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Abstract 

The applications of clathrate hydrates on carbon dioxide capture and desalination is an attractive 

and growing subject within the hydrate community. While many promoters exists to overcome the 

numerous issues of hydrate-based technologies (mostly how to mild the operating conditions and 

improve the kinetics), there is a need to find a guest that could be recovered easily. That is why 

cyclopentane (CP), an organic molecule not miscible into water that can form hydrates under 

atmospheric pressure at 7°C, has been studied widely in the literature. However, its behavior in 

forming mixed hydrates with CO2 in presence of salts is still not well understood. This work is an 

effort to investigate the thermodynamics of mixed CO2/CP hydrates to fulfill the gap in this field 

from a thermodynamic point of view. 

In this effort, new equilibrium data of mixed CO2/CP hydrates in the presence of salts (NaCl-KCl, 

MgCl2, CaCl2 which are among the main factors of hard water) have been obtained under different 

concentrations and pressures. Final dissociation points and as well as intermediate metastable 

points were obtained.  

Furthermore, thermodynamic consistency tests have been performed on our data and literature data 

to discuss their reliability. This test is important to question the idea of thermodynamic equilibrium 

since we suspect from a previous work the formation of several hydrate structures. 

Finally, three modelling approaches were considered: van der Waals and Platteeuw (vdW-P) 

approach, Hu-Lee-Sum (HLS) correlation, and ice melting point method derived from HLS 

proposition.  



Results showed a greater inhibition effect of cation Ca2+ compared to Mg2+ and that vdW-P method 

can predict equilibrium temperature within 0.2°C uncertainty. 

Keywords: cyclopentane hydrates, hydrate-based desalination, carbon dioxide capture, hydrate 

dissociation enthalpy, thermodynamic consistency of hydrates 

Introduction 

This article aims at supporting the development of clathrate hydrate-based technologies for water 

treatment combined with CO2 capture from a thermodynamic point of view.  

Clathrate hydrates are ice-like crystalline solid compounds of guest and water molecules. The guest 

molecules are small non-polar molecules (typical gases like CO2, CH4, C2H6, etc.) or (non)polar 

molecules with large hydrophobic moieties such as cyclopentane (CP), Tetrahydrofuran (THF), etc 

which are trapped inside cages of hydrogen-bonded polyhedral [1,2]. Clathrate hydrates formation 

is not a chemical reaction. Under low temperature and high-pressure conditions, a first-order phase 

transition of water molecules occurs by constituting cavities through hydrogen-bonding networks. 

These cavities are thermodynamically unstable but stabilized by guest molecules' adsorption [2–

4]. The phase equilibria of clathrate hydrates depend on the physical and chemical properties of 

the guest molecules. Additionally, the existence of additives in the system may vary the equilibrium 

conditions of clathrate hydrates.   

For a long time clathrate hydrates were curiosity [5]. Flow assurance issue was probably one of the 

first significant hydrate study from and industrial point of view. Indeed, gas hydrate formation is 

the major cause of pipelines plugging in petroleum industries. Therefore, in the past, the focus of 

researching gas hydrates has been on preventing hydrate formation in pipelines. However, in the 

past two decades, clathrate hydrates have received much attention on their potential applications in 

many fields of industry [5] such as gas separation [6–12], gas storage and transportation (SNG, 

ANG, LNG, etc.) [13–21], CO2 storage and capture (CCS) [22–29], cold storage and refrigeration 

[30–34], etc. Moreover, the huge reservoirs of natural gas hydrates in permafrost regions and 

marine sediments may provide a new source of sustainable energy [24,35,36]. 

Hassanpouryouzband et al. have deeply considered other applications in sustainable chemistry in 

a recent review [37].   

The lack of  fresh water is one of the biggest challenges people face [38]. The high level of salts 

and pollutants in water sources can be exacerbated by changes in precipitation patterns due to the 

climate crisis and an increase in the population in the region [39]. Therefore, desalination can assist 

with expanding the scope of accessible water assets and reach net-zero carbon emission by 2050 

[40].  Many desalination technologies are being widely used and developed such as multi-stage 

flash distillation (MSF), membrane distillation, electro dialysis, forward osmosis, reverse osmosis, 

and so on. On top of that, Hydrate Based Desalination (HBD) is an application of gas hydrate that 

can be a novel candidate to solve the problem [41]. The idea is based on salt elimination. When 

gas hydrate forms in seawater, the salts are outside of the hydrate cages and stay in the concentrated 



aqueous solution that can be removed by a physical process [37]. There are interesting 

developments in HBD process [4,42–46] up to 80% efficiency [47], but HBD requires in-depth 

research in term of the effectiveness and safety. The development is the combination of 

desalination with carbon capture, using CO2 as a guest for hydrate formation. Hereafter, one of the 

potential use of the stored CO2 is to come forward as the working fluid to boost the geothermal 

energy development [27–29]. The second is the use of appropriate thermodynamic promoters to 

enhance hydrate formation. 

Hydrates promoters are widely investigated in the hydrate-based process developments due to their 

capabilities of improving hydrate formation rate and moderate the equilibrium pressure. 

Tetrahydrofuran (THF) and tetra-butyl ammonium salts (such as TBAB, TBAC and etc.) are 

among the most discussed types of additives [48–55]. Despite their advantages in increasing the 

salt removal efficiency, their solubility in water is a major issue. Recently, cyclopentane (CP) has 

been recognized as being an interesting promoter since it enhances the hydrate formation 

conditions and is immiscible with water [41,56]. Therefore CP is one of the few promoters that can 

be recovered after dissociation except from gaseous promoters. In the end, many efforts can be 

found on CP hydrates in presence of salts, but only a few for mixed CO2/CP hydrates. Let’s mention 

the work of Zheng et al.[57], Hong et al. [46] and Lee et al. [58] in presence of NaCl and previous 

effort of Maghsoodloo Babakhani et al. [45] in presence of both NaCl and KCl. 

Nevertheless, there is still a need for more phase equilibrium data of mixed CP-CO2 hydrates in 

order to improve and develop hydrate-based carbon capture and desalination. Hence, in this work, 

four-phase equilibrium data (V-Lw-LHC-H) for CP-CO2 binary hydrates in the presence of diverse 

salts (MgCl2, CaCl2 in particular, which are the main factor causing hard water), but also mixtures 

of NaCl and KCl) solutions have been investigated. The experiments have been carried out in a 

batch reactor and by an isochoric technique. Moreover, concentrations of salts at intermediate 

metastable and total dissociation states have been analyzed. The experimental results were then 

discussed and compared to the literature.  

At the same time, thermodynamic consistency and modelling have been investigated on these and 

literature results. First of all, simple clapeyron’s equation has been considered. Then, Sa et al. [59] 

consistency test has been employed. This first step, in addition to discussing thermodynamic 

consistency, is also a way to calculating dissociation enthalpies. In order to enlarge the scope of 

this study and compare our results to other similar systems, literature data for mixed methane/CP 

hydrates in presence of NaCl have been considered [60].  

