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Abstract−Phase equilibria, structure identification, and dissociation enthalpies of HFC-134a hydrates in the presence
of NaCl are investigated for potential application in desalination. To verify the influence of NaCl on the thermody-
namic hydrate stability of the HFC-134a hydrate, the three-phase (hydrate (H) - liquid water (LW) - vapor (V)) equilib-
ria of the HFC-134a+NaCl (0, 3.5, and 8.0 wt%)+water systems are measured by both a conventional isochoric (pVT)
method and a stepwise differential scanning calorimeter (DSC) method. Both pVT and DSC methods demonstrate
reliable and consistent hydrate phase equilibrium points of the HFC-134a hydrates in the presence of NaCl. The HFC-
134a hydrate is identified as sII via powder X-ray diffraction. The dissociation enthalpies (ΔHd) of the HFC-134a
hydrates in the presence of NaCl are also measured with a high pressure micro-differential scanning calorimeter. The
salinity results in significant thermodynamic inhibition of the HFC-134a hydrates, whereas it has little effect on the dis-
sociation enthalpy of the HFC-134a hydrates. The experimental results obtained in this study can be utilized as founda-
tional data for the hydrate-based desalination process.
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INTRODUCTION

Gas hydrates are non-stoichiometric crystalline inclusion com-
pounds that consist of water and guest molecules. The water mol-
ecules form hydrate frameworks with hydrogen-bonded cages, in
which the guest molecules are incorporated. Gas hydrates exist in
three different structures (structure I (sI), structure II (sII), and
structure H (sH)), depending on the sizes and shapes of the cages.
sI hydrates have two small 512 cages and six large 51262 cages with
46 water molecules in a unit cell, and they can capture small guest
molecules such as methane, ethane, carbon dioxide, and hydro-
gen sulfide. sII hydrates are composed of 136 water molecules (16
small 512 cages and 8 large 51264 cages) and can generally trap larger
guest molecules such as propane, isobutane, and cyclopentane. sH
hydrates consist of 34 water molecules (three small 512 cages, two
medium 435663 cages, and one large 51268 cage). In contrast to sI
and sII hydrates, sH hydrates require additional gaseous guest mol-
ecules for the small 512 and medium 435663 cages in order to stabilize
the larger hydrocarbon guest molecules such as neohexane, meth-
ylcyclopentane, and methylcyclohexane in the large 51268 cages [1,2].

Gas hydrates have been utilized in various fields: from exploita-
tion of naturally occurring gas hydrates, natural gas storage and

transportation, carbon dioxide capture and sequestration, to desali-
nation [3-10]. Among their various applications, hydrate-based de-
salination has recently attracted significant attention because the
need for desalination is increasing due to water shortages and the
sources for desalination are not limited to seawater. For water con-
taining high salinity from shale gas operations or CO2 sequestra-
tion processes, the conventional desalination processes of distillation
and reverse osmosis exhibit limited efficiencies due to the signifi-
cant salinity in the produced water [11,12]. However, the hydrate-
based desalination process is less influenced by the increased salin-
ity in the water because it relies on a liquid-solid phase transition,
which excludes salts and impurities from the cages during crystalli-
zation. In desalination via gas hydrate formation, appropriate hydrate-
forming substances should be determined in order to operate the
process in milder pressure and temperature conditions for economic
competitiveness. Thermodynamic and kinetic studies have been
conducted on possible guests such as SF6, hydrofluorocarbons, CO2,
cyclopentane, and cyclohexane for hydrate-based desalination [5,8,
12-15].

Hydrofluorocarbons (HFCs), which are alternatives to chloro-
fluorocarbons (CFCs) and chlorohydrofluorocarbons (CHFCs) in
air-conditioning systems, have also been known to form gas hydrates
at relatively milder pressure and temperature conditions [16,17].
Although the phase equilibria of HFC hydrates including 1,1,1,2-
tetrafluoroethane (HFC-134a), pentafluoroethane (HFC-125), and
1,1,1-trifluoroethane (HFC-143a) have already been examined, more
attention should be given to the thermodynamic behavior, struc-
tural identification, and dissociation enthalpies of HFC hydrates in
the presence of salts [13,16-18].

