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Abstract-The formation of clathrates in fluid inclusions during microthermometric measurements is 
typical for most natural fluid systems which include a mixture of H20, gases, and electrolytes. A general 
model is proposed which gives a complete description of the CO2 clathrate stability field between 253- 
293 K and O-200 MPa, and which can be applied to NaCl, KCl, and CaCl, bearing systems. The basic 
concept of the model is the equality of the chemical potential of HZ0 in coexisting phases, after classical 
clathrate modelling. None of the original clathrate models had used a complete set of the most accurate 
values for the many parameters involved. The lack of well-defined standard conditions and of a thorough 
error analysis resulted in inaccurate estimation of clathrate stability conditions. According to our modifi- 
cations which include the use of the most accurate parameters available, the semi-empirical model for 
the binary H,O-CO, system is improved by the estimation of numerically optimised Kihara parameters 
IS = 365.9 pm and elk = 174.44 K at low pressures, and u = 363.92 pm and elk = 174.46 K at high 
pressures. Including the error indications of individual parameters involved in clathrate modelling, a 
range of 365.08-366.52 pm and 171.3-177.8 K allows a 2% accuracy in the modelled CO* clathrate 
formation pressure at selected temperatures below Q2 conditions. A combination of the osmotic coefficient 
for binary salt-H,0 systems and Henry’s constant for gas-Hz0 systems is sufficiently accurate to estimate 
the activity of H,O in aqueous solutions and the stability conditions of clathrate in electrolyte-bearing 
systems. The available data on salt-bearing systems is inconsistent, but our improved clathrate stability 
model is able to reproduce average values. The proposed modifications in clathrate modelling can be 
used to perform more accurate estimations of bulk density and composition of individual fluid inclusions 
from clathrate melting temperatures. Our model is included in several computer programs which can be 
applied to fluid inclusion studies. 

1. INTRODUCTION 

Behaviour of H,O-gas-salt-rich fluids close to the freezing 
point of water is of interest both in natural gas industry and 
in fluid inclusion research in order to obtain characteristics 
about fluids circulating in the rock during entrapment. In 
addition, desalination processes for brackish and seawater 
rely upon phase transitions in H,O-gas-salt-rich systems at 
relative low temperatures. The formation of a gas hydrate 
(or clathrate) seems to complicate phase relations in the 
H?O-gas-rich fluid system. Close to the freezing point of 
pure water, molecules of HZ0 form a metastable framework 
with various types of cavities, which is stabilised by the 
presence of gas molecules in part of these cavities (e.g., 
Powell, 1948; Stackelberg and Mttller, 1954; Waals and Plat- 
teeuw, 1959; Sloan, 1990). In nature, clathrates are often 
present in sediments, which contain both natural gas and 
water. The clathrates are pervasive in permafrost regions and 
in the thermodynamically stable regions of the ocean, and 
are, therefore, important gas reserves (e.g., Makogon, 1981; 
Sloan, 1990). 

The appearance of clathrates in fluid inclusions was firstly 
described by Roedder ( 1963). Neglecting the presence of a 
clathrate during fluid analysis in inclusions may result in 
erroneous conclusions on salinity, composition, and density 
(e.g., Hollister and Burruss, 1976; Collins, 1979; Seitz et 
al., 1987; Dubessy et al., 1992; Diamond, 1992, 1994a; Yero- 
khin, 1993). For example, the exclusion of salts from the 
clathrate phase will increase the salinity of the other phases 
present in fluid inclusions. In contrast, the absorption of 

gases in the clathrate decreases the density of the remaining 
non-aqueous phase. Therefore, prediction of phase relations 
and stability conditions of clathrates are necessary to im- 
prove characterisation of individual fluid inclusions. 