Then thermodynamic modelling has been performed to predict equilibrium temperatures according 

to three different approaches: standard van der Waals and Platteeuw (vdW-P) [59], HLS correlation 

[60,69,70], and new method derived from HLS correlation taking as reference the ice suppression 

temperature [61]. 

Finally, some conclusions and comments on possible future work finish this article. 



2. Experimental section 

2.1. Materials 

All materials used in this work are listed in detail in Table 1. Ultrapure water was provided by the 

Milli-Q®-Advantage A10 water purification system. It produces water with conductivity less than 

0.055 μS.cm-1 and TOC (total organic carbon content) less than 5 ppb.  

Table 1. Materials 

Name Purity Supplier 

Cyclopentane 98% Sigma Aldrich 

Sodium Chloride  99.5% Sigma Aldrich 

Potassium Chloride  99% Sigma Aldrich 

Magnesium Chloride 98% Sigma Aldrich 

Calcium chloride dihydrate 99% Sigma Aldrich 

Carbon dioxide 99.999% Air Products 

 

 

2.2. Experimental set-up 

The Experimental set-up is similar to previous efforts [45]. A schematic of the experimental setup 

is shown in Figure 1. 

 



 

Figure 1. The schematic of the experimental set-up 

Two same characteristics batch reactors (with the inner volume, the first is 2.36 liter and the second 

2.23 liter) were developed and used to study the phase equilibria of clathrate hydrates as well as 

kinetics. Both are equipped with transparent windows that allowed direct observation. Each reactor 

is covered by an isolation jacket and the inner temperature is controlled by a cryostat LAUDA RC6 

CS ranging from -15 to 50°C. There are vertical agitators with two sets of blades; the top set is in 

the gas phase and the bottom one is in liquid. The temperatures inside the reactor including gas and 

liquid phase’s temperature are determined by two Pt100 temperature sensors at the top and bottom 

of the cell, respectively. The accuracy of these probes is ±0.2 C. The pressure is also measured by 

a pressure probe in the range 0-10 MPa with the accuracy of ±0.01 MPa. Water, solution, and CP 

can be injected into the reactors by a KNAUER P4.1S HPLC pump at high pressure. The working 

rate of the pump is between 0.1 and 50 ml/min at the pressure up to 10Mpa. A mechanical valve is 

connected to a capillary tube in the liquid phase to take liquid samples during the experiments. 

Data acquisition is controlled on a personal computer running Labview. The samples are then 

analyzed by ion chromatography system Dionex ICS-5000+. 



2.3. Experimental procedure 

After cleaning the autoclave with pure water, the air and other impurities are removed by using a 

vacuum pump for 40 minutes. The reactor is then filled with CO2 at the desired pressure. The 

pressure is monitored at a stable temperature for 24 hours to ensure that there is no gas leak in our 

experimental setup. The ultrapure water is used to prepare the salt solution at chosen concentration 

right before injecting into the reactors. Thanks to the HPLC pump, about 400 mL of prepared 

solution and 43.9 mL cyclopentane are introduced to the cell (volumetric ratio between the aqueous 

solution and cyclopentane is about 9:1). The temperature is then decreased to 1°C. After several 

hours for the gas dissolution into the liquid phase and the induction time, crystallization starts. As 

result of hydrate formation, the temperature slightly increases in a short term. From this point, it is 

necessary to wait for 2-3 days to attain equilibrium with no change in temperature and pressure. 

That is depended on the initial concentration of aqueous solution as well as pressure. Once the 

equilibrium is reached, about 1-2 mL of the liquid sample is taken to measure the salt concentration 

by ionic chromatography. Then, the dissociation process is started by stepwise temperature 

increasing (1 °C/h) and we wait for the stability of pressure and temperature. A liquid sample is 

taken at several metastable equilibrium points. At 2°C below the final equilibrium point, the 

temperature is augmented 0.3-0.5 °C/h until the total dissociation. A liquid sample is taken at final 

equilibrium (total dissociation of hydrates). The temperature is increased to reach the initial 

condition. The initial pressure is then changed by purging or inserting CO2 and the procedure is 

repeated to obtain further equilibrium points.  

Note that all experimental uncertainties have been determined and presented before Herri et al. [3] 

and Son et al. [61].  

 

 

2.4 Studies systems 

 

Table 2 provides all initial conditions that have been considered. 

 

 

 

 

 

 



Table 2. Initial conditions for experiments 

No NaCl (wt%) KCl (wt%) 
MgCl2 

(wt%) 
CaCl2 (wt%) 

msolution 

(g) 
mCP (g) VR (L) T0(K) P0(bar) 

±0.002wt% ±0.002wt% ±0.002wt% ±0.002wt% ±0.002wt% 
±0.01 

g 
±0.01g 

±0.01 

L 
±0.2K 

±0.1 

bar 

1 1.75 1.75 0 0  400.23  33.39  2.36  291.0 24.9  

2 1.75 1.75 0 0  399.08  33.21  2.36  292.5  20.3 

3 1.75 1.75 0 0  398.07  33.05  2.36  291.3 16.4  

4 1.75 1.75 0 0  398.23  32.98  2.36  290.6  10.5 

5 0 0 3.5 0 404.84 33.36 2.23 290.5 21.5 

6 0 0 3.5 0 400.4 33 2.23 292.9 25 

7 0 0 3.5 0 393.48 32 2.23 292.8 23.1 

8 0 0 5 0 500.49 41 2.36. 294.2 25 

9 0 0 5 0 400.5 33 2.36 295.6 25.3 

10 0 0 5 0 395.82 33 2.36 291.8 20 

11 0 0 7 0 401 32 2.23 293 24.6 

12 0 0 7 0 395.16 32 2.23 292.1 20.2 

13 0 0 7 0 388.6 32 2.23 293.4 17.5 

14 0 0 10 0 420 33 2.36 294 26.8 

15 0 0 10 0 415.57 33 2.36 291.6 21.8 

16 0 0 10 0 410 33 2.36 291.6 18.7 

17 0 0 0 4 404 33 2.23 289.4 23 

18 0 0 0 4 398 33 2.23 291.6 20.1 

19 0 0 0 5 434 34 2.36 289 25.1 

20 0 0 0 5 418.8 34 2.36 291.5 22.9 

21 0 0 0 7 400.9 33.14  2.23  293.1   24 

22 0 0 0 7 399.73   33.06  2.23  292 20.2  

23 0 0 0 7  398.5  32.98  2.23   293.3 16  

24 0 0 0 10  400.21  33.37   2.23   295.1 25.4  

25 0 0 0 10  399.8 33.2   2.23  293.2 20.2  

26 0 0 0 10  398.56  33.12  2.23  293  16 

 

3. Thermodynamic consistency and calculation 

3.1 The Clausius-Clapeyron 

Enthalpy of dissociated hydrates is generally acquired by direct measurements like calorimetry 

(DSC) [62] or indirect calculation by the Clausius-Clapeyron equation [63].  MD simulation can 



also be performed to determine dissociation enthalpies with quite good agreement with the methods 

mentioned above [64,65], especially under 304 K [66]. The hydrate formation and dissociation can 

be described by the following reaction:  

CO2+aCP+bH2O↔CO2∙aCP∙bH2O    (1) 

where a and b are known as mole numbers of CP and H2O in hydrate, respectively.  

