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Abstract 

Consistent phase equilibrium data for cyclopentane hydrates in presence of salts are vitally 

important to many industries, with particular interest to the field of hydrate-based water 

separation via cyclopentane hydrate crystallization such as desalination. However, there are very 

little experimental equilibrium data, and no thermodynamic prediction tools. Hence, we set up a 

method to generate a great deal of much needed equilibrium data for cyclopentane hydrates in 

diverse saline solutions with a wide range of salt concentrations. Our method does furnish 

verified, reliable and accurate equilibrium data. Plus, three thermodynamic approaches are 

developed to predict equilibrium, and provide tools for simulations, by considering the kind of 

salt and concentrations. All three models are in very good accordance with experimental data. 

One method, using a new correlation between occupancy factor and water activity, might be the 

best way to obtain consistent, quick and accurate dissociation temperatures of cyclopentane 

hydrate in brine. 
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Introduction 

Clathrate hydrates, henceforth termed hydrates, are crystalline solids composed of water and 

guest molecules.
1
 They are cage-like structures, formed by hydrogen-bonded water molecules 

that enclose different guest molecules. Guest compounds can be small molecules, such as CO2, 

H2, CH4, C2H6, N2 or relatively large molecules such as Neohexane, Tetrahydrofuran (THF), 

Tetra-n-butyl ammonium bromide (TBAB), or cyclopentane (CP). There are three different 

standard polymorphic structures, well described in the literature: Structure I, Structure II and 

Structure H.
1  

Hydrates have been widely studied the past decades. Indeed, their formation is a common 

nuisance in the oil and gas industry.
2,3

 Nevertheless, there are many new and potentially 

profitable applications such as  natural gas storage,
4,5,6

 hydrogen storage,
7
 carbon dioxide 

capture,
8,9,10

 gas separation,
11,2

 and air-conditioning and cold thermal energy.
12,13,14 

Like any crystallization process, hydrate formation can be used as a separation technique. It can 

separate guest molecules, as well as remove water from an aqueous solution, or even water 

vapor. Consequently, better understanding, controlling, and or modifying the hydrate 

crystallization process may prove to be crucial for desalination processes,
15,16,17,18

 solute 

separation or purification,
19

  metal recovery,
20

 or even wastewater treatment.
21

 Moreover, some 

authors have suggested to use CP as large guest molecules for the hydrate-based separation 

process. Indeed, CP is a promising candidate. Since it is not miscible with water, hence it is 

easily recovered. In addition, since it crystallizes with pure water at about 7
o
C at atmospheric 

pressure, no special high pressure equipment is necessary.
1,22

 



Most of the time, these novel techniques involve electrolytes, which are natural hydrate 

inhibitors, in the aqueous medium. However, even if gas hydrate formation from seawater in 

deep sea ocean sediments, or in pipelines, has been studied widely in the past, to the best of our 

knowledge there are very few applicable publications on CPH in presence of salts (and in 

absence of gas). 

Among the relevant articles on CPH in brine, the works of Kishimoto et al.
23

 (morphology of 

CPH in presence of NaCl), Zylyftari et al.
24

 (rheological and thermodynamic influences of NaCl 

on CPH), Corak et al.
25

 (effect of sub-cooling and amount of hydrate former on formation of 

CPH in brine), Han et al.
15

 (efficiency of salt removal from brine by CPH using three secondary 

treatment methods: washing, centrifuging, and sweating), Lv et al.
26

 (desalination by forming 

hydrate from brine in CP dispersion systems) should be mentioned. Unfortunately, while 

Nakajima et al.
22

 determined the heat of dissociation, as well as the equilibrium temperature of 

CPH formed from a mixture of CP-in-water emulsions, no salts were used. 

Considering the limited available data, the first objective of this study is to provide new 

experimental results in presence of electrolytes. Three salts were considered, with a wide range 

of concentrations: NaCl (0 – 23% mass), KCl (0 – 20% mass), an equi-mass mixture of NaCl-

KCl (0 – 22% mass), and CaCl2 (0 – 25% mass). Two procedures, quick and slow, were applied 

in this study. The aim of the quick procedure is to provide an initial estimate of the equilibrium 

temperatures. Then, the slow procedure obtains more accurate data. 

Second, three thermodynamic modeling approaches are presented to determine CPH equilibrium 

temperatures in presence of salt with accuracy. Thank to this, simple methods can subsequently 

be used to model water separation processes via CPH in salty water.  

 



Experimental section 

Chemicals 

All chemicals were supplied by Sigma-Aldrich (see details and purity in Table 1). Ultrapure 

water is provided by Milli-Q® Advantage A10 Water Purification System. This system can 

produce water with a conductivity σ ≤ 0.055 μS.cm
-1

 and TOC (total organic carbon content) less 

than 5 ppm.  

Apparatus 

The experimental apparatus is presented in Figure 1. The reactor is a jacketed batch glass vessel 

(1) provided by Verre Equipments (France) with an approximate volume of one liter. The vessel 

is equipped with a double jacket in order to constantly and uniformly controls the temperature of 

the solution by using a chiller (2). This chiller, Ministat 240, supplied by Huber, has an operating 

temperature range of [-45 °C to 200 °C] with a temperature stability of ± 0.02 °C. The coolant of 

the chiller is a solution of water and ethylene glycol (44% mass fraction).  

The impeller (3) inside the vessel is powered by a motor (6) to mix the injected solution. The 

temperature of the aqueous mixture is monitored by two temperature probes (one for the coolant 

system, another for the acquisition system). The data are transferred to a computer thanks to a 

transmitter (7). LabVIEW is employed to observe and record the digital information throughout 

the course of experiments.  