In this study, HFC-134a was selected as the hydrate former for
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the hydrate-based desalination. To verify the influence of NaCl on
the thermodynamic stability of the HFC-134a hydrate, the three-
phase (hydrate (H) - liquid water (LW) - vapor (V)) equilibria of the
HFC-134a+NaCl (0, 3.5, and 8.0 wt%)+water systems were mea-
sured using both a conventional isochoric (pVT) method and a step-
wise differential scanning calorimeter (DSC) method. The accurate
structure of the HFC-134a hydrate was identified via powder X-
ray diffraction (PXRD). For a better understanding of the thermal
behavior and heat requirements for the hydrate-based desalina-
tion, the dissociation enthalpies (ΔHd) of the HFC-134a hydrates
in the presence of NaCl were also measured using a high pressure
micro-differential scanning calorimeter (HP μ-DSC).

EXPERIMENTAL SECTION

1. Materials
Double-distilled and deionized water was used for all experi-

ments. NaCl with a minimum purity of 99.5% was supplied by
Sigma-Aldrich (USA). HFC-134a with a minimum purity of 99.9%
was supplied by DuPont (USA).
2. Experimental Apparatus and Procedure

A high-pressure equilibrium vessel with an internal volume of
250 cm3 was used to measure the three-phase (hydrate (H) - liquid
water (Lw) - vapor (V)) equilibria of the HFC-134a+NaCl+water
systems. The inner content was agitated vigorously with an impeller-
type stirrer. The temperature of the inner content was measured
by using a thermocouple, which was calibrated with an ASTM 63
C thermometer (H-B Instrument Company, USA) with a resolu-
tion of 0.1 K. A pressure transducer (S-10, WIKA, Germany) was
used to measure the system pressure, and it was calibrated with a
Heise Bourdon tube pressure gauge (Ashcroft Inc., USA) with an
accuracy of ±0.1% for the full scale (0 to 10 MPa). For the equilib-
rium measurement, approximately 50 g of aqueous NaCl solution

(0, 3.5, and 8.0 wt%) was loaded into the equilibrium vessel; then,
the vessel was submerged into a water bath whose temperature
was controlled using an external circulator (RW-2025G, JEIO Tech.,
Republic of Korea). The residual air in the vessel and lines was
removed by vacuum pump, and then the vessel was pressurized
with HFC-134a gas to the desired pressure condition.

At first, an isochoric (pVT) method with step heating and cool-
ing was used to measure the three-phase (H - Lw - V) equilibria. As
depicted in Fig. 1, the temperature and pressure changes during
the hydrate formation and dissociation were monitored. After a
slight pressure decrease with a decrease in the temperature, an abrupt
pressure drop occurred due to the gas hydrate formation. After
sufficient time was given for the conversion of water to gas hydrate,
the temperature was increased in steps of 0.1 K at time intervals of
180 min in order to accurately measure the equilibrium point in
the presence of NaCl. The intersection between the thermal expan-
sion line and the hydrate dissociation line was determined to be
the three-phase (H - Lw - V) equilibrium point.

A high-pressure micro-differential scanning calorimeter (HP μ-
DSC VII evo, Setaram Inc., France) was used to measure both dis-
sociation enthalpies (ΔHd) and phase equilibria of the HFC-134a
hydrates in the presence of NaCl. The pressure monitoring system
was set to have the same pressure transducer in the equilibrium
vessel. The HP μ-DSC system consisted of reference and sample
cells that were made from Hastelloy C276 to prevent corrosion and
contamination, and the cells were surrounded by high sensitivity
Peltier elements to ensure thermal contact with the calorimetric
block. The maximum allowable work pressure for this system was
40 MPa, and the operable temperature range was from 228.15 K to
393.15 K with a resolution of 0.02μW.