The molar hydrate dissociation enthalpy change Δdiss𝐻m(𝐶𝑂2) is estimated through the slope 

between ln(P) and 1/T by the Clausius-Clapeyron equation [63]:  

𝑑ln(𝑃)

𝑑(1/𝑇)
=

−Δdiss𝐻m(𝐶𝑂2)

𝑍𝑅
     (2) 

In this case, P is the pressure, T is the temperature, Δdiss𝐻m(𝐶𝑂2) is the molar dissociation enthalpy 

of CO2, R is the universal gas constant and Z is the compressibility factor of CO2 at each equilibrium 

point, which is can be calculated by the Soave-Redlich-Kwong (SRK) equation of state [67]. Note 

that only CO2 is considered in the gas phase so that CP and water presence is neglected and there 

is no need for a more complex equation of state.  

According to Clapeyron’s equation, the slope of ln(P) and 1/T should be linear, providing that the 

dissociation enthalpy and Z do not change significantly in the usual narrow range of temperature 

(0°C to 20°C). Therefore, Eq. (2) can be utilized to estimate  Δdiss𝐻m(𝐶𝑂2). Nonetheless, note that 

Clapeyron’s equation is relevant for a given system composition. If the hydrate composition 

changes, so does the dissociation enthalpy. 

Finally, the linearity of Eq. (2) provides an estimation of the thermodynamic consistency of a given 

dataset. This test is indeed the first considered by Sa et al. [59] in their interesting work suggesting 

three assessments to account for thermodynamic consistency. These will be detailed in the next 

section. 

3.2 Thermodynamic consistency 

Based on the relatively constant relation of dissociation enthalpy and compressibility factor in Eq. 

(2), Sa et al. [59] demonstrated three assessment tests for thermodynamic consistency. They are 

described below with the evaluation range for each assessment in Table 3: 

Assessment 1: For each salt concentration, the slope between ln(P) and 1/T presents a linear 

regression and gives R2,%, which is depicted as 1-R2,%. This assessment comes from the 

independence of Δdiss𝐻/𝑍 with water activity.  

Assessment 2: The slope of regressed curves (with thermodynamic inhibitors (THI)/salts ATHI) in 

comparison with the slope for pure water (W) gives a relative deviation (ATHI-AW)/AW ×100,%. 



Assessment 3: This final assessment is related to the relative standard deviation (RSD),% of 

ΔT/T0T which comes from the constant ratio  𝑛 ∕ Δdiss𝐻m(𝐶𝑂2) (the hydration number over the 

dissociation enthalpy) assuming a constant water activity for a given salt concentration. It can be 

described by the following equation:  

𝛥𝑇

𝑇0𝑇
= −

𝑛𝑅

Δdiss𝐻m(𝐶𝑂2)
ln 𝑎𝑤      (3) 

where T0 and T phase equilibrium temperatures for pure water and inhibited system, respectively.  

Table 3. Evaluation criteria for each assessment test. 

 

Assessment 1 Assessment 2 Assessment 3 

Range 

pass<2,5% pass<±5% pass<5% 

acceptable = 2,5-5% acceptable ±5-10% acceptable 5-10% 

5%<fail ±10%<fail 10%<fail 

 

In our effort, new experimental data, as well as literature data, are discussed according to Sa et al. 

test. 

4. Modelling thermodynamic equilibrium of mixed CP/CO2 hydrates  

Before presenting experimental results, the different thermodynamic models used to reproduced 

experimental equilibrium temperatures will be shortly detailed. Three approaches have been 

considered: van der Waals et Platteeuw (vdW-P) model [68], Hu-Lee-Sum (HLS) correlation [69], 

and Sa and Sum [70] method based on ice suppression temperature. To compare experimental 

results to models, the Absolute Average Deviation (AAD) will be used: 

 𝐴𝐴𝐷 =
1

𝑁
∑ |𝑇𝑖,𝑝𝑟𝑒𝑑 − 𝑇𝑖,𝑒𝑥𝑝|
𝑁∑
𝑖=1     (5) 

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. 

4.1 vdW-P  

The van der Waals and Platteeuw (vdW-P) model [68] can be employed to describe the clathrate 

hydrate phase equilibrium. This thermodynamic model has been described in detail in previous 

work [45,71,72]. However, here are some fundamental principles for the liquid/hydrate 

equilibrium.  

Just note that, in this work, the CO2 Kihara parameters were taken from Herri et al [71]. CP 

parameters were optimized by Maghsoodloo Babakhani et al. [45] based on the data in pure water 



from Wang et al [73], data from NaCl solution by Zhang et al [74], and theirs. PHREEQC was used 

to provide water activity in brine solutions (pitzer database). The others parameters have been taken 

from the literature (Herri et al.[71] and Ho-Van et al.[61]). 

 

Finally, note that the SRK equation of state was used for the CP/CO2 vapor-liquid equilibrium and 

fugacities. The presence of water in the vapor and CP phase were neglected. The solubility of CO2 

in water was calculated based on the method described by Galfré [75]. The details of Kihara 

parameters for CP and CO2 are presented in Table 4. 

 

Table 4. Kihara potential parameters 

Guest molecule a ε/κ σ Reference 

CP 0.8968 262.318 2.641 [45] 

CO2 0.6805 168.77 2.963 [76] 

 

4.2 HLS correlation  

Hu-Lee-Sum (HLS) correlation was proposed by Hu et al. [69,77,78], and based on the 

fundamental principle of freezing point depression, they represented a new correlation for mixed 

clathrate hydrates. At first, the correlation has been developed for hydrates with the structure I in 

presence of single inhibitors (salts) [78], and hereafter they modified it to the systems with mixed 

salts and structure II hydrates [69]. On the one hand, they reported that the ratio of hydration 

number and enthalpy change 𝑛𝑅 ∕ Δdiss𝐻 in Eq. (6) is considered as a function of pressure and 

suggested as constant. Hu et al. concluded 𝑛𝑅 ∕ Δdiss𝐻=𝛽1, to express the structure I.  

𝛥𝑇

𝑇0𝑇
= −

𝑛𝑅

Δdiss𝐻
ln 𝑎𝑤 = −𝛽1 ln 𝑎𝑤    (6) 

On the other hand, they concluded that ln 𝑎𝑤 is only dependant on the effective mole fraction 𝑋, 

therefore constant at a given salt concentration. The relationship between ln 𝑎𝑤 and 𝑋 is the so-

called HLS correlation: 

𝛥𝑇

𝑇0𝑇
= −

𝑛𝑅

Δdiss𝐻
ln 𝑎𝑤 =𝐶1𝑋 + 𝐶2𝑋

2 + 𝐶3𝑋
3     (7) 

Furthermore, they provide an extension of Eq. (6) in Eq. (8) to describe structure II hydrates and 

the ratio of 𝛥𝑇 𝑇0𝑇⁄  for structure II and I corresponds to 𝛽2 𝛽1⁄ = 𝛼.  