A first approach in modelling consisted of representing 
clathrate stability conditions by smoothed values, by non- 
specified best-fit curves, and by purely empirical polynomial 
functions (e.g., Deaton and Frost, 1946). Relatively simple 
empirical relations are still used for mathematical comfort, 
e.g., Parrish and Prausnitz (1972) for reference clathrates, 
Bozzo et al. (1975), Adisasmato et al. (1991), Yerokhin 
(1993), Barton and Chou (1993), and Dholabhai et al. 
( 1993 ) , although this approach gives erroneous results for 
conditions and fluid systems other than those used to prepare 
them. For encaged gas species, whose critical temperature 
exceeds clathrate stability conditions, no universal model 
existed because thermodynamic modelling of liquid-like and 
vapour-like fluids in the established clathrate studies appears 
to be substantially different. Modifications of classical ad- 
sorption statistical mechanics (see Appendix) were the first 
substantial approach to fundamental modelling of clathrates 
in equilibrium with vapour-like and super-critical fluids 
(Waals and Platteeuw, 1959). Characteristic aspects of the 
model were improved or adjusted by McKay and Sinanoglu 
(1963), Parrish and Prausnitz ( 1972), Ng and Robinson 
(1976), Holder et al. (1980), Dwarmawardhama et al. 
( 1980), John et al. ( 1985)) Munck et al. ( 1988)) and Dube- 
ssy et al. ( 1992). Only Ng and Robinson (1977) attempted 
to model the stability of clathrates in equilibrium with liquid- 

1657 



1658 R. J. Bakker, J. Dubessy, and M. Cathelineau 

like fluids. The fundamental concepts of these classical clath- 
rate models are briefly outlined in the Appendix. 

1.1. Systematic Error 

None of the previously mentioned publications on clath- 
rate modelling have used a complete set of most accurate 
values for the physical and chemical parameters involved, 
and none of them gave a thorough error analysis. Waals and 
Platteeuw ( 1959) reconstructed a purely empirical clathrate 
stability model into a semi-empirical model, based on statis- 
tical thermodynamics. Consequently, the empirical reference 
was transferred to each parameter in this model, which in- 
clude P-T-Vproperties of HZ0 and gases, Henry’s constants, 
molecular potentials, and heat capacity coefficients. Unfortu- 
nately, some of these empirical relations have to be extrapo- 
lated to P-T conditions relevant to clathrate dissociation. For 
example, parameters which were originally fitted to tempera- 
tures above 273.15 K have to be extrapolated to lower tem- 
peratures in ionic aqueous solutions due to the freezing point 
depression effect. The accuracy and assumptions of this 
clathrate model were improved by the determination of more 
suitable parameters of intermolecular potentials, according 
to the method of Saito et al. ( 1964) and Parrish and Prausnitz 
( 1972). Unknown Kihara parameters (Kihara, 1953) be- 
tween a water and a gas molecule in the clathrate structure 
were estimated with the least-square method, which com- 
pares experimental data points of clathrate dissociation con- 
ditions to calculated values. This method was partly adopted 
by Dubessy et al. ( 1992), and they illustrated the presence of 
systematic errors between calculated and observed clathrate 
stability conditions. A systematic deviation is present in elec- 
trolyte-free fluid systems near the higher quadruple point Q2 
of the clathrate stability field (see Fig. 2 in Dubessy et al., 
1992). Furthermore, according to the clathrate model modi- 
fications used by Dubessy et al. ( 1992) the systematic error 
increases over the total P-T range between the quadruple 
points Q, and Q2 for solutions with higher salinities (see 
Fig. 4 in Dubessy et al., 1992). 

In this study, further improvements are proposed to in- 
crease the accuracy of the method and to eliminate some 
systematic errors in established clathrate models. The inter- 
pretation of the fluid density and composition in inclusions 
from microthermometric measurements including clathrate 
melting temperatures will be more accurate according to our 
adjustments which is of importance to any fluid inclusion 
study. 