In the DSC experiments for the HFC-134a+NaCl+water sys-
tems, approximately 10 mg of NaCl solution (0, 3.5, and 8.0 wt%)
was charged into the sample cell, and both reference and sample
cells were flushed with HFC-134a gas after the residual air was
removed by using a vacuum pump. After the HFC-134a gas was
injected to the desired pressure, the sample solution was converted
into HFC-134a hydrates by using the multi-cycle mode of cooling-
heating. In this mode, the temperature of the HP μ-DSC cells was
cooled to 243.15 K and heated to 274.15 K to generate metastable
polyhedral water clusters, which caused the “memory effect” [19,20].
The multi-cycle mode of cooling-heating was terminated when
the peaks from the ice formation or melting disappeared, as depicted
in Fig. 2(a).

In this study, a stepwise DSC method was also used to measure
the accurate H - LW - V equilibria of the HFC-134a hydrates in the
presence of NaCl. The temperature of the HP μ-DSC cells was in-
creased with a step size of 0.1 K at time intervals of 60 min. As
depicted in Fig. 2(b), at the beginning of the temperature rise, there
was almost no heat flow change caused by the hydrate dissocia-
tion. However, after a while, sharp endothermic peaks appeared at
every step of the temperature rise until the hydrate dissociation was
completely terminated. After hydrate dissociation was completed,
only the signals from the temperature rise were observed again.
The point where the endothermic peaks that resulted from the
hydrate dissociation disappeared and there were no more changes
in the heat flow curves was determined to be the dissociation equilib-

Fig. 1. Determination of the dissociation equilibrium point for the
pure HFC-134a hydrate using an isochoric method.
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rium temperature at the specified pressure.
To measure the ΔHd of the HFC-134a hydrates in the presence

of NaCl, the precise amount of water charged in the sample cell
was calculated through comparing the experimentally measured
enthalpy value of the ice melting for the charged solution and the
known enthalpy of the ice melting from the literature [21,22]. Then,
the HFC-134a gas was injected to the desired pressure, and the sam-
ple was completely converted into gas hydrate again through adopt-
ing the multi-cycle mode of cooling-heating. Then, the temperature
of the HP μ-DSC cells was increased to 313.15 K at a heating rate
of 0.5 K/min to dissociate the HFC-134a hydrates in the presence
of NaCl. The final ΔHd values were obtained from the integration
of the endothermic peak in the final dissociation stage.

The crystalline structure of the HFC-134a hydrate was analyzed
via powder X-ray diffraction (PXRD). The sample was prepared
in the same apparatus used for the phase equilibrium measure-
ments. After completion of the HFC-134a hydrate formation, the
vessel was rapidly cooled with liquid nitrogen to prevent hydrate
dissociation during the evacuation. The hydrate sample for the
PXRD measurement was finely ground into particles with 50μm
diameters. The PXRD patterns of the HFC-134a hydrate were col-
lected by using a Rigaku Geigerflex diffractometer with graphite-
monochromatized Cu-Kα radiation (λ=1.5406 Å) with a step mode
(fixed time of 3 s and step size of 0.02o for 2θ=5o-55o at 133.15 K).
The Chekcell program was used for the refinement of the ob-
tained PXRD patterns. A more detailed description of the experi-
mental methods and procedures has been provided in previous
papers [23-27].

RESULTS AND DISCUSSION

As presented in Fig. 3 and Table 1, the hydrate phase equilibria
of the HFC-134a+NaCl (0, 3.5, and 8.0 wt%)+water systems were
measured to examine the influence of NaCl on the thermody-

namic stability of the HFC-134a hydrate. The stability conditions
were determined by using the conventional isochoric (pVT) method
as well as the stepwise differential scanning calorimeter (DSC) method.
The H - LW - V equilibrium points of the pure HFC-134a hydrate
measured in this study were in good agreement with those by
Liang et al. [16] and Hashimoto et al. [18]. The thermodynamic
stability conditions of the HFC-134a hydrates in the presence of
NaCl shifted to the inhibited regions represented by higher pres-
sures at a given temperature or lower temperature at a given pres-
sure depending on the NaCl concentrations.