(
𝛥𝑇

𝑇0𝑇
)
2

(
𝛥𝑇

𝑇0𝑇
)
1

=
𝑅 ln 𝑎𝑤(

𝑛

Δdiss𝐻
)
2

𝑅 ln 𝑎𝑤(
𝑛

Δdiss𝐻
)
1

=
𝛽2

𝛽1
= α     (8) 



where 1 and 2 subscripts represent structure I and II, respectively, 𝑛 is a hydration number and 𝑎𝑤 

refers to water activity. In our case, we consider CO2-CP hydrate in presence of salts, we expect to 

have CO2 hydrate in form of structure I and CP-CO2 hydrate for structure II.  

After α is found, the suppression temperature for hydrates with structure II can be predicted by 

HLS correlation:  

(
𝛥𝑇

𝑇0𝑇
)
2
= 𝛼 × (

𝛥𝑇

𝑇0𝑇
)
1
= 𝛼 × (𝐶1𝑋 + 𝐶2𝑋

2 + 𝐶3𝑋
3)    (9) 

So that: 

𝑇 = 𝑇0 × [1 + 𝛼 × (
𝛥𝑇

𝑇0𝑇
)
1
]
−1

     (10) 

where 𝐶1, 𝐶2and𝐶3 are fitting coefficients which are taken from the first paper of Hu et al. [78]. 

𝑋 is the effective mole fraction and can be found and given by: 

𝑋 = 𝛴𝑗=𝑠𝑎𝑙𝑡𝑠 = 𝛴𝑖=𝑖𝑜𝑛𝑠 = |𝑧𝑗𝐽𝑖|𝑥𝑗𝐽𝑖     (11) 

where 𝑧 and 𝑥 correspond to ion charge number and mole fraction, respectively.   

4.3 Ice melting point method (HLS proposition) 

Recently, Sa et Sum, have drawn our attention to their newest paper and correlation by ice melting 

point method [70]. Since the presence of inhibitors in the hydrate system, lowers water activity and 

changes the phase equilibrium temperature as in freshwater, they propose to predict the suppression 

temperature of hydrates through suppression temperature of water freezing point. This approach is 

somehow similar to HLS correlation, except that pure ice is considered instead of the structure I 

hydrates. Therefore, they modified Eq. (6) as follows:  

(
𝛥𝑇

𝑇0𝑇
)
𝑖𝑐𝑒
= −

𝑅

𝛥𝐻𝑓𝑢𝑠
ln𝑎𝑤 = −𝛽𝑖𝑐𝑒 ln𝑎𝑤   (12) 

where the ratio 
𝑅

𝛥𝐻𝑓𝑢𝑠
= 0.001384𝐾−1, 𝑇0 and 𝑇 correspond to melting points of pure water and 

water + inhibitors, respectively. Therefore, the relation between suppression temperatures of 

water and hydrate is described as follows:  

(
𝛥𝑇

𝑇0𝑇
)
ℎ𝑦𝑑

(
𝛥𝑇

𝑇0𝑇
)
𝑖𝑐𝑒

=
−𝑛𝛥𝐻𝑓𝑢𝑠

−𝛥𝐻ℎ𝑦𝑑
=

𝛽ℎ𝑦𝑑

𝛽𝑖𝑐𝑒
     (13) 

Knowledge of ice suppression point and beta ratio leads to the hydrate suppression temperature. 

This requires the awareness of ice suppression temperature before, which is not always known. 



However, this data can be easily obtained in relation to hydrate suppression temperature 

measurement for HLS correlation. 

5. Results and discussion 

5.1. Pressure-Temperature diagrams of CP/CO2 hydrate in the presence of salts. 

In this section, there were nine experiment systems studied: NaCl-KCl 1.75wt%-1.75wt%, MgCl2 

3.5wt%, MgCl2 5wt%, MgCl2 7wt%, MgCl2 10wt%, CaCl2 4wt%, CaCl2 5wt%, CaCl2 7wt%, 

CaCl2 10wt%. [74]. Initial conditions are drawn in Table 2. Then, results are compared with 

literature data with pure water (Zhang et al. [74]).  

A Pressure-Temperature curve throughout an experiment is detailed and analyzed hereafter (see 

Figure 2). Each experiment was started at point A (the initial point, which is outside of the hydrate 

formation region). Then, the system was decreased down to approximately 1oC. A few hours later, 

hydrate formation starts at point B. Hydrate formation is an exothermic process, that led to the 

increase of temperature for a while on the diagram. After few days, the hydrate formation ended at 

point C. The liquid sample was taken here if possible. Then, the hydrate dissociation was performed 

by a stepwise increase in the system temperature until the dissociation curve meets the final 

equilibrium point D. At this point, there are four phases of CP-CO2 clathrate hydrate (V-Lw-LHC-

H). This point is also called the “total dissociation point” and represents thermodynamic 

equilibrium. The other equilibrium points, after hydrate formation and during the dissociation 

process (before point D), are not necessarily thermodynamic equilibrium points, as discussed 

before (Maghsoodloo Babakhani et al. [45]). They are likely metastable points, assuming the 

coexistence of several hydrate phases. 

 

Figure 2. A P-T evolution of CP-CO2  hydrate in the presence of MgCl2 7wt%. 



 

Indeed, as mentioned by Maghsoodloo Babakhani et al., [45], our study provides further evidence 

for the probable existence of different types of hydrate structures in the system. Therefore, different 

phenomenon has appeared during the dissociation process. Figure 2 illustrates one of the abnormal 

phenomena, observed in the present effort and comparable to the previous study which suggested 

decomposition of sI structure (likely pure CO2 hydrates) at 19.9 bar and 285 K. This phenomenon 

has also appeared in the case of 10wt% MgCl2 equimolar 1.75wt% of and NaCl-KCl as shown in 

Appendix A (Figures A1 and A2).  

5.2. Experimental dissociation data 

New four-phase equilibrium data for mixed CP-CO2 hydrate in the presence of salts (NaCl-KCl, 

MgCl2, and CaCl2) at different concentrations are presented in Table 5. Water activities were 

calculated by PHREEQC. Activity coefficients were also determined. Supposed metastable points 

are represented i in supporting information.  

From the final dissociation points in different cases, the final equilibrium curves of CP-CO2 mixed 

hydrate in the presence of salts at different concentrations can be drawn (see Figure 3). The 

equilibrium curve of mixed CP-CO2 in pure water was also plotted to compare the inhibition effect 

of salt on the hydrate formation. Erreur ! Source du renvoi introuvable. 3 presents that the results 

of this work agree adequately with the literature [38].  

 

 

Figure 3. A typical P-T evolution of CP-CO2 binary clathrate hydrate in the presence of salts of 

this work in comparison with pure water data of Zhang et al. [74]. 