1.2. Topology of the H20-CO2 System 

A purely qualitative P-T diagram of the binary H20-COP 
system (Fig. 1) illustrates schematically phase relations in- 
volving the formation of a clathrate. Univariant lines illus- 
trate three-phase associations which are labelled according to 
the abbreviations in Fig. 1. These lines intersect at invariant 
quadruple points Q, and Q2, which represent equilibria be- 
tween four phases, i.e., clathrate + ice + H,O-rich liquid 
+ COz-rich vapour, and clathrate + H,O-rich liquid + CO,- 
rich liquid + CO&ch vapour, respectively. The topology 
is described in more detail by, e.g., Bal&er and Thiery 

Temperature 
FIG. 1. P-T diagram with schematically indicated phase relations 

in the H,O-CO? system. H, S, L. and G stand for clathrate, solid, 
liquid, and vapour phase, respectively. The subscripts W and C 
denote water-rich and carbon dioxide-rich, respectively. The dashed 
area indicates the stability field of clathrate. The quadruple points 
Q, and Q2 represent four-phase equilibria HSwLwGc and HLw&Gc, 
respectively. The HSwLw three-phase curve is dashed, because ex- 
perimental data are not available. 

( 1994) and Diamond ( 1994b). In this study, the notation 
method from Fig. 1 is used to identify specific equilibria 
involving clathrate. 

2. MODEL MODIFICATIONS FOR SALT-FREE 
SYSTEMS, AS EXEMPLIFIED BY THE 

H20-CO1 SYSTEM 

2.1 Composition of Clathrates 

Clathrates are nonstoichiometric compounds. If  all cages 
are occupied, the ideal composition of structure-I and struc- 
ture-11 clathrates are Ma 53/dH20 and Me 52/3Hz0, respec- 
tively, where M denotes a gas molecule. The composition 
of structure-I and structure-II clathrates are M* 7’&H20 and 
Me 17H20, respectively, if only the larger cavities are filled. 

Hydration numbers used to be obtained indirectly using 
the Clapeyron equation to the clathrate stability curve at QI 
conditions (e.g., Sortland and Robinson, 1964). This method 
is not precise because it calculates the average hydration 
number within a temperature interval of 4” on either side 
of 273.15 K, and because the thermodynamic properties of 
clathrates are not precise. 

Filling of the clathrate structures can be theoretically ob- 
tained with the sophisticated theoretical treatment from 
Waals and Platteeuw (1959). The hydration number is ob- 
tained from the inverse product of the probability of finding 
a gas molecule in a type of cavity (Eqn. A4) and the amount 
of cavities. COz-clathrate composition calculations ac- 
cording to the model of Parrish and Prausnitz (1972) and 
Dubessy et al. (1992) are compared in Fig. 2. Although 
both models use the Kihara molecular potential to calculate 
Langmuir constants (Eqn. A4), hydration numbers may dif- 
fer up to 2% at Q, conditions. This small discrepancy is a 
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FIG. 2. Theoretical hydration numbers for the CO+lathrate as a function of temperature and pressure, according 
to the model of (a) Parrish and Prausnitz (1972), and (b) Dubessy et al. (1992). Dashed lines indicate several 
selected isobars (0.5, 1.015, 1.5, 2, 3, 4, and 4.5 MPa). The boundary of clathrate stability is indicated with lines 
HLwGc, HLcGc, and HSwGc. The dots Q, and Q2 represent the invariant quadruple points. 

result of the selected Kihara parameters and gas fugacity 
coefficients. It is important to note that clathrates have the 
highest hydration number at Q, conditions (Fig. 2). 

Determination of the composition of clathrates with any 
direct chemical analysis seems to be problematic. The accu- 
racy of many direct methods is affected by the variable 
stoichiometry, and by the occlusion of pure H,O in clathrates 
(e.g., Dharmawardhama et al., 1980), which may result in 
a considerable compositional variation, However, several an- 
alytical procedures were developed with high precision. 
First, Dharmawardhama et al. (1980) determined the amount 
of enclathrated cycle-propane by volumetric measurements, 
and the amount of Hz0 consumed by specific conductivity 
increase in a KC1 solution, from which the clathrate was 
formed. As a consequence of the relatively large size of 
cycle-propane molecules, only larger cavities may be occu- 
pied in both types of clathrate structures. Due to nonstoichi- 
ometry, hydration numbers may only be higher than the idea1 
composition, in which all the larger cavities are occupied. 
Consequently, the hydration number of cycle-propane must 
exceed 7.67 in structure 1 clathrate and 17.0 in structure II 
clathrate. These theoretical considerations and the calculated 
composition according to Hafemann and Miller ( 1969) are 
not consistent with the experimental data of Dwarmawar- 
dhama et al. (1980) for the structure-II clathrate stability 
field below 274.61 K (Fig. 3) Furthermore, Dwarmaward- 
hama et al. (1980) did not describe the abrupt change in 
clathrate composition near the transition of clathrate struc- 
tures I and II (Fig. 3), which is evident from their experi- 
mental data. Therefore, according to these data cyclo-pro- 
pane molecules in clathrates formed below 274.61 K may 
also occupy small cavities, or cycle-propane does not form 
a structure-II clathrate, which is seriously challenging the 

