociation. Thus, the experimental data (tem
perature and pressure) obtained by HP-µDSC were fitted to convenient equations for each system, as presented in Table A.1. Then, the respective 
equation was derived to obtain the factor dP/dT. 

ΔH =
dP
dT

⋅T⋅ΔV (A.1)  

Appendix B Molar Volume of the Hydrate Unit Cell 

The molar volume of the hydrate unit cell (Vuc), required to calculate the volume of hydrate containing one mole of hydrocarbon or CO2 (Vhyd), was 
determined according to the equation below, detailed in previous work [46]: 

Vuc(T,P, x) = Vuc0∙exp

⎡

⎣ αv1∙ (T − T0) +
αv2

2
∙(T − T0)

2 +
αv3

3
∙(T − T0)

3 − κT(v)∙(P − P0)

⎤

⎦

The reference temperature (T0), the reference lattice parameter (a0) used to calculate Vuc0 , and the compressibility coefficient (κT) obtained from 
the literature are presented in Table A.2. The lattice parameter (a) found for each temperature and its corresponding pressure are presented in Fig. B1 
for methane, ethane, and carbon dioxide hydrates. The lattice parameter is calculated by the linear version of the equation above [30]. The unit cell 
volume corresponds to the cubic values of the lattice parameter. 

Table A1 
Empirical equations and coefficients fitted to the experimental data obtained by the multicycle method via HP-µDSC.  

Hydrate Equation Coefficients 

CH4 y = a+ b⋅x+ c⋅x⋅ln(x)+
d⋅x

ln(x)
+

e
x1.5  

a − 6.00⋅105 

b − 3.55⋅109 

c − 3.98⋅108 

d − 8.27⋅109 

e 9.31  

C2H6 y = a+
b

x0.5 + c⋅
ln(x)
x2  

a − 2.93⋅105 

b 4.30⋅104 

c 2.55⋅106  

CO2 y = a+ b⋅x0.5 +
c

ln(x)
a − 8.71⋅105 

b − 7.22⋅108 

c 2.00⋅1011   

d − 1.84⋅1013  
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