 



Table 5. Experimental V-Lw-LHC-H equilibrium data of mixed CP-CO2 hydrate in the presence of 

salts (NaCl-KCl, MgCl2, CaCl2) 

Solution concentrations wt% 
P, (bar) T, (K) 

Water 

activity 

Activity 

coefficient 
NaCl KCl MgCl2 CaCl2 

±0.002wt% ±0.002wt% ±0.002wt% ±0.002wt% ±0.1 bar ±0.2K ±0.001 ±0.001 

1.75 1.75 0 0 22.4 289 0.979 0.991 

1.75 1.75 0 0 19.8 288.8 0.981 0.992 

1.75 1.75 0 0 15.4 288.2 0.980 0.991 

1.75 1.75 0 0 9.9 286.2 0.980 0.991 

0 0 3.5 0 19 290 0.981 0.988 

0 0 3.5 0 18.1 289.2 0.980 0.987 

0 0 3.5 0 21.3 290.1 0.981 0.988 

0 0 3.5 0 24.5 290.2 0.980 0.987 

0 0 5 0 22.7 289.3 0.970 0.980 

0 0 5 0 19.4 288.9 0.971 0.981 

0 0 7 0 22.6 287.6 0.953 0.956 

0 0 7 0 19.4 287.4 0.955 0.969 

0 0 7 0 16.2 286.8 0.955 0.969 

0 0 10 0 24.1 285.6 0.927 0.947 

0 0 10 0 20.9 285.4 0.928 0.948 

0 0 10 0 17.7 284.6 0.926 0.946 

0 0 0 4 22.2 289.95 0.982 0.989 

0 0 0 4 19.7 289.3 0.982 0.989 

0 0 0 5 24.4 290.2 0.977 0.985 

0 0 0 5 21.9 289.5 0.977 0.985 

0 0 0 7 15.5 289.2 0.964 0.976 

0 0 0 7 20 287.9 0.963 0.976 

0 0 0 7 24.8 286.8 0.964 0.976 

0 0 0 10 25.4 287.1 0.939 0.957 

0 0 0 10 20 286.2 0.938 0.956 

0 0 0 10 15.5 285 0.941 0.959 

 

These results offer compelling evidence for the inhibition characteristic of salt on the gas hydrates 

formation [2,41] as equilibrium curves shift to the left of the diagram with the increasing presence 

of salt. Hence, higher salt concentrations lead the system to harsher conditions to form a gas 

hydrate. Moreover, the inhibition of MgCl2 is stronger than that of CaCl2 at the same concentration. 



5.3 Dissociation enthalpies and thermodynamic consistency 

Taking advantage of the Clausius-Clapeyron equation [63] (Eq. (2)), we have calculated the molar 

dissociation enthalpies of CO2-CP hydrates in presence of salts. Figure 4 indicates that the molar 

enthalpy decreases with the increase of temperature and pressure (shown in Figure B1 in Appendix 

B). According to Table B1 in Appendix B it can be explained by a change of compressibility factor. 

We observed that with an increase of salt concentrations the molar dissociation enthalpy also has 

been decreased. The molar dissociation enthalpy change can vary between 140 and 162 kJ/mol for 

the presence of all salts, except MgCl2-7% which remarkably excels others and strikes 211kJ/mol 

at 286.75 K. Since the increase of the absolute value of slope between ln(P) and 1/T increases the 

molar Δdiss𝐻m(𝐶𝑂2) (see Figure B2 in Appendix B), the behavior of MgCl2 can be explained by a 

very small difference in phase equilibrium temperatures compared (which is close to the 

temperature uncertainty) while the equilibrium pressure difference is about 4-5 bars at each four-

phase equilibrium point. Because of that, the absolute value of the slope is higher than expected 

and hits the significant molar dissociation enthalpy.  

Furthermore, we have calculated the molar dissociation enthalpies and compressibility factors of 

CO2-CP hydrates in presence of other salts based on the literature data [45,60,74] and demonstrated 

them with corresponding phase equilibrium parameters in Table B1 in Appendix B.  

In Table 6, we have shown the thermodynamic consistency results for this work and Zhang et al. 

[74] (previously calculated by Maghsoodloo Babakhani et al. [45]).  

Assessment 1: Generally speaking, assessment 1 for results of Zhang et al. [74] and Lee et al., [80] 

show overall satisfactory validation while this work fails in presence of 3.5%, 7% and 10% MgCl2.  

Assessment 2: Note that this assessment is based on the relative deviation of the slope, by 

considering -Δdiss𝐻m(𝐶𝑂2)/𝑍𝑅 relatively constant. According to Maghsoodloo Babakhani et al. [45] 

the results of Zhang et al. [74] and Lee et al., [80] have shown better results compared to this work, 

in terms of consistency to molar dissociation enthalpy. However, the main concern is the quality 

of the pressure vs temperature correlation for pure water equilibrium required for this test. 

Assessment 2 cannot be properly examined yet concerning CO2/CP experiments, in our opinion. 

Assessment 3: Last assessment has been provided as relative standard deviation, where the 

accurate calculation of 𝑇0 is the key point of validation. As we have used 𝑇0 only from Zhang et al. 

[74] for CO2-CP hydrate, results sometimes acceptable and failed. Therefore, we should sound a 

note of caution with regard to such evaluation of results. 

 

 

 

 



 

 

Table 6. Thermodynamic consistency assessment 

  Assessment 1 Assessment 2 Assessment 3 

Salts wt% 1-R² (%) validation 
(ATHI-AW)/AW 

(%) 
validation % RSD validation 

Zhang et al.  [74] 

NaCl 

0 0.4 pass NA NA NA NA 

3.5 0.2 pass -3.9 acceptable 22.4 fail 

7 0.1 pass -3.8 acceptable 10.8 fail 

10 0.5 pass 7.9 fail 9.4 acceptable 

15 2.6 acceptable -9.2 fail 3.6 pass 

25 2.8 acceptable -1.2 pass  2.2 pass 

Lee et al., 2019 [80] 

NaCl 3.5 2.6 pass -6.4 fail 51.9 fail 

  10 0.2 acceptable -20.6 fail 5.9 acceptable 

This work 

NaCl-

KCl 
1.75+1.75 3.3 acceptable -3.63 acceptable 30.5 fail 

MgCl2 

3.5 11 fail -6.5 fail 21 fail 

5 0 pass 38 fail 12 fail 

7 6 fail 26 fail 11.3 fail 

10 8 fail -4.4 acceptable 4.5 pass 

CaCl2 

4 0 pass -40 fail 5.8 acceptable 

5 0 pass -45 fail 7.3 acceptable 

7 0.9 pass -32 fail 4.7 pass 

10 0.3 pass -17.4 fail 3.3 acceptable 

 



 

Figure 4. Dissociation enthalpy of CO2-CP hydrate versus temperature (Since the error bars’ size 

are smaller than the size of symbols in the figure, corresponding uncertainties for each point are 

shown in Table B1 in Appendix B ) 

 

5.4. Modelling results 

5.4.1 vdW-P 

The modeling results are shown in Table 7. Simulations present agreeable results compared to the 

experimental data. The minimum deviation is 0.05 K in the presence of 5 wt% CaCl2. The modeling 

results for the final equilibrium point bring a positive perspective while the AAD is approximately 

0.2K. This indicates that the equilibrium is well reproduced by using the optimized Kihara 

parameters for CP.  