Fig. 2. Changes in the heat flow during (a) the multi-cycle mode of cooling-heating for the complete conversion of the solution to HFC-134a
hydrate and (b) the hydrate dissociation using a stepwise mode.

Fig. 3. Hydrate phase equilibria of the HFC-134a+NaCl (0, 3.5, and
8.0wt%)+water systems (isochoric (pVT) method versus DSC
method).
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The conventional isochoric (pVT) method has been consid-
ered a reliable method that has been widely used to determine the
hydrate phase equilibria [28-33]. However, for salt-containing solu-
tions, this isochoric method can be a very time-consuming pro-
cess to determine the accurate hydrate phase equilibrium points,
because the inhomogeneous distribution of the salinity in the sys-
tem causes irregular hydrate dissociation and, therefore, a signifi-
cantly longer time is required to reach an equilibrium state at each
temperature ramping step. Several investigations have been con-
ducted on less time-consuming, but accurate, techniques for deter-
mination of the hydrate phase equilibria in the presence of salts
[34-36]. The DSC method has recently been introduced as a reli-
able and less time-consuming technique for hydrate equilibrium
measurements [22,25,37]. In the DSC method, the dissociation
equilibrium temperature is generally determined from the onset
temperature (Tonset), which is defined as the intersection of an
extrapolated baseline with a line tangent to the inflection of the
endothermic heat flow curve [26,38]. However, the salinity of the
solution inevitably increases as the hydrate formation proceeds
and extremely high salt-containing solutions remain at the end of
the hydrate formation, because the hydrate cages exclude salt ions
during crystallization. Likewise, these extremely high salt-contain-
ing solutions become diluted as the hydrate dissociation proceeds.
This continuous and gradual change in salinity during the dissoci-
ation process results in a broader endothermic peak, which makes
it difficult to determine the accurate Tonset of the HFC-134a hydrates
in the presence of NaCl. In addition, the heat flow curve during the
hydrate dissociation can fluctuate due to the localized inhomoge-
neity caused by the limitation of the mass transfer [39,40]. To over-
come the influence of the salinity change on the Tonset, the stepwise
method can be used for salt-containing systems. Unlike the con-
tinuous temperature ramping method that can provide Tonset, the
stepwise method can provide a final dissociation equilibrium tem-
perature without the influence of the salinity change because the
equilibrium temperature is determined at the point where the heat

flow curve returns to the baseline and the hydrate dissociation is
completely terminated.

As presented in Fig. 3 and Table 1, both the conventional iso-
choric method and stepwise DSC method demonstrated consis-
tent stability conditions for the HFC-134a hydrates. In the presence
of NaCl, a stronger inhibition effect was observed for the 8.0 wt%
NaCl solution compared with the 3.5 wt% NaCl solution. In the
NaCl solutions, Na+ and Cl- were not enclathrated into the cages
of the gas hydrates, but they disrupted the hydrogen bonding of
the water molecules in the host lattices of the HFC-134a hydrates,
thereby weakening the thermodynamic stability and causing ther-
modynamic inhibition. The hydrate phase behavior of the HFC-

Table 1. HFC-134a hydrate phase equilibrium data in the presence of NaCl obtained from isochoric method and DSC method

NaCl concentration
(wt%)

Isochoric method DSC method
Temperature (K) Pressure (MPa) Temperature (K) Pressure (MPa)

0.0
277.6 0.11 278.7 0.15
280.1 0.20 282.5 0.34
283.0 0.38

3.5

275.8 0.11 279.9 0.29
276.7 0.13 278.2 0.20
277.6 0.18
279.0 0.23
279.6 0.29
280.6 0.36

8.0

274.7 0.20 275.9 0.20
275.3 0.17 276.6 0.22
276.3 0.20 277.6 0.30
277.4 0.29
277.7 0.31

Fig. 4. Powder X-ray diffraction patterns of the pure HFC-134a hy-
drate.
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134a hydrates in the presence of NaCl can provide foundational
information to predict and estimate the operating conditions for
the HFC-134a hydrate-based desalination.