fundamental concepts of the model proposed by Parrish and 
Prausnitz (1972). Second, Cady (1983) developed a proce- 
dure to measure directly the weight of a clathrate, that was 
formed from a known amount of pure H20. At 273.15 K 
and various pressures, the isothermal composition of several 
clathrates appears to correspond to the theoretical predictions 
of the model of Waals and Platteeuw ( 1959). Third, nuclear 
magnetic resonance spectra of guest species in clathrates is 
a direct, nondestructive technique for the determination of 
cage occupancy and hydration numbers (e.g., Ripmeester 
and Ratcliffe, 1988; Collins et al., 1990). 

8.1-, 
o Dwarmawardhana et al. (1980) 

- best-fit lines 

273 275 277 279 281 
Temperature (K) 

FIG. 3. Experimental hydration numbers for cycle-propane clath- 
rate from Dwarmawardhama et al. (1980) as a function of tempera- 
ture. The vertical dotted line is the phase boundary between strnc- 
ture-I and structure-II clathrate (Hafemann and Miller, 1969). The 
ideal hydration number for cycle-propane in structure I and structure 
II clathrate are 7.67 and 17.0, respectively, which is assumed to 
occupy only the larger cavities. 
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Data are not available on direct measurements of the com- 
position of CO, clathrates, but it is assumed that the theoreti- 
cal predictions are sufficiently accurate, in agreement to the 
considerations of Cady ( 1983). 

2.2. Chemical Potential Difference A/J*: Standard 
Properties and Temperature and Pressure 
Dependence 

The expression in Eqn. A9 for the chemical potential dif- 
ference between pure HZ0 and a hypothetical empty clathrate 
is derived from the total differential of the quotient of Ap* 
and the temperature multiplied by the gas-constant R. This 
expression can be simplified, for the chemical potential dif- 
ference A/l* may be directly derived from its total differen- 
tial equation towards temperature and pressure (Eqn. 1 ), 
using simple straight forward thermodynamics. 

Ap*(T, P) 

T P 
z &d - s 

As”(T)dT + 
s 

Au*(P)dP (la) 

A.r*,,)‘ As,* + 11 (&]dT (lb) 

* ApO = Ah; - T,Asf (ICI 

where As*, Ah*, Acp*, and Av* are entropy difference, 
enthalpy difference, heat capacity difference, and molar vol- 
ume difference, respectively. Equation A9 and 1 are equiva- 
lent. 

In general, standard values for ApL$ were calculated from 
indirectly obtained compositions of clathrates at Q, condi- 
tions using the Clapeyron equation. For example, Sortland 
and Robinson (1964) estimated A$ = 883 J/mol at Q, 
conditions (273.15 K and 0.081 MPa) from the composition 
of the SF6 structure-II clathrate. They indicated that only 
small errors in the estimation of the heat of clathrate forma- 
tion will be greatly magnified in the calculations of A$. 
Davidson ( 1973) concluded from widely scattered data, all 
of doubtful precision at Q, conditions, that A$ lies between 
523 and 1109 J/mol for structure-II clathrates in which only 
the large cavities may be occupied. Davidson ( 1973) consid- 
ered a A$ of 1109 + 63 J/mol for structure-I clathrates. 
For apparent convenience. all gas-clathrate systems were 
compared at their quadruple point Q, , which was proposed 
to be the standard condition at 273.15 K and an undefined 
pressure. However, this definition of standard condition is 
very awkward because Q, conditions are distinct for most 
systems, mainly in pressure. 