At some supposed metastable points, the deviations are quite high due to the heterogeneity of the 

system, as a result of the quick crystallization process [3]. The predicted and the experimental 

temperatures were closed to each other at the same pressure. They are plotted and compared clearly 

in Figure 5. 



Table 7. Modeling results of final equilibrium points for mixed CP-CO2 clathrate hydrate in the presence of salts. 

Solution concentrations wt% 
Experimental eq. 

conditions 
vdW-P HLS correlation 

Ice melting point 

method 

NaCl KCl MgCl2 CaCl2 P, (bar) T, (K) 
Pred. 

T(K) 

|Texp-

Tpred|, 

K 

Pred. 

T(K) 

|Texp-

Tpred|, K 

Pred. 

T(K) 

|Texp-

Tpred|, K ±0.002wt% ±0.002wt% ±0.002wt% ±0.002wt% ±0.1 bar ±0.2K 

1.75 1.75 0 0 22.4 289.0 290.01 1.06 289.66 0.71 289.92 0.97 

1.75 1.75 0 0 19.8 288.8 289.57 0.82 289.12 0.37 289.37 0.62 

1.75 1.75 0 0 15.4 288.2 288.26 0.11 288.01 0.14 288.27 0.12 

1.75 1.75 0 0 9.9 286.2 286.45 0.30 286.31 0.16 286.56 0.41 

            AAD 0.60 AAD 0.34 AAD 0.53 

0 0 3.5 0 18.1 289.2 288.87 0.33 288.14 1.06 288.46 0.74 

0 0 3.5 0 21.3 290.1 289.57 0.49 288.92 1.13 289.24 0.81 

0 0 3.5 0 24.5 290.2 290.32 0.12 289.44 0.76 289.77 0.43 

            AAD 0.31 AAD 0.98 AAD 0.66 

0 0 5 0 22.7 289.3 289.10 0.15 288.30 0.95 288.76 0.49 

0 0 5 0 19.4 288.9 288.32 0.53 287.69 1.16 288.14 0.71 

            AAD 0.25 AAD 1.05 AAD 0.60 

0 0 7 0 22.6 287.6 287.74 0.14 287.01 0.59 287.59 0.01 

0 0 7 0 19.4 287.4 287.14 0.26 286.48 0.92 287.04 0.36 

0 0 7 0 16.2 286.8 286.32 0.43 285.71 1.04 286.27 0.48 

            AAD 0.25 AAD 0.85 AAD 0.28 

0 0 10 0 24.1 285.6 286.21 0.66 285.44 0.11 286.04 0.49 

0 0 10 0 20.9 285.4 285.46 0.11 284.85 0.50 285.45 0.10 

0 0 10 0 17.7 284.6 284.74 0.19 284.03 0.52 284.63 0.08 

            AAD 0.22 AAD 0.38 AAD 0.22 

0 0 0 4 19.7 289.3 290.06 0.81 288.60 0.65 288.54 0.71 

0 0 0 4 22.2 290.0 289.56 0.39 289.13 0.82 289.06 0.89 



            AAD 0.21 AAD 0.73 AAD 0.80 

0 0 0 5 21.9 289.5 290.00 0.50 288.64 0.86 288.60 0.90 

0 0 0 5 24.4 290.2 289.55 0.65 289.06 1.14 289.03 1.17 

            AAD 0.12 AAD 1.00 AAD 1.03 

0 0 0 7 15.5 286.8 286.99 0.24 286.00 0.75 286.09 0.66 

0 0 0 7 20 287.9 288.01 0.16 287.04 0.81 287.13 0.72 

0 0 0 7 24.8 289.2 289.02 0.13 288.03 1.12 288.12 1.03 

            AAD 0.18 AAD 0.89 AAD 0.80 

0 0 0 10 25.4 287.1 287.08 0.03 286.15 0.90 286.49 0.56 

0 0 0 10 20 286.2 285.84 0.31 285.11 1.04 285.45 0.70 

0 0 0 10 15.5 285.0 285.04 0.04 284.23 0.77 284.54 0.46 

            AAD 0.13 AAD 0.91 AAD 0.58 

 



 

Figure 5. Measured and predicted (vdW-P approach) equilibrium data of binary CP/CO2 

hydrate in pure water and brine. 

() 

5.4.2 HLS correlation 

According to the previous efforts of Hu et al. [69,78], as we have a system of mixed clathrates CP-

CO2 in presence of inhibitors, we decide to discuss each structure type separately.  

Structure I. We remind that (
𝛥𝑇

𝑇0𝑇
)
1
in Equation 8 belongs to structure I, which is the depression 

temperature of CO2 hydrate system for pure water and in presence of inhibitors in case 𝑇0 and 𝑇, 

respectively. Thus, it should be considered as the function of effective mole fraction 𝑋  and 

calculated based on the fitting parameters ( 𝐶1 =0.0009377, 𝐶2 =0.00267and𝐶3 =0.03328) of 

previous work of Hu et al. [78]. 𝛽1 for structure I with CO2 (0.0009186 K-1) is taken from Hu et al. 

(method 1) [77]. 



 

 

Structure II. 𝑇0 in(
𝛥𝑇

𝑇0𝑇
)
1
is calculated based on the correlation of experimental data from the 

literature for pure CO2-CP hydrate [45,49,74,79], shown in Figure 6. Beta 𝛽2 of structure II for 

CO2-CP is calculated based on the Eq. (6), where 𝑎𝑤 is evaluated by 2 methods. The first is with 

help of correlation by Miyawaki et al. [81], as the function of effective mole fraction, to literature 

data of Maghsoodloo Babakhani et al. [45] and Zhang et al. [74] for pure CP-CO2 hydrate and the 

second by the geochemical model PHREEQC. As a result, the calculated average 𝛽2 are 0.000832 

and 0.000853 by using each method, respectively. In our calculations, we have used 𝛽2  as 

0.000832.  

The alpha is the ratio of betas, 
𝛽2

𝛽1
= α was considered as constant and equal to 0.90592.  

 

In Table 7, HLS correlation results of predicting equilibrium temperature show quite good results 

(AAD 0.34) for NaCl-KCl 1.75-1.75wt% and comparatively poor agreement for all concentrations 

of MgCl2 and CaCl2 with ADD 0.8-0.89K. Hence, there are several possible explanations for these 

results: 

1. A correlation with R2=0.967 for CO2-CP hydrate (Figure S3 in supporting information). 

There is a requirement for more accurate and reliable experimental data.  

2. The beta 𝛽2 for CP-CO2 hydrate, which has been considered as constant for all equilibrium 

points at different salt concentrations. If there are a high variation in dissociation enthalpy 

of different salts throughout a concentration alteration, while the change of hydration 

number is negligible, we guess that the ratio 𝑛𝑅 ∕ Δdiss𝐻m(𝐶𝑂2) could vary depending on 

salt and its concentration.  
 