A drying oven (Binder) (10) and an ion chromatography (Dionex DX-500 IC) system (11) are 

also used to measure salt concentration of the liquid samples taken at the end of the hydrate 

dissociation process. 

 

 



Quick dissociation procedure 

The objective is to provide a quick approximation of the total dissociation temperature. This can 

be described as follows: 

For each experiment, a solution containing 500 g of de-ionized water and a certain quantity of 

salt based on desired salt concentration is mixed for 10 minutes. The solution is then introduced 

into the vessel, followed by 114.38 g of CP according to a theoretical stoichiometric composition 

for CPH (the molar ratio of water:CP is supposed to be 17:1).
1
 

The solution is agitated continuously throughout the course of experiment at a rate of 300 – 400 

rpm in order to increase heat and mass transfer rates. To cooling down the solution, the chiller is 

started at a set-point above the freezing-point of the salt solution to ensure that no ice is present 

in solution. When the temperature of solution reaches a value close to the set-point, hydrate 

formation is initiated by introducing approximately 3 g of ice (made previously from de-ionized 

water), and an appropriate quantity of salt in order to keep salt concentration of the solution 

constant (point (1) on Figure 2). Seeding directly with CPH is also an option. Visual 

observations are also performed by both direct observation and a camera. After approximately 1 

to 2 hours, when a sufficient amount of CPH has formed, the chiller is stopped (point (2) on 

Figure 2). CPH then dissociates due to ambience heat-transfer. When the CPH has dissociated 

completely, there is a sharp increase of temperature (point (3) on Figure 2). This point 

corresponds presumably to the equilibrium temperature at the initial salt concentration. This 

equilibrium temperature is recorded for all the experiments. Mixing is stopped in order to 

separate the aqueous solution with the CP solution (above). Then, two samples, 1 ml and 5 ml, of 

the salt solution are taken at the bottom of the vessel to measure salt concentration by both ion 

chromatography and drying oven. The objective of this step is to validate the accuracy of the 



equilibrium temperature recorded. If the initial salt concentration (before the experiment) and the 

final salt concentration (at the end of the hydrate dissociation process) are identical, then this 

shows that all CPH have dissociated. Therefore, the recorded temperature either corresponds to 

the equilibrium temperature or is slightly above the equilibrium temperature.  Hence, the 

uncertainty on the equilibrium temperature can be significant, from 0.3 K to 3.6 K (see in the 

result section). This vagueness can be resolved by the use of a longer slow dissociation 

procedure. 

Note that, CaCl2 will form salt hydrates after water evaporation. Indeed, after drying CaCl2 salt 

solution at 60°C (set temperature of drying oven for all experiments), both CaCl2.2H2O and 

CaCl2.H2O are obtained instead of pure solid CaCl2 as desired. Therefore, the drying oven is not 

employed with CaCl2. 

Slow dissociation procedure 

Following each experiment with the quick procedure, an identical experiment is conducted but 

with the slow procedure. The aim is to provide more accurate data, based on the estimation 

obtained from the previous procedure. 

The slow procedure is very similar to the quick procedure, but the dissociation method is 

different since the chiller is never stopped. Plus, the hydrate dissociation process is controlled 

differently as follow: 

After a sufficient quantity of hydrate is formed, the chiller is controlled manually according to 

this temperature program: the temperature inside the vessel is increased at an increment of 0.1°C 

instead of being heating by its surroundings. The temperature is then kept constant for at least 1 

hour. If there is still a significant amount of CPH after 1 hour, the temperature is increased. Of 

course, stirring is used and kept constant at 300-400 rpm to make sure that the system is 



homogeneous in terms of concentration and temperature. This process is iterated until a few 

hydrate particles remain in the reactor. Then, temperature is increased of 0.1 °C, and is preserved 

for a longer time (half a day up to a day) to make sure that equilibrium is reached. If there are 

still crystals inside the vessel, this last step is repeated. The phase equilibrium of CPH is 

supposed to be observed during penultimate step just before the final one as all three phases (CP, 

CPH and aqueous) exist, and its temperature is the equilibrium temperature of CPH within 0.1°C 

uncertainty. 

In order to detect the presence of hydrate particles, images of the solution are taken at every step 

through a small window by a camera. The images are analyzed and compared in order to 

determine the final step in which only two transparent phases of salt solution and CP can be 

observed as seen in the initial condition. 

Moreover, to make sure that there are no CPH anymore in the bulk at the final step of the 

procedure, two samples of 1 ml and 5 ml are also taken from the bottom of the vessel. These 

samples are used to compare the initial (before cooling) and the final (dissociation point) salt 

concentrations. Analysis are performed through ion chromatography (1 ml sample) and drying 

oven (5 ml sample). 

At last, we did an uncertainty analysis (see appendix). Temperature uncertainty is 0.1 K, while 

the uncertainty on the salts concentration is about: 0.002% mass due to weighing; 0.2% mass due 

to drying oven; and 0.015% mass due to ion chromatography. Figure 3 shows the slow procedure 

and the visual observation for each temperature step.  

 

 

 



Experimental results  

Comparison of two procedures in pure water 

The temperature profiles in CPH formation and dissociation in pure water following the quick 

and the slow procedures are detailed in the Figure 2 and 3. The horizontal axis indicates the time-

lapse in minute throughout the course of experiment. That the temperature decreased rapidly at 

the beginning due to the cooling by the chiller is confirmed in Figure 2. After introducing ice 

(point 1), hydrates formed, which led to a small increase of temperature as a result of the 

exothermic nature of crystallization. A significant increase in the quantity of hydrate was then 

observed. 