Parrish and Prausnitz ( 1972) adopted the A$ value from 
Sortland and Robinson ( 1964) for the standard temperature 
of 273.15 K for all gas clathrate systems. Unlike the original 
value given by Sortland and Robinson ( 1964), the standard 
pressure was defined at 0 MPa. Although a zero absolute 
pressure appears to be close to actual Q, conditions and 
may introduce some mathematical comfort, this value is very 
awkward because it has no physical significance. Parrish 
and Prausnitz ( 1972) developed a method in which four 
independent variables, the Kihara parameters (c and a), 

Ah,* and A$, are numerically optimised and related to 
purely empirical equations for dissociation conditions of ref- 
erence clathrates. They estimate optimum Kihara parameters 
for cycle-propane structure-II clathrates, which is assumed 
to form either clathrate structures I or II (Hafemann and 
Miller, 1969). Subsequently, they calculated a numerically 
optimised A$ for structure-I clathrates with these optimum 
Kihara parameters. The reliability of this method is problem- 
atical, because a set of wrong Kihara parameters and wrong 
thermodynamic constants may occasionally lead to right 
clathrate dissociation pressures (John et al., 1985). Increas- 
ing the mystification of standard conditions, Munck et al. 
(1988) defined PO as the vapour pressure at 273.15 K and 
used an approximate value of 0 MPa for the same set of 
thermodynamic constants given by Parrish and Prausnitz 
(1972). 

Direct methods for determining the composition of clath- 
rates (Dwarmawardhama et al., 1980; Cady, 1983) should 
give more accurate values of A$ and Ah,* at any chosen 
standard conditions. That is, the composition is the only 
property of clathrates which can be used to estimate the 
chemical potential difference Ab*( T, P) in Eqn. A8 without 
recourse to theoretically obtained Langmuir-constants (Eqn. 
A4), according to the model of Waals and Platteeuw ( 1959) 
and Parrish and Prausnitz ( 1972). Unfortunately, Dwarmaw- 
ardhama et al. ( 1980) used the complex trial-and-error 
method of Parrish and Prausnitz ( 1972) to estimate extrapo- 
lated A$ and Ah,* values at 0 MPa and 273.15 K, and 
Cady ( 1983) preferred to use the A$ value given by David- 
son (1973). 

Several thermodynamic arguments are available to intro- 
duce 0.1 MPa as a standard pressure. First, as previously 
mentioned, 0 MPa has no physical significance. Second, the 
equations for heat capacity are usually defined at 0.1 MPa. 
Third, at a zero absolute pressure, which is the lower integra- 
tion limit in Eqn. 1, the volumetric properties of HZ0 are 
theoretically unidentified. Consequently, the molar volume 
difference between H,O and an empty clathrate are not de- 
fined at these conditions, and Eqn. 1 can not be solved. 
Furthermore, below H,O saturation pressures the molar vol- 
ume difference will differ seriously from the constant value 
of 18 cm”/mol, which is generally used in clathrate model- 
ling. Therefore, the most convenient, and the less obscure 
standard conditions defined at To = 273.15 K and PO = 0.1 
MPa are chosen in this study. As a first approximation, the 
A@: and Ah,* values of Dwarmawardhama et al. (1980) 
are adopted as the new standard value at 273.15 K and 0.1 
MPa (Eqn. 2): 

Apz = 1297 t 33 J/mol (2a) 

Ah,* = -4622 2 33 J/mol. (2b) 

The error values are given by Dwarmawardhama et al. 
( 1980). Consequently, the entropy difference between pure 
HZ0 and an empty clathrate at standard conditions is equal 
to 21.67 J/mol (from Eqn. lc). This value is very similar 
to the entropy of melting of pure HZ0 (22.01 J/mol). 