5.4.3 Ice melting point method (Sa and Sum proposition)  

Since Sa and Sum [70] proposed an almost similar method as the aforementioned HLS correlation 

for mixed hydrates, it can thus be suggested to discuss only the suppression temperature of the 

water freezing point (Ice), because the suppression temperature of hydrate has been discussed 

previously in HLS modelling approach (structure II).  

According to widely known phase equilibrium data for freshwater, 𝑇0 equal to 273.15K (0°C). In 

the case of 𝑇, the presence of inhibitors (salts), we have done a literature review and correlate 

freezing point of solutions 𝑇 as a function of weight fraction (wt%) for each salt. Figures 6 and 7 

present experimental data for MgCl2 and CaCl2 provided by Stephen et al. [82]. In the literature, 

there were very little data of freezing points for mixed NaCl-KCl solution. Therefore, based on the 

experimental data of Haghighi et al. [83], we have plotted curves (see Figure 8) for both of them, 

and since we work with comparatively low concentrations (1.75wt% for each salt, 3.5 wt% in total), 

it allowed us to get the average depression temperature equal to -1.85K.  



 

Figure 6. Phase diagram of MgCl2 solution [82] 

 

 

Figure 7. Phase diagram of CaCl2 solution [82] 

 



 

Figure 8. Phase diagram of NaCl and KCl solutions [83] 

In Table 7, the ice melting point method showed a good agreement for NaCl-KCl and MgCl2 

with AAD less than 0.6K, but contrary to expectations validity of the method comparatively fails 

on the system in the presence of CaCl2 with ADD 0.78 K. Other dissociation points can be found 

in supporting information (Table S2).  

Our work has led us to conclude that all three approaches can overall reproduce mixed CO2-CP 

hydrate phase equilibrium temperatures. The average deviation between experimental and 

predicted among simulations has been constituted in Table 8.  

Table 8. Average deviation (in K) of three models for predicting CO2-CP hydrate in presence of 

salts 

Models NaCl-KCl MgCl2 CaCl2 

Number of exp. data points 4 11 10 

vdW-P 0.57 0.26 0.16 

HLS  0.34 0.80 0.89 

Ice melting point method (HLS) 0.53 0.43 0.78 

 

 



6. Conclusion 

 

A new dataset for cyclopentane and carbon dioxide hydrates in presence of salts has been proposed. 

It includes new salts (MgCl2 and CaCl2), calculation of dissociation enthalpies, a thermodynamic 

consistency analysis, and new modelling approaches for such systems. 

First new four-phase equilibrium data (V-Lw-LHC-H) for CP-CO2 binary hydrates in the presence 

of MgCl2 and CaCl2 was obtained. That is necessary for the development of hydrate-based 

desalination, or water treatment application. The results show the inhibition effect of salts on the 

formation of clathrate hydrates. Moreover, at the same concentration, the equilibrium curve of CP-

CO2 hydrate MgCl2 solution is located on the left-hand side of that in CaCl2 solution. That proves 

the inhibition property of Ca2+ is weaker than that of ion Mg2+. 

As observed previously, two crystallization phenomena have sometimes been observed. 

Accordingly, at least three dissociation behaviors have been witnessed during the dissociation 

processes. Consequently, different crystal structures could have been formed in the reactor. This 

could be a shred of evidence for the co-existence of sI simple CO2 hydrate and sII binary CP-CO2 

hydrate. 

Second, dissociation enthalpies have been calculated thanks to Clapeyron’s equation and have been 

found comparable to literature data. Thermodynamic consistency has also been investigated and 

discussed in regard to encountered difficulties (some relevant data missing, and presence of liquid 

thermodynamic promoter). 

Finally, modeling results using the van der Waals & Platteeuw model is acceptable to describe the 

equilibrium with the AAD is approximately 0.2 K compared to the experimental temperature.  

HLS correlation and Sa et Sum approach based on ice freezing point also provide interesting results 

AAD < 0.89K and AAD < 0.78, respectively. 

In perspective, the structures could be studied to determine the observations in this work by 

involving spectroscopic tools.  
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Appendix A: PT curves for other systems 

 

 

Figure A1. A P-T evolution of CP-CO2 hydrate in the presence of MgCl2 10 wt%. 

 

Figure A2. A P-T evolution of CP-CO2 hydrate in the presence of NaCl-KCl 1.75-1.75 wt%. 

 



Appendix B: Consistency and dissociation enthalpy 

 

Figure B1. Dissociation enthalpy of CO2-CP hydrate versus pressure 

(Since the error bars’ size are smaller than the size of symbols in the figure, the corresponding 

uncertainties for each point are shown in Table B1 in Appendix B ) 



 

Figure B2. Natural logarithm of equilibrium pressure vs the reciprocal equilibrium 

temperature 

(The error bars’ size are smaller than the size of symbols in the figure) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table B1. Four phase equilibrium conditions (T and P), compressibility factor (Z) and 

dissociation enthalpy (𝜟𝑯𝒅𝒊𝒔𝒔) of mixed CO2-CP hydrate in the presence of salts (wt%). 