Considering that the hydrate structure is closely related to the
operable capacity of the hydrate-based desalination process, the pre-
cise crystalline structure of the HFC-134a hydrate is a significant
prerequisite for this application. In this study, the crystalline struc-
ture of the HFC-134a hydrate was identified using PXRD. The
PXRD patterns of the pure HFC-134a hydrate in Fig. 4 indicate
the sII hydrate formation, and these were indexed by using a regu-
lar cubic cell with a space group of Fd3m. The lattice parameter of
the sII HFC-134a hydrate was a=17.18 Å. Using microscopic anal-
yses such as PXRD and NMR, several researchers have reported
that the presence of salts did not affect the crystalline structure of
the gas hydrates because salts do not participate in building the
hydrate cages [15,41]. Therefore, it is expected that the HFC-134a+
NaCl+water systems will also form sII hydrates regardless of the
NaCl concentrations.

The dissociation enthalpy (ΔHd) of the HFC-134a hydrate is
also an essential factor in designing and optimizing the hydrate-
based desalination process, considering that it is directly related to
the heat liberated or absorbed during the hydrate formation and
dissociation. Despite the importance of accurate ΔHd values of the

Fig. 5. Dissociation thermograms of the HFC-134a hydrates at dif-
ferent salinities.

Table 2. Dissociation enthalpies of HFC-134a hydrates in NaCl solutions
System ΔH (J/g-water) ΔH (J/g-hydrate) ΔH (kJ/mole gas) Hydration number
HFC-134a 476.9±1.5 357.6±1.1 146.0±0.5 17.0
HFC-134a+NaCl (3.5 wt%) 476.2±0.6 357.2±0.4 145.7±0.2 17.0
HFC-134a+NaCl (8.0 wt%) 474.1±7.1 355.5±5.3 145.1±2.1 17.0

HFC-134a hydrates, they have not yet been experimentally mea-
sured. In this study, the ΔHd values of the HFC-134a+NaCl (0, 3.5,
and 8.0 wt%)+water systems were measured with an HP μ-DSC.
Fig. 5 presents the dissociation thermograms of the HFC-134a
hydrates at different salinities. The HFC-134a hydrates in the pres-
ence of NaCl exhibited broad endothermic peaks, whereas the
pure HFC-134a hydrate exhibited a relatively sharp endothermic
peak. The endothermic peaks became significantly broader as the
NaCl concentration increased. During the dissociation process of
the HFC-134a hydrate with a higher NaCl concentration in the
HP μ-DSC, the gas hydrate began to dissociate at a lower tempera-
ture and, as the gas hydrate dissociated, the equilibrium tempera-
ture of the system continued to increase because the local NaCl con-
centration in the aqueous phase continued to decrease with the
hydrate dissociation.

Considering the molecular size of HFC-134a, it is reasonably
assumed that the HFC-134a molecules occupy only the large 51264

cage of sII hydrates; therefore, the hydration number of the HFC-
134a hydrate is 17. As seen in Table 2, the ΔHd value of the pure
HFC-134a hydrate was 146.0±0.5 kJ/mole gas, which is in good
agreement with the literature value that was calculated from the
slope of the phase equilibrium curve (dp/dT) by using the Clapey-
ron equation [18]. The ΔHd values of the HFC-134a hydrates in
the presence of NaCl were measured to be 145.7±0.2 and 145.1±
2.1 kJ/mole gas for the 3.5 and 8.0 wt% solutions, respectively. It
was confirmed from the experimentally measured ΔHd values that
the salinity had little effect on the dissociation enthalpy of the HFC-
134a hydrates. The slightly lower ΔHd value with a slightly larger
deviation for the HFC-134a+NaCl (8.0 wt%) hydrate can be at-
tributed to the slightly higher uncertainty involved in integrating
the broader endothermic peak.