Stackelberg and Mttller (1954) estimated the molar vol- 
ume of the clathrate structure I (=22.6 cm3/mol) from a 
detailed X-ray crystallographical study of the clathrate lat- 
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tice. The hypothetical empty clathrate was assumed to have 
a similar molar volume. The molar volume of ice was as- 
sumed to be constant at 19.6 cm3/mol. In this study, a pres- 
sure dependent molar volume equation (Eqn. 3) is intro- 
duced for both clathrate and ice to take into account the 
compressibility of both solid phases. 

VHzo = Vo*exp(-K(P - PO)}, (3) 

where V, is the molar volume of either ice or clathrate at 
standard condition PO (0.1 MPa) and K is the isothermal 
compressibility, which is assumed to be equal for both ice 
and clathrate, i.e., lo-“ MPa-’ . 

The molar volume of liquid HZ0 was assumed to be con- 
stant (18.0 cm3/mol) due the small range of variations in 
temperature and pressure of clathrate stability conditions, 
which has been generally accepted in clathrate modelling. 
However, significant errors are introduced at higher pres- 
sures and temperatures for the difference between liquid Hz0 
and empty clathrate. An accurate equation of state for liquid 
HZ0 at relative low temperatures and pressures is appropriate 
to reduce these erroneous estimations. The molar volume of 
pure liquid HZ0 is calculated from the equation of state as 
proposed by Kell and Whalley (1965) and Kell (1967), 
which is valid between 273-423 K and 0.1-100 MPa 
(Eqn. 4). 

v liquid _ H*O - vo 
[ 

1 + a,(P - PO) + az(P - Po)2 
1 + b(P - PO) 1, (4) 

where V. is the molar volume of liquid HZ0 at 1 atmosphere 
between 273 and 423 K according to Kell (1967), PO is 1 
atmosphere (0.101325 MPa), and a,, u2, and b are only 
temperature dependent. The molar volume of liquid Hz0 
below 273.15 K is required in specific circumstances to cal- 
culate clathrate stability conditions. Molar volume calculated 
at 273.15 K from Eqn. 4 was selected for lower temperatures, 
because data are not available in this temperature range. 

At CO*-clathrate stability conditions between quadruple 
point Q, and Q2 the calculated Au* that is obtained from 
Eqns. 3 and 4 differs to an extent of 0.5% from the constant 
value of Stackelberg and Mtiller ( 1954). However, the devi- 
ation has increased to about 20% at 100 MPa. 

The heat capacity of empty clathrate was assumed to be 
similar to that of ice due to corresponding lattice structures 
(Stackelberg, 1954; Handa and Tse, 1986). Sortland and 
Robinson (1964) used a constant value for the heat capacity 
of clathrates, defined by the outdated Kopp’s rule (Kopp, 
1866) and data from Gambill(l957). Parrish and Prausnitz 
( 1972) introduced a temperature dependent factor, using ta- 
bled heat capacity data of water and ice from Tables D174 
and D175 in Weast (1968) to calculate the difference be- 
tween empty clathrate and pure H20. Consequently, the ex- 
perimental data on ice must have been extrapolated to tem- 
peratures above 273.15 K to calculate the clathrate stability 
field. Munck et al. (1988) and Dubessy et al. (1992) simpli- 
fied the calculations by assuming again a constant value 
for Acp*, independent of temperature. In this study, the 
difference in heat capacity between empty clathrate and liq- 
uid pure HZ0 was assumed to be equal to the difference 
between ice (Giauque and Stout, 1936) and liquid HZ0 (Os- 

240 260 280 
Temperature (K) 

250 270 290 310 
Temperature (K) 

240 260 2t(o 300 320 
Temperature (K) 

FIG. 4. (a) Heat capacity of pure ice as a function of temperature. 
Data are obtained from Giauque and Stout ( 1936). (b) Heat capacity 
of liquid pure H,O. Data below 273.15 K are obtained from Angel1 
et al. ( 1973). Above 273.15 K, the equation given by Osbom et al. 
(1939) is used to calculate heat capacities. (c) Acp-temperature 
diagram for the models MSR (Munck et al., 1988)) PP (Parrish 
and Prausnitz, 1972), HCP (Holder et al. (1980). JCP (John et 
al., 1985), TB (Tburmond and Brass, 1988), and this study (solid 
line ) 

borne et al., 1939; Angel1 et al., 1973). The heat capacity 
data on pure ice from Giauque and Stout (1936) are fitted 
to a linear function between 240 and 270 K (Eqn. 5 and 
Fig. 4a). 