After stopping the chiller (point 2), the temperature increased quickly due to heat-transfer 

from the surroundings. The temperature then remained nearly stable when hydrate dissociated 

intensively because of the endothermic nature of this process. Theoretically, during this 

period, the temperature should remain constant. The unexpected non-constant temperature 

dissociation can be explained only by non-equilibrium dissociation: the heat-transfer rate from 

the surrounding to the liquid phase is higher than the heat-transfer rate from the liquid to the 

hydrate crystals.  

When the hydrate could no longer be observed inside the vessel, the temperature increased 

suddenly because of heat-transfer from the environment (point 3). The equilibrium temperature 

was recorded simultaneously at 7.7 °C.  

In comparison with literature, this value is totally identical to the data published by Dendy Sloan 

et al.
1
, Dirdal et al.

29
, Sefidroodi et al.

30
, Davidson et al.

31
 and Palmer

32
, while Han et al.

15
 

reported a small different value of 7.8 °C. This comparison indicates that this value is popular in 

the community of researchers and can probably be considered as a benchmark for the 



equilibrium condition of CPH. However, quick dissociation entails a risk of missing the accurate 

equilibrium temperature due to the high rate of dissociation. Notwithstanding, this method 

provides a first valuable estimate.  

Figure 3 shows the same temperature history compared to the quick procedure during the period 

from the cooling to hydrate formation. This time, 30 min after hydrate formation, the 

temperature was increased firstly up to 6°C, near the equilibrium temperature estimated from the 

quick procedure (7.7°C). It was then increased stepwise and was remained constant at least 

within 1 hour. The dissociation process therefore took a relatively long time (nearly 4 days). 

Indeed, this typical behavior is expected in the slow procedure as the equilibrium temperatures 

were then determined accurately based on this behavior.  

Both direct observation and a camera to take photos are used at each interval of dissociation 

process. In order to observe clearly any change the solution, the mixing rate was decreased down 

to approximately 120 rpm at the time of taking photos. It can be plainly discerned from Figure 3 

that in the cooling process, the solution was clear due to the absence of hydrate crystals (image at 

10 min). By contrast, it became turbid (or cloudy) when hydrate formed because of the presence 

of suspended small-crystals of hydrate in the solution which were invisible to the naked eye 

(image at 30 min). Then color became more and more white and opaque due to the formation of 

more hydrate (image at 50 min). The color of solution was cloudy again when hydrate 

dissociated (image at 185 min). The turbidity of the aqueous solution including hydrate crystals 

and salt solution changed throughout the time with a gradual increase of the temperature. The 

solution was clearer after each step with an increment of 0.1 °C/hour due to the dissociation of 

hydrate crystals (images at 4458 min and 4522 min). At the final step, the phases were totally 



clear without any turbidity (image at 5482 min) and the equilibrium temperature was recorded of 

7.1°C.  

Obviously, the value of the equilibrium temperature provided by slow dissociation procedure 

was less than the value given by the quick dissociation procedure. Of course, a quick dissociation 

procedure will presumably miss the total dissociation temperature. In comparison with literature, 

the equilibrium temperature in pure water following the slow procedure from our study, 7.1 °C, 

is very close to the value of 7.11 °C reported by Zylyftari et al.
24

 and 6.6 °C, 6.8 °C, 7.1 °C 

reported by Masahiro et al.
22

 using the Differential Scanning Calorimetry method (hereafter 

abbreviated as DSC), and the value of 7.07 °C for the quadruple point (liquid water-liquid CP-

vapor CP- hydrate) reported by Fan et al.
33

 based on the “pressure search” procedure
34

. The DSC 

method has been also used in the studies of Baek et al.
35

, Whitman et al.
36

 and Zhang et al.
37

. 

Baek et al.
35

 reported that the equilibrium temperature has the values from approximately 6.7°C 

to 7.2 °C in the presence of Sorbian monoester surfactant (HLB 4.3 to 8.6); Whitman et al.
36

 

indicated the melting temperature of CPH at 7 °C, while Zhang et al.
37

 showed this value to be 

7.02 °C.  

From this comparison, it can be seen that the slow procedure provides data that is the same or 

very close to the data determined by the accurate DSC method in the literature.
22,24,35,36,37

  In fact, 

the DSC method requires more complex devices and more steps to measure the heat of melting 

and the melting point. There is also the very real difficulty in transferring the hydrate sample 

from the reactor to the test cell due to the dissociation of hydrate at room temperature. The slow 

dissociation procedure has simple principles and is easy to perform without the need of complex 

devices. Therefore, the slow procedure is a promising and consistent method to determine the 

equilibrium temperature of CPH in brine.   



Equilibrium temperatures in the presence of salts 

Results of measured equilibrium temperatures of CPH in presence of salts are offered in Figure 4 

and Table 2. The literature data reported by Zylyftari et al.
24

 and Kishimoto et al.
23

 are also listed 

in Table 2 in order to compare them with our measured data.  

It is clear from Figure 4 that the equilibrium temperatures drop significantly with an increase in 

salt concentration. This demonstrates that salt affects strongly phase equilibria. Actually, salt 

molecules act as inhibitors like glycols or alcohols to hydrate formation.
1
 The salt ionizes in 

water and interacts with the dipoles of the water molecules with a greater Coulombic bond than 

both the hydrogen bond and the van der Waals forces that cause clustering around the apolar 

solute molecule, preventing the water inclusion into the hydrate structures. This is the same 

phenomenon in principle as the lowering of the freezing-point of pure water when salt is added. 