This work wt% T,K P,bar Z ΔdissH Abs. unc. ΔdissH, Kj/mol 

  ±0.002% ±0.2K 
±0.1 
bar 

    ± 

CO2-CP-water-NaCl-KCl 

1.75-
1.75 

288.95 22.4 0.865 149.32 0.34 

1.75-
1.75 

288.75 19.8 0.882 152.29 0.39 

1.75-
1.75 

288.15 15.4 0.909 156.87 0.51 

1.75-
1.75 

286.15 9.9 0.942 162.51 0.89 

CO2-CP-water-MgCl2 

3.5 289.2 18.1 0.894 146.63 0.38 

3.5 290.05 21.3 0.875 143.61 0.32 

3.5 290.2 24.5 0.854 140.05 0.28 

7 287.6 22.6 0.862 201.57 0.43 

7 287.4 19.4 0.883 206.60 0.50 

7 286.75 16.2 0.903 211.23 0.62 

10 285.55 24.1 0.847 147.04 0.29 

10 285.35 20.9 0.871 151.11 0.34 

10 284.55 17.7 0.891 154.63 0.41 

CO2-CP-water-CaCl2 

7 286.75 15.5 0.907 120.88 0.37 

7 287.85 20 0.880 117.23 0.28 

7 289.15 24.8 0.850 113.19 0.22 

10 287.05 25.4 0.841 136.94 0.26 

10 286.15 20 0.878 142.83 0.34 

10 285 15.5 0.905 147.36 0.45 

Zhang et al. 2017 wt% T,K P,bar Z 
delta 

H 
Abs. unc. ΔdissH, Kj/mol 

  
a ±0.1K 

0.2 
bar 

    ± 

CO2-CP-water-NaCl 

3.5 287.9 14.1 0.918 173.91 0.99 

3.5 289 18.7 0.891 168.82 0.67 

3.5 289.7 22.7 0.865 163.82 0.52 

3.5 290.3 26.5 0.841 159.26 0.42 

3.5 290.7 30.6 0.812 153.76 0.35 

7 286.2 14.2 0.915 173.91 0.98 

7 287.2 18.9 0.886 168.33 0.66 

7 288 23.1 0.859 163.19 0.51 

7 288.5 26.8 0.835 158.60 0.41 

7 288.9 30.2 0.810 153.84 0.35 



10 284.4 14 0.915 194.16 1.12 

10 285.3 17.9 0.891 189.14 0.80 

10 285.9 21.5 0.866 183.84 0.62 

10 286.4 25.8 0.837 177.70 0.49 

10 286.8 29.8 0.807 171.31 0.40 

15 281.1 14.8 0.905 158.34 0.85 

15 282 18.8 0.879 153.76 0.61 

15 282.6 21.1 0.863 150.94 0.52 

15 283.1 24.3 0.841 147.05 0.43 

15 283.3 28.1 0.811 141.81 0.35 

25 269.8 11.8 0.915 173.61 1.26 

25 270.8 15 0.891 169.09 0.89 

25 271.4 18.2 0.865 164.25 0.68 

25 271.8 21.3 0.840 159.50 0.55 

25 272 24.5 0.811 153.97 0.45 

Maghsoodloo Babakhani et al. 
2020 

wt% T,K P,bar Z 
delta 

H 
Abs. unc. ΔdissH, Kj/mol 

  ±0.002% ±0.2K 
±0.1 
bar 

    ± 

CO2-CP-water-NaCl 

7 288.35 23.7 0.855 141.18 0.29 

7 287.25 18.8 0.887 146.32 0.37 

7 285.3 11.4 0.932 153.79 0.66 

CO2-CP-water-KCl 

3.5 291.8 33.2 0.795 126.11 0.19 

3.5 291.75 33 0.797 126.32 0.20 

3.5 290.7 24.4 0.855 135.57 0.27 

3.5 289.85 18.2 0.894 141.71 0.37 

3.5 287.6 10.9 0.937 148.50 0.67 

3.5 284.75 6.6 0.960 152.22 1.33 

7 289.7 31.7 0.801 136.77 0.22 

7 288.85 24.7 0.850 145.15 0.28 

7 287.4 17.5 0.895 152.93 0.41 

7 286.45 13.5 0.920 157.22 0.56 

7 284.8 9.3 0.944 161.34 0.89 

CO2-CP-water-NaCl-KCl 

1,75-
1,75 

291.2 34.7 0.782 132.80 0.20 

1,75-
1,75 

290.35 27.9 0.830 140.89 0.25 

1,75-
1,75 

289.65 23.5 0.859 145.86 0.30 

1,75-
1,75 

288.45 16.3 0.904 153.50 0.44 

1,75-
1,75 

286.45 9.9 0.942 159.89 0.82 



1,75-
1,75 

284.55 6.9 0.958 162.70 1.34 

Chen et al. 2010 wt% T,K P,bar Z 
delta 

H 
Abs. unc. ΔdissH, Kj/mol 

  a a a       

CH4-CP-water-NaCl 

0 286.67 4.8 0.991 130.95 a 

0 289.35 7.9 0.985 130.24 a 

0 292.26 15.25 0.973 128.59 a 

0 295.75 27.6 0.954 126.08 a 

0 300.02 56.94 0.916 121.04 a 

0 301.31 71.51 0.900 119.02 a 

3.5 284.5 6.22 0.988 121.46 a 

3.5 286.71 8.25 0.984 121.02 a 

3.5 289.24 13.5 0.975 119.88 a 

3.5 291.95 22.5 0.960 118.06 a 

3.5 295.77 42.69 0.930 114.42 a 

3.5 297.73 59.06 0.910 111.91 a 

3.5 299.06 74 0.894 109.96 a 

3.5 301.31 105.13 0.871 107.11 a 

3.5 303.28 150.94 0.858 105.56 a 

7 284.4 7.88 0.984 113.54 a 

7 286.57 11.83 0.977 112.71 a 

7 289.14 17.75 0.967 111.54 a 

7 292.01 27 0.951 109.75 a 

7 295.67 49.56 0.921 106.26 a 

7 297.94 71.13 0.894 103.16 a 

7 299.33 88 0.880 101.53 a 

7 301.31 118.88 0.880 101.53 a 

7 303.28 178.06 0.862 99.47 a 

10 284.4 11 0.978 107.52 a 

10 286.57 16.19 0.968 106.46 a 

10 289.14 22.19 0.959 105.37 a 

10 292.01 33.44 0.940 103.34 a 

10 295.67 57.88 0.908 99.83 a 

10 297.94 83.13 0.882 96.94 a 

10 299.33 104.81 0.866 95.23 a 

10 300.71 142.61 0.855 93.97 a 

10 301.31 163.44 0.856 94.12 a 
 

a absolute uncertainties were not provided by author



Appendix C: Evaluation of the errors (õ) on the calculation of the molar dissociation 

enthalpy 

According to Clausius-Clapeyron equation [63]: 

𝑑ln(𝑃)

𝑑(1/𝑇)
=

−Δdiss𝐻m(𝐶𝑂2)

𝑍𝑅
     (2) 

In a first approximation, we can write that  

 

õ[Δdiss𝐻m(𝐶𝑂2)]
2

Δdiss𝐻m(𝐶𝑂2)
2 =

õ[Δdiss𝐻m(𝐶𝑂2)]
2

(𝑍𝑅)2×𝑙𝑛𝑃2×𝑇2
    (14) 

õ[Δdiss𝐻m(𝐶𝑂2)]
2

(𝑍𝑅)2×𝑙𝑛𝑃2×𝑇2
=

(𝑍𝑅)2[
𝑇2∗õ[𝑃]2

𝑃2
+𝑙𝑛𝑃2×õ[𝑇]2]

(𝑍𝑅)2×𝐿𝑛𝑃2×𝑇2
       (15) 

so we can give an evaluation: 

õ[Δdiss𝐻m(𝐶𝑂2)]
2

Δdiss𝐻m(𝐶𝑂2)
2 =

õ[𝑃]2

𝑙𝑛𝑃2×𝑃2
+

õ[𝑇]2

𝑇2
+

õ[𝑍]2

𝑍2
       (16) 

Since the errors are mainly due to the accuracy in the estimation of pressure and temperature: 

õ[Δdiss𝐻m(𝐶𝑂2)]
2

Δdiss𝐻m(𝐶𝑂2)
2 ≈

õ[𝑃]2

𝑙𝑛𝑃2×𝑃2
+

õ[𝑇]2

𝑇2
     (17) 

õ[Δdiss𝐻m(𝐶𝑂2)] ≈ √
õ[𝑃]2

𝑙𝑛𝑃2×𝑃2
+

õ[𝑇]2

𝑇2
   (18) 

and 

õ[𝑙𝑛𝑃] = √
õ[𝑃]2

𝑙𝑛𝑃2×𝑃2
      (19) 

õ[𝑇] = √
õ[𝑇]2

𝑇2
       (20) 

Note that: 

-the error on evaluation of the pressure is õ(P)=0.1 bar 

-the error on evaluation of the temperature is õ(T)=0.2 K 

-the error on the evaluation of compressibility factor is considered as negligible 