cp$o(tO.l%) = -0.3840 + O.l406T,, (5) 

where Tk is temperature in Kelvin. The uncertainty after 
extrapolation of Eqn. 5 to 293.15 K has increased to 0.2%. 
The heat capacity for liquid H20 above 273.15 K (Fig. 4b) 
is obtained from the equation given by Osborne et al. (1939) 
(Eqn. 6a). A polynomial function in temperature fit through 
the data of Angel1 et al. (1973) is estimated to represent 
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accurately the heat capacity for liquid HZ0 below 273.15 K 
(Eqn. 6b and Fig. 4b). 

Tc > 0°C: 

0.996185 + 2.874. 

10-f Tc :,;““~~26 + 0.01116. 10’-“.036Tc’ 1 (ha) 
TK < 273.15 K: 

cP Hz0 “q”‘d = exp(202.96 - 2.1947. TK 

+ 0.0080767. T”K - 9.8997. 10-6*T;), (6b) 

where Z’c is temperature in Celsius. Holder et al. (1980) 
estimated a difference in heat capacity between ice and 
empty clathrate from experimental data of reference hy- 
drates. John et al. (1985) claimed to have used the values 
of Holder et al. ( 1980); however, their specified values ap- 
pear to have been adjusted. Theoretically, both solids have 
differences in structure and composition and should have 
distinctive heat capacities. However, these differences re- 
main undetectable due to the relative large error in A$. 
For example, a hypothetical error of 100% in the estimated 
Acp* value results in an absolute error of about 7 J/mol 
for Ap* at 283 K, which is much less than the previously 
mentioned error in A$ of 33 J/m01 by Dwarmawardhama 
et al. (1980). 

Figure 4c indicates the differences between Acp * values 
given in literature and Eqns. 5 and 6. Above 273.15 K, this 
study is very similar to that of Holder et al. (1980) and 
Parrish and Prausnitz ( 1972). The Acp* values given by 
Munck et al. (1988) are clearly underestimations over the 
whole temperature range of the clathrate stability field. The 
assumption of Acp* = 0 below 273.15 K (e.g., Munck et 
al., 1988; Dubessy et al., 1992) results in erroneous calcula- 
tions of the chemical potential difference A,LL* near Q, and in 
fluid systems containing dissolved electrolytes. The equation 
from Thurmond and Brass (1988) increasingly overesti- 
mates the heat capacity towards lower temperatures. 

A numerical integration method (Gaussian ten-point) is 
used to solve Eqn. 1, because of the complex equation for 
heat capacity (Eqn. 6). Figure 5 indicates the differences in 
A,LL* between Eqn. 1 and the models proposed by John et 
al. (1985) and Munck et al. (1988). The equations for heat 
capacity in both models above To (273.15 K) have to be 
extrapolated to lower temperatures, because these models do 
not include the effect of any additional inhibitors. The large 
deviation of the model of John et al. (1985) is mainly caused 
by the selected value for Apt. The differences in calculated 
Al* may account for some part of the systematic deviation 
between calculated and observed clathrate stability pressures 
in electrolyte-free fluid systems, as illustrated by Dubessy 
et al. ( 1992). 

2.3. Fugacity Coefficients in Fluids 

An accurate estimation of the fugacity coefficients of 
nearly pure gases and gas mixtures at conditions relevant to 

240 260 280 300 320 
Temperature (K) 

FIG. 5. The difference in Ap* between our model and the models 
according to Munck et al. (1988), and John et al. (1985) as a 
function of temperature at 1 MPa. The deviation is defined as 100% 
x (AM * - &-L study Y44n rtudy 

the clathrate stability field is essential for the calculation of 
the probability of finding a gas molecule in cavities (Eqn. 
A4) and the calculation of the activity of H20 in the liquid 
solution (Eqn. A7). 