On the other hand, the presence of salt causes a reduction in the solubility of CP in water, a 

phenomenon known as “salting-out.” Both ion clustering and salting-out lead a shift in 

equilibrium temperatures to lower values.
1,3

  

There is a slight temperature difference between the quick and the slow procedures for all salts as 

detailed in Table 2. The equilibrium temperatures following the slow dissociation are 

systematically lower than those following the quick procedure at the same concentrations. Again 

as in the case of pure water with the quick procedure, the “equilibrium temperature” is recorded 

slightly late and hence is higher than actual because of the different in heat-transfer rates 

between solution and hydrate crystals. While, the solution temperature reaches equilibrium, the 

temperature inside hydrate crystals is still less than this value. Therefore, the hydrate needs a 

longer time to homogenize temperature and then to dissociate in the bulk solution.   



In comparison with literature, Table 2 verifies that at 5%, 10%, 20% and 23% of NaCl, the 

equilibrium temperatures in our experiments following the slow procedure have almost the same 

values reported by Zylyftari et al.
24

 and Kishimoto et al.
23

 in which both the very accurate DSC 

method and low dissociation rate method were applied respectively. In the study of Kishimoto 

and his co-workers, the equilibrium temperature was considered as the final dissociation point. 

The temperature of solution was increased stepwise 0.1
o
C/h and then was kept steady at least for 

one hour in order to observe the dissociation process of hydrate. The equilibrium temperature 

was considered reached and recorded once hydrate was no longer visible.   

Moreover, notice that in Table 2 all the equilibrium temperatures in presence of NaCl are lower 

than those with either KCl or a mixture of NaCl-KCl. Whilst CaCl2 shows the greatest impact on 

the equilibria at concentrations from and above 16%. Indeed, NaCl and CaCl2 have a significant 

influence on the water activity, and hence on the equilibrium temperature.  

The accuracy of the equilibrium measurements depends on initial and final salt concentrations. If 

these two amounts are almost equal (all hydrate crystals have dissociated), then hypothetically, 

the results are valuable and accurate. Our results indicate that for all the experiments, the initial 

and the final salt concentrations are approximately identical. 

Modelling CPH thermodynamic equilibrium 

Three different thermodynamic approaches were used to model phase equilibria of CPH in 

presence of salts. The first approach (n°1) is based on Hildebrand and Scott's equation
38

 and the 

two others (n°2 and n°3) on van der Waals and Platteuw model.
39

  

Each method establishes the equilibrium state by equalizing the chemical potential of water in 

liquid and hydrate phases: 

                                                  L

w    =  H

w                                    (1) 



where L

w and H

w  are the chemical potentials of water in liquid and CPH phase, respectively.   

Approach n°1 

Water activity in salt solution with the presence of CPH is expressed from the freezing point 

depression using Hildebrand and Scott's equation which is usually applied for modelling solid-

liquid equilibria of a pure solute in a solvent. The standard equation is expressed as follows:  

                  






























T

T

T

TT

R

C

TT

TT

R

H
a

fffm

f

ffm

w ln
)()(

ln                          (2) 

  

where Tf  is the fusion temperature in K, ΔHfm is the molar enthalpy of fusion in J/mole, ΔCfm is 

the change of molar specific heat between the subcooled liquid and the solid in J/mole.K, and aw 

is the water activity. Actually, this is a standard method to predict freezing of pure water in the 

presence of salts.
40,41

 In this case, the solid phase is just ice, and there are no other molecules 

involved in crystallization. 

Let us consider in our approach that water crystallizes alone in the form of CPH (structure II 

hydrate). CP molecule is “neglected’’ since its chemical potential will not be considered. It is a 

complete separate phase. Indeed, CP is not very soluble in water.  Its influence on the 

equilibrium will be included (hidden) in the values of ΔHfm, Tf, and ΔCfm. Moreover, CP’s 

influence on water activity is negligible (molar solubility less than 4.10
-4

), especially in presence 

of electrolytes, and CP can be considered as a limiting reactant, in contact with the aqueous 

phase. Of course, this means that the used reference state for equation (2) is the equilibrium 

between CPH and its dissociated form (pure liquid water) and CP molecules in stoichiometric 

proportions according the following reaction:   

                                      C5H10 + 17H2O = C5H10.17H2O (CPH)                                             (3)      



The fusion temperature of CPH was determined from our experiments, and literature 

(279.95K).
22

 ΔHmf  was acquired from Nakajima et al.
22

 and Zhang et al.
42

 (we chose the value 

of 283.9 kJ/kg hydrate reported by Nakajima et al.
22

 because it is more accurate), and R is the 

well-known gas constant. Only ΔCmf is unknown. Since we work at a temperature close to Tf, we 

concluded that ΔCmf could not be neglected because the results would not be accurate. Hence, 

this work, a correlation for ΔCmf(T) was established by using our experimental data from NaCl-

water mixture (only). The geochemical model PHREEQC
43

 provided water activity in salt 

solution with the PITZER database.  

The equilibrium temperatures of CPH in salts are then calculated by using both equations (2) and 

the new correlation ΔCmf(T). Water activity is temperature-dependent and needs to be calculated 

at the onset. The value of water activity in the presence of salts at 273.15 K is firstly used in 

equation (2). At each following step, after predicting the equilibrium temperature, PHREEQC re-

calculates the new water activity via the predicted-equilibrium temperatures. This new water 

activity is then used to re-predict the equilibrium temperature. The calculation is iterated until 

PHREEQC provides the same value of water activity as at the penultimate step. The final 

predicted-equilibrium temperature is then recorded. The procedure to predict the equilibrium 

temperatures is illustrated in Figure 5. 

The absolute average deviation (AAD) is defined as follows: 
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where N is the number of experimental data points, Ti,pred (K) is the predicted-equilibrium 

temperature, and Ti,exp (K) is the experimental equilibrium temperature.  