CONCLUSIONS

Three-phase (H-LW-V) equilibria of HFC-134a hydrates in the
presence of NaCl were measured through both a conventional iso-
choric (pVT) method and a stepwise DSC method. Both meth-
ods provided reliable and consistent hydrate phase equilibrium
data of the HFC-134a hydrates in the presence of NaCl. HFC-
134a hydrate was revealed to be sII via PXRD. A HP μ-DSC was
also used to determine the accurate dissociation enthalpies of the
HFC-134a hydrates in the presence of NaCl. The presence of NaCl
demonstrated a thermodynamic inhibition effect on the H-LW-V
equilibria depending on NaCl concentrations, but had little effect
on dissociation enthalpies of HFC-134a hydrates. The experimen-
tal results covering phase behavior, structure identification, and
dissociation enthalpies of HFC-134a hydrates can provide funda-
mental information and better understanding of the hydrate-based
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desalination process.

ACKNOWLEDGEMENTS

This research was supported by Mid-career Research Program
through the National Research Foundation of Korea (NRF)
founded by the Ministry of Science, ICT & Future Planning (NRF-
2014R1A2A1A11049950) and also by the National Research Foun-
dation of Korea (NRF) Grant funded by the Korean Government
(MSIP) (No. NRF-2015R1A5A7037825).

REFERENCES

1. E. D. Sloan and C. A. Koh, Clathrate Hydrates of Natural Gases,
CRC Press/Taylor & Francis, Boca Raton, FL (2008).

2. C. Giavarini and K. Hester, Gas Hydrates: Immense Energy Poten-
tial and Environmental Challenges, Springer, London (2011).

3. P. Linga, A. Adeyemo and P. Englezos, Environ. Sci. Technol., 42,
315 (2007).

4. S. Watanabe, S. Takahashi, H. Mizubayashi, S. Murata and H.
Murakami, Proceedings of the 6th International Conference on Gas
Hydrates, 6 (2008).

5. D. Corak, T. Barth, S. Høiland, T. Skodvin, R. Larsen and T. Skjetne,
Desalination, 278, 268 (2011).

6. X.-S. Li, C.-G. Xu, Z.-Y. Chen and H.-J. Wu, Energy, 36, 1394 (2011).
7. S. Park, S. Lee, Y. Lee and Y. Seo, Environ. Sci. Technol., 47, 7571

(2013).
8. S. Han, J.-Y. Shin, Y.-W. Rhee and S.-P. Kang, Desalination, 354, 17

(2014).
9. Y. Lee, Y. Kim and Y. Seo, Environ. Sci. Technol., 49, 8899 (2015).

10. S. Kim, S.-P. Kang and Y. Seo, Chem. Eng. J., 276, 205 (2015).
11. H. Lee, H. Ryu, J.-H. Lim, J.-O. Kim, J. D. Lee and S. Kim, Desalin.

Water Treat. (2015), DOI:10.1080/19443994.2015.1049405.
12. J.-H. Cha and Y. Seol, ACS Sustainable Chem. Eng., 1, 1218 (2013).
13. Y. Seo, H. Tajima, A. Yamasaki, S. Takeya, T. Ebinuma and F. Kiy-

ono, Environ. Sci. Technol., 38, 4635 (2004).
14. I. Cha, S. Lee, J. D. Lee, G.-w. Lee and Y. Seo, Environ. Sci. Tech-

nol., 44, 6117 (2010).
15. Y. Seo, D. Moon, C. Lee, J.-W. Park, B.-S. Kim, G.-W. Lee, P. Dotel,

J.-W. Lee, M. Cha and J.-H. Yoon, Environ. Sci. Technol., 49, 6045
(2015).