The fugacity coefficients of mixtures and pure gases in 
Eqns. A4 and A7 were calculated from semi-empirical modi- 
fied Redlich-Kwong equations of state in established clatl- 
rate stability models, e.g., Parrish and Prausnitz (1972) or 
Dubessy et al. (1992). This type of equation seems to give 
a good prediction of P-T-V properties of vapour-like fluids 
at relative low pressures. 

The equation of state for pure CO* defined by Redlich 
and Kwong ( 1949), Chueh and Prausnitz ( 1967), Soave 
(1972), Peng and Robinson (1976), and Duan et al. 
( 1992a,b) are compared with P-T-V properties of pure CO2 
defined by IUPAC (Angus et al., 1976). For a vapour-like 
C02-rich fluid phase at relative low pressures along the clath- 
rate stability curve (Fig. 6a), most equations of state remain 
within 1% accuracy of IUPAC values for fugacity coeffi- 
cients. The most accurate equation is the Chueh-Prausnitz 
equation, which remains within 0.2% accuracy. The Soave 
equation appears to be a second-best equation of state in 
Fig. 6a, and has a similar accuracy as the Duan-Meller- 
Weare equation. At higher pressures, for a liquid-like CO*- 
rich fluid phase, most modified Redlich-Kwong equations of 
state appear to result in highly erroneous fugacity coefficient 
calculations (Fig. 6b), which may differ up to 30% from 
IUPAC values. The most accurate equation is the Duan- 
Meller-Weare equation of state, which remains within 1.5% 
accuracy along the clathrate stability field. The Peng-Rob- 
inson equation of state has a similar accuracy up to 20 MPa, 
but is increasingly in error at higher pressures. 

Specific P-T conditions are indicated in Fig. 7 for each 
equation of state that is the most accurate. Clathrate stability 
conditions are projected to mark the most appropriate equa- 
tion of state to calculate fugacity coefficients in the clathrate 
model, and to facilitate the choice of the best equation for 
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FIG. 6. Comparison of several modified Redlich-Kwong equations 
of states with the equation reported by IUPAC (Angus et al., 1976) 
along the clathrate stability curve below Q2 conditions (a) and 
above Qz conditions (b). The deviation is defined as 100% 
x (Peos-PI”PAC)IP,“PAC’ 

calculations of a shifted clathrate stability field as a conse- 
quence of the presence of inhibitors. 

In this study, the equation of state according to Chueh 
and Prausnitz ( 1967) and Duan et al. ( 1992a,b) are used 
for modelling HL, Gc equilibrium and HLw& equilibrium, 
respectively. 

2.4. Henry’s Constant 

The solubility of gases can be theoretically predicted with 
an equation of state that accurately describes both coexisting 
liquid and vapour phases (e.g., Lundgaard and Mollerup, 
1991) . However, the Henry’s law appears to represent more 
accurately the low solubility data for gases in HzO, and it 
has been used to test the accuracy of the other methods. The 
Henry’s law approach of liquid-vapour equilibria for the 
C02-Hz0 fluid system is preferred in this study because it 
describes sufficiently accurately the available solubility data 
of both CO* in a HzO-rich liquid phase, and HZ0 in a C02- 

rich vapour phase within the temperature and pressure limits 
of the clathrate stability field. Solubility data in liquid H20 
is usually only available for temperatures above 273.15 K. 
Henry’s law states that at equilibrium conditions the fugacity 
of a gas above a solution is proportional to the mole fraction 
of the gas in the liquid phase: 

x2 * Hw,water = fF(T> PI, (7) 

where fgP is the fugacity (in MPa) of component M in the 
vapour phase, x&J is the mole fraction of component M in 
the liquid phase, and HM,wa,er is Henry’s constant (in MPa) . 
Equation 7 is derived from the equivalence of the chemical 
potential of gas M in the vapour and liquid phase (after Eqn. 
A2). In traditional clathrate modelling, the amount of HZ0 in 
the vapour phase was neglected (e.g., Parrish and Prausnitz, 
1972; Munck et al., 1988; Dubessy et al., 1992). Munck et 
al. (1988) and Dubessy et al. ( 