Note that Hu et al. (2017) succeeded in using a quite similar equation to correlate suppression 

temperature of gas hydrate in single salt inhibited system, although they neglect ΔCp, and 

provide an equation for ∆𝑇/𝑇0𝑇 (ΔT being the suppression temperature, T and T0 being the 

equilibrium temperature with and without inhibitor, respectively).
44

 

 

Approach n°2 

The CPH equilibrium is described by van der Waals and Platteuw model.
39

 This method is based 

on classic thermodynamics for the water liquid phase and statistical thermodynamics for hydrate 

phase with the following assumptions: 

Each cavity encloses at most one guest molecule. 

The interaction between guest molecule and the cavity can be described by a pair 

potential function of the pair guest-molecule. 

Cavities are perfectly sphere-shaped. 

Guest molecules do not deform cavities. 

There is no interaction between the guest molecules in different cavities.  

In the thermodynamic equilibrium, the equality of chemical potential of water in the hydrate 

phase and liquid phase can be written by introducing references states. For the hydrate, the 

reference state is a hypothetical phase β written by the van der Waals and Platteuw model 

corresponding to the empty cavities: 

    

                                                 L

w

H

w

                                                              (5) 

 

 

where H

w

  and L

w

   are the differences of the chemical potentials between water in the 

reference phase (β) and water in the hydrate or liquid phase, respectively.   



While L

w

   can be expressed using the Gibbs-Duhem equation,
45

 H

w

  is calculated from 

statistical Thermodynamics, from van der Waals and Platteuw method: 
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where R is the universal constant, T is the absolute temperature, νi is the number of type i cavities 

per water molecule in the hydrate (8/136 for CPH), and 𝜃𝑗
𝑖 is the occupancy factor (𝜃𝑗

𝑖
[0, 1]) of 

the cavities of type i by the guest molecule j (the guest molecule here is CP). 𝜃𝑗
𝑖 can be written by 

the Langmuir adsorption model and is expressed as follows:  

                                            




j

j

i

j

j

i

ji

j
PTfC

PTfC

),(1

),(
                                                           (7)  

where fj is the fugacity of the guest j (CP). Cj
i
 is the Langmuir constant of guest j in cavity i. It is 

usual to obtain Cj
i
 from the integration of the Kihara interaction potential as follows: 
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where k is the Boltzmann constant, r is the distance from the center of the cavity, R is the empty 

cavity radius, w(r) is the interaction potential between the cavity and the guest molecule, and ɑ is 

the core radius defined in the Kihara potential. The interaction potential w(r) is determined by 

the Parrish and Prausnitz model
46

 and can be expressed as follows: 
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Parameters ε, σ, ɑ are so-called Kihara parameters. ε corresponds to the maximum attractive 

potential and σ is the distance between the cores at zero potential energy. They can be calculated 

from experimental data by fitting the model equations to correspond the equilibrium 



experimental one.
10,47,48,49,50

 In this description, the interaction potential is dependent on only the 

properties of guest molecule (via Kihara parameters), and geometrical properties of the cavities 

(via the coordination number z and radius R).  

In the end, both chemical potentials are function of the temperature and the salt concentration. 

On the one hand, the liquid part, the pressure is atmospheric, and does not affect the equilibrium 

significantly. Only the temperature and the water activity (hence the salt concentration) are the 

major variables. Of course, property parameters are needed. We worked with the parameters 

from Handa and Tse
51

 after verifying they correspond the best.
45

 

On the other hand, the hydrate potential is a function of the CP fugacity, since the Kihara 

parameters are constant for a given guest. CP fugacity should be the same in all phases: liquid, 

hydrate and vapor. Since liquid CP can be considered as a pure phase (very low solubility of 

water in CP), fugacity was calculated from its vapor pressure. Therefore, a standard Antoine’s 

equation was used, assuming that fCP = P
sat

CP (fCP and P
sat

CP being the fugacity and the saturated 

pressure of CP, respectively). This fugacity is only temperature dependent. 

The calculation of the temperature from a given salt concentration, or the opposite, can be 

obtained from the van der Waals equation. But first, we needed to get the Kihara parameters of 

CP molecule. A deviation function between the predicted-temperatures and the experimental 

ones was used to obtain epsilon (ε) and sigma (σ):     
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The procedure to optimize the Kihara parameters is presented in Figure 6.
45

 The calculation can 

determine a set of Kihara parameters ε, σ, and ɑ which provide the smallest ),( jj
F  .  



The value of a was determined based on the method described by Tee et al.
52

 The values of
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  can be found in the literature detailed 

in Table 3 and 4 as cited by Sloan.
1, 53

           

As clarified on the Figure 6, at the first step of the optimization, for a given set of Kihara 

parameters εj, σj and a given experimental temperature in NaCl (conforming to a given salt 

concentration or water activity, L

wa ), we calculated the interaction potential w(r) in Eq.(9), the 

Langmuir constant Cj
i 

in Eq.(8), and then H

w

  in Eq.(6). The predicted-equilibrium 

temperature Tpred at a given salt concentration corresponds to the value at which L

w

H

w

    .   

The second step selects the Kihara parameters to fit with the experimental data in NaCl. In this 

optimization, σ is ranged from 2 to 4 (Å), while 
k


 is ranged from 200 to 300 (K). 

Approach n°3  

The third approach is similar to the second one (n°2) in principle, however Kihara parameters 

were not employed. The main drawback of using these parameters is to provide accurate values 

that other authors could work with. Unfortunately, the difference in each code usually leads to 

differing simulation results.
45

 So, we suggest modeling only the occupancy of CP in the hydrate 

cavities (θ). We chose to correlate the occupancy factor to the water activity,  waF . This 

approach is not rigorous since occupancy factor is of course dependent on the guest molecule. 

However, we managed to obtain a correlation that fits well the experimental results considering 

only water activity. Therefore, CP influence on hydrate chemical potential is hidden in the 

correlation parameters. 