16. D. Liang, K. Guo, R. Wang and S. Fan, Fluid Phase Equilib., 187,
61 (2001).

17. T. Akiya, T. Shimazaki, M. Oowa, M. Matsuo and Y. Yoshida, Int.

J. Therm., 20, 1753 (1999).
18. S. Hashimoto, T. Makino, Y. Inoue and K. Ohgaki, J. Chem. Eng.

Data, 55, 4951 (2010).
19. S. Takeya, A. Hori, T. Hondoh and T. Uchida, J. Phys. Chem. B.,

104, 4164 (2000).
20. P. Buchanan, A. K. Soper, H. Thompson, R. E. Westacott, J. L. Creek,

G. Hobson and C. A. Koh, J. Chem. Phys., 123, 164507 (2005).
21. G. Hakvoort, J. Therm. Anal. Calorim., 41, 1551 (1994).
22. A. Gupta, J. Lachance, E. D. Sloan Jr. and C. A. Koh, Chem. Eng.

Sci., 63, 5848 (2008).
23. Y. Seo and H. Lee, J. Phys. Chem. B., 106, 9668 (2002).
24. S. Lee, Y. Lee, S. Park, Y. Kim, J. D. Lee and Y. Seo, J. Phys. Chem.

B., 116, 9075 (2012).
25. S. Lee, Y. Lee, J. Lee, H. Lee and Y. Seo, Environ. Sci. Technol., 47,

13184 (2013).
26. Y. Lee, S. Lee, J. Lee and Y. Seo, Chem. Eng. J., 246, 20 (2014).
27. Y. Lee, Y. Kim, J. Lee, H. Lee and Y. Seo, Appl. Energy, 150, 120

(2015).
28. T. Sugahara, S. Murayama, S. Hashimoto and K. Ohgaki, Fluid

Phase Equilib., 233, 190 (2005).
29. A. H. Mohammadi, R. Anderson and B. Tohidi, AIChE J., 51,

2825 (2005).
30. T. Uchida, R. Ohmura, I. Y. Ikeda, J. Nagao, S. Takeya and A. Hori,

J. Phys. Chem. B., 110, 4583 (2006).
31. S.-P. Kang, J.-W. Lee and H.-J. Ryu, Fluid Phase Equilib., 274, 68

(2008).
32. Y. Seo, S.-P. Kang, S. Lee and H. Lee, J. Chem. Eng. Data, 53, 2833

(2008).
33. S. Lee, Y. Lee, S. Park and Y. Seo, J. Chem. Eng. Data, 55, 5883

(2010).
34. B. Tohidi, R. Burgass, A. Danesh, K. Østergaard and A. Todd, Ann.

N.Y. Acad. Sci., 912, 924 (2000).
35. M. Mohammad-Taheri, A. Z. Moghaddam, K. Nazari and N. G.

Zanjani, Fluid Phase Equilib., 338, 257 (2013).
36. M. Cha, Y. Hu and A. K. Sum, Fluid Phase Equilib., In Press (2015).
37. D. Dalmazzone, M. Kharrat, V. Lachet, B. Fouconnier and D.

Clausse, J. Therm. Anal. Calorim., 70, 493 (2002).
38. S. Lee, S. Park, Y. Lee, J. Lee, H. Lee and Y. Seo, Langmuir., 27,

10597 (2011).
39. P. G. Lafond, K. A. Olcott, E. D. Sloan, C. A. Koh and A. K. Sum, J.

Chem. Thermodyn., 48, 1 (2012).
40. W. Lin, D. Dalmazzone, W. Fürst, A. Delahaye, L. Fournaison and

P. Clain, J. Chem. Thermodyn., 61, 132 (2013).
41. S. Lee and Y. Seo, Energy Fuels, 24, 6074 (2010).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