Equations Eq.(5), Eq.(6), and experimental data were used to obtain an adequate correlation. 

PHREEQC provided the water activity required to calculate, as before.  



Finally, the occupancy factor can be expressed as a function of the water activity as follows: 
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where m, n and p are the empirical constants depending on the experimental data chosen for the 

correlation in Eq.(12). The procedure to predict the equilibrium temperature is detailed in Figure 

7. 

Only data in the presence of NaCl was used at first to get the empirical parameters. Then, the 

method was applied to other systems, with other salts (KCl, a mixture of NaCl-KCl and CaCl2). 

As mentioned in the first approach, as the water activity is temperature-dependent, the value of 

water activity at 273.15 K is used at the first step. Subsequently, PHREEQC provides the water 

activity at each following step. The predicted-equilibrium temperature is recorded once 

PHREEQC provides the same value of water activity as at the penultimate step.  

Modelling results 

Approach n°1 

By using the experimental data of CPH in the presence of NaCl following the slow dissociation, 

the correlation for ΔCmf  was expressed as follow:  

                                                   )exp()( TbaTFCmf                                             (13) 

 

As stated previously, this term cannot be neglected since we work at a temperature close to the 

pure CPH dissociation temperature. If we ignored ΔCmf, then any simulations would be 

significantly less accurate, when compared to experiments.                                               

Figure 8 presents the experimental and predicted dissociation temperatures following the 

approach n°1. Correlation coefficients are also included. Absolute average deviations were in 

NaCl: 0.3K, KCl: 0.3K, a mixture of NaCl-KCl: 0.2K, and CaCl2: 0.4K. This indicates that the 

phase equilibrium temperature conditions are well reproduced using the new correlation ΔCmf(T) 



for CPH not only in the presence of NaCl but also in the presence of KCl, and a mixture of 

NaCl-KCl. 

In the case of CaCl2, at low concentrations from 1% to 18%, the predicted data are very close to 

the experimental results. However, at concentrations from 20% to above, there is a relatively 

considerable gap between the predicted and experimental data. The mean absolute difference at 

these high concentrations is approximately 0.9 K compared to a value of 0.2 K at the lower 

concentrations. This unexpected dissimilarity is probably due to the equilibrium temperature at 

high concentrations of CaCl2 is out of range of the equilibrium data in the presence of NaCl used 

to discover the new correlation ΔCmf(T).  

Approach n°2 

Three Kihara parameters of CP have been determined. They are the spherical nucleus radius a, 

the distance between the molecule and the cavity wall at null potential σ, and the maximum 

attraction potential ε. The value of a was determined based on the second virial coefficient of CP 

based on the method described by Tee el al.
52

 The remaining two Kihara parameters (epsilon and 

sigma) were optimized by minimizing the absolute average deviation between the predicted and 

measured equilibrium temperatures of CPH in the presence of NaCl. Figure 9 presents average 

deviation between the equilibrium and predicted temperature as a function of σ and ε/k. A huge 

range of σ and ε/k were tested to optimize the best set of Kihara parameters for CP.  

As clarified on the Figure 9, when the value of σ is less than 2.4 or more than 3.6 regardless the 

value of ε/kb (kb being the Boltzmann constant), the average deviation is enormous. Hence the 

Kihara parameters of CP can be found in the two valleys of Figure 9.  

To be clearer, the two valleys of Figure 9 have been presented in Figure 10 in only two 

dimensions. For a chosen value of σ between 2 and 4 (with an increment of 0.002), different 



values of ε/kb from 200 to 300 (with an increment of 0.1) were tested and the best values which 

provide the smallest deviation are plotted. The Figure 10 illustrates that the average deviation is 

close to zero where the value of σ belongs to either a range from 2.46 to 2.81 corresponding to 

the value of ε/kb between 263.5 and 300 or a range from 3.0 to 3.56 corresponding to the value of 

ε/kb between 237 and 300. From these ranges of σ and ε/kb, we chose among the best set of 

parameters σ = 2.72 Å, ε/kb = 265.5 K. The hard core radius was taken from the literature,
54

 a= 

0.8968 Å. 

Figure 11 shows the experimental and predicted hydrate equilibrium temperatures of CPH based 

on the obtained Kihara parameters for CP. The agreement between experimental data and 

predictions is very excellent and the maximum average deviation in predicting the equilibrium 

temperature is about 0.2 K in the presence of either NaCl or CaCl2. This value is 0.1 K for a 

mixture of NaCl-KCl and KCl, indicating that the hydrate formation temperatures are very well 

reproduced in the presence of other kinds of salts, especially in the presence of KCl and a 

mixture of NaCl-KCl. 

Approach n°3 

As mentioned in section 4.3, in the approach n
o
3, the occupancy factor is expressed as a function 

of the water activity by Eq.(12). In this equation, the fitting parameters (m, n and p) are all 

determined by using the experimental equilibrium data in the presence of NaCl.  

The correlation coefficients in Eq.(12) and predicted CPH equilibrium temperatures in the 

presence of salts according to the approach n
o
3 are presented in Figure 12. It can be seen that, the 

predicted results concur well with the experimental data. The maximum absolute error in 

predicting the hydrate formation temperature is not greater than 0.4 K for either KCl or NaCl-

KCl and not greater than 0.6 K for CaCl2. The average absolute deviations are 0.1 K in the 



presence of NaCl, KCl and a mixture of NaCl-KCl, and 0.2 K in the presence of CaCl2. This 

indicates that the approach n
o
3 duplicates very well the equilibrium temperatures for CPH in the 

presence whatever salts.  

Summary and results on the models  

Three approaches have been modified and used to predict the phase equilibrium of CPH in 

presence of various salts. The results of simulation are listed in Table 5. 

As shown in this table, all three approaches are capable of satisfactorily predicting hydrate 

formation temperature of CP in presence of different salts. The average deviations are less than, 

or equal to 0.4 K in all cases.  

Moreover, using the Kihara parameters in the approach n°2 and the new correlation of 

occupancy factor and water activity for van der Waals and Platteuw model in the approach n°3  

are an excellent suggestion as the deviation is less than, or equal to 0.2 K, for any of the salts 

tested. However, approach n°2 requires the integration of the Kihara potential, which can lead to 

different final values depending on the code and is also influenced by the use of the Antoine 

equation for CP vapor pressure. Therefore, approach n°3 is the most accurate and simplest 

method to obtain quick and consistent dissociation temperatures of CPH from brine. As an added 

plus it is not code-dependent. 

Conclusion 

Two procedures were applied to determine experimentally the dissociation temperatures of CPH 

in presence of NaCl, KCl, an equi-mass mixture of NaCl-KCl, and CaCl2. One was at high 

dissociation rate, for quick estimation completed in a few hours. On the other hand, the second 

method occurred at a lower dissociation rate, for more accurate measurements, and took place 

over days.  



Based on the results, a temperature shift between the equilibrium temperatures following two 

procedures was observed. As the quick procedure tends to miss the right temperature, its results 

are slightly above the right value. 

Slow procedure provides results that are very close to the data reported in the literature in pure 

water and also brine. This indicates that this method is excellent to determine CPH dissociation 

temperatures.    

The results also show that the equilibrium temperatures dropped significantly with an increase in 

salt concentration, whatever the kinds of salt used due to both ion clustering and salting-out 

phenomenon. In addition, the equilibrium temperatures of CPH in the presence of NaCl were 

always lower than the equilibrium temperatures in the presence of KCl and a mixture of KCl-

NaCl at the same concentration. Whilst CaCl2 shows the greatest impact on the equilibrium 

temperatures at concentrations from and above 16% in mass fraction compared to the other salts. 

This is due to the great influence on water activity of both NaCl and CaCl2, and hence on the 

hydrate formation equilibrium temperatures. 

Moreover, the experimental data have been described by three thermodynamic approaches. The 

first is based on the Hildebrand and Scott’s equation to discover a new correlation for the change 

of specific heat of CPH and the dissociation points. The two others are based on van der Waals 

and Platteuw model. While the second one uses optimized Kihara parameters from this work, the 

third utilizes a new correlation between the occupancy factor and water activity. 

At first, experimental data in presence of NaCl were used to fit the needed parameters. Then, 

each method was compared to other experimental data, with different salts. Finally, all three 

approaches have a good capability to predict CPH dissociation temperatures in presence of 

various salts. Average deviations are less than, or equal to, 0.4 K in all cases. The use of van der 



Waals and Platteuw method is even more accurate, with a deviation below 0.2 K. The new 

correlation between occupancy factor and water activity is probably the best to obtain quick, 

consistent, and accurate dissociation temperature of CPH in brine. 

  

Notation 

a activity [–] or Kihara parameter, spherical nucleus radius [m], coefficients [–] for the 

correlation of the change of molar specific heat 

b coefficient linear temperature dependency of the heat capacity [J mol
−1

 K
−2

], and 

coefficients [–] for the correlation of is the change of molar specific heat 

C  Langmuir constant of cavity [L mol
-1

] or molar heat capacity [J mol
−1

 K
−1

] 

f  fugacity [Pa] 

h  molar enthalpy [J mol
−1

] 

k  or, kb: Boltzmann constant [J K
−1

] 

m coefficient of the correlation of the cage occupancy 

N  number of points of a given set of data 

n  mole number, coefficient of the correlation of the cage occupancy 

P  pressure [Pa] 

p coefficient of the correlation of the cage occupancy 

R  gas molecule equivalent radius [m], or universal gas constant [8.314472 m
2
 kg s

−2
 K

−1
 

mol
−1

], or coefficient of determination [-]. 

r  distance between the molecule and the wall of the cavity [m] 

T  temperature [K] 

V  volume [m3] 

v  (partial) molar volume [m
3
.mol

−1
] 



Greek letters 

ε  Kihara parameter, maximum attraction potential [−] 

µ Chemical potential [J mol−1] 

υ number of cavities per molecules of water [−] 

θ occupation rate of cavity/gas 

ρ (mass) density of water [kg m
−3

] 

σ Kihara parameter, distance between the molecules and the cavity wall, at null potential 

[m] 

Superscripts 

I  ice phase 

H  hydrate phase 

L  liquid phase 

β hypothetical reference phase for the hydrate phase corresponding to empty lattice 

β-φ referring to the difference between the reference β phase and any φ phase  
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and Kihara parameters for CP   



Figure 12: Experimental and predicted dissociation temperature of CPH in the presence of salts, 

and correlation coefficients for approach n°3 from Eq.(12) obtained from experimental data in 

NaCl.   

 

 

 

 

 

 

 

 

 

  



 

 

Figure 1: Simplified schematic of the main experimental apparatus 

1-Vessel, 2-Chiller, 3-Impeller, 4-Agitator, 5-Cooling jacket, 6-Motor, 7-Temp transmitter, 8-

Computer, 9-Temperature probe, 10-Drying oven, 11-Ion chromatography 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Figure 2: Temperature profile in hydrate formation and dissociation in pure 

water following the quick procedure 
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Figure 3: Temperature profile in hydrate formation and dissociation in pure water following 

the slow procedure 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4: Equilibrium temperature of CPH in the presence of salts from experiments (slow 

procedure) 
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Figure 5: The algorithm of equilibrium temperature calculation in the approach n°1  

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Figure 6: Procedure to optimize the Kihara parameters 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Figure 7: Procedure to predict the equilibrium temperatures using the correlation  𝜃 = F(aw) 

 

 

 

 

 

 

 



 

   
 

Figure 8: Experimental and predicted dissociation temperature of CPH in the presence of salts, 

and correlation coefficients for approach n°1 from Eq.(13) obtained from data in the presence of 

NaCl. 

 

 

 

 

 

 

 



 

 

 

Figure 9. Typical form of the deviation between the predicted and the experimental data as a 

function of the Kihara parameters. x and y axes correspond respectively to Kihara parameters σ 

and ε/kb. The best set of value σ and ε is the one that minimizes the objective function F (in Eq. 

(11)). 

 

 

 

 



 

 

Figure 10: ε/k versus σ at the minimum deviation from experimental data in NaCl 
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Figure 11: Experimental and predicted dissociation temperature of CPH in the presence of 

salts, and Kihara parameters for CP  

 

 

 

 

 

 

 

 



 

 
 

Figure 12: Experimental and predicted dissociation temperature of CPH in the presence of salts, 

and correlation coefficients for approach n°3 from Eq.(12) obtained from experimental data in 

NaCl. 

 

 

 

 

 



 

Table 1: Purity of initial material used  

Material Chemical 

formula 

Mol.weight 

(g. mol
-1

)
 

Solubility in water 

(g/l) 

Purity 

Cyclopentane C5H10 70.1 0.156 (25 °C)
27

 98.0% 

Sodium chloride NaCl 58.4 360 (20 °C)
28

 99.5% 

Potassium chloride KCl 74.55 344 (20 °C)
28

 99.0% 

Calcium chloride CaCl2 110.978 745 (20 °C)
28

 99.0% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 2: Equilibrium dissociation temperatures
a
 of CPH in the presence of NaCl, KCl, an equi-

weight mixture of NaCl-KCl and CaCl2 
 

 

Salinity
b,c,d

 (% 

mass) 

Te-

quick 

in 

NaCl 

(°C) 

Te-slow 

in 

NaCl 

(°C) 

Te in 

NaCl 

(°C)
24

  

Te in 

NaCl 

(°C)
23

  

Te-

quick 

in 

KCl 

(°C) 

Te-

slow 

in 

KCl 

(°C) 

Te-quick 

in 

NaCl-

KCl 

(°C) 

Te-slow 

in 

NaCl-

KCl 

(°C) 

Te-quick 

in 

CaCl2 

(°C) 

Te-slow 

in 

CaCl2, 

(°C) 

           

0 

(pure 

water) 

7.7 7.1 7.11 - 7.7 7.1 7.7 7.1 7.7 7.1 

1 6.9 6.4 - - 7.2 6.9 7 6.7 7.1 6 

2 6.3 5.9 - - 6.6 6.1 6.5 6.0 6.8 6.3 

3.5 5.7 5 - - 6 5.5 5.9 5.4 6.2 5.6 

5 4.9 4.1 - 4.45 5.4 4.9 5.1 4.6 5.5 4.9 

8 3.5 2.4 - - 4.2 3.6 3.6 3.0 3.9 3.3 

10 2 0.9 1.16 1.25 3.6 2.4 2.4 1.9 2.5 1.8 

12 0.9 -0.4 - - 2.3 1.4 1.5 0.6 1.5 0.1 

14 -1 -1.8 - - 1.2 0.4 -0.2 -0.6 -1.0 -1.9 

16 -2.7 -3.8 - - 0.6 -0.5 -1.2 -2.1 -2.7 -4 

18 -5 -5.3 - - -1 -1.9 -3 -3.6 -5.5 -6.7 

20 -7.2 -7.8 -8.00 - -2.1 -3 -4.6 -5.4 -8.1 -9.6 

22 -9.7 -

10.2 

- - - - -6.1 -7.2 -12.0 -13.2 

23 

25 

-11 

- 

-

11.6 

- 

-11.66 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-13.0 

   -16.0 

-15.1 

  -19.6 

           

 

where Te-quick and Te-slow are the equilibrium temperatures following the quick and the slow 

procedures. 
a 

Uncertainty of the temperature measurements: ±0.1 K.
 b 

Uncertainty due to 

weighing: ±0.002 %mass. 
c 
Uncertainty due to drying oven: ±0.2 %mass. 

d 
Relative uncertainty 

due to ion chromatography: 1.5%, see the appendix 

 

 

 



 

Table 3: Parameters used for the hydrate-phase and ice (for Hydrate Structure II only) 

00 ,PT

L

w

  (j/mol) 
00 ,PT

I

wh   (j/mol) Citation  

   

1068 764
 

Handa and Tse 
51

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4: Reference properties of hydrate from Sloan 
1,53

 (for Hydrate Structure II only) 

Parameters Unit  Value   

   

00 ,PT

L

wh   * J.mol
-1

 
00 ,PT

I

w

  - 6011 

00 ,
,

PT

L

wpC    J.mol
-1

.K
-1 

-38.12  

L

wpb 
,  J.mol

-1
.K

-2
 0.141 

0T

L

w

   10
-6

m
3
.mol

-1 
4.99644 

* 
00 ,PT

L

wh   =
00 ,PT

I

w

  - 6011, where 6011 is the enthalpy of ice (J.mol
-1

) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5. Average deviation (in °C or K) of different approaches for predicting CPH equilibrium 

temperature 

 NaCl KCl NaCl-KCl CaCl2 

Approach n°1 0.3  0.3 0.2 0.4 

Approach n°2 0.2 0.1 0.1 0.2 

Approach n°3 0.1 0.1 0.1 0.2 

 

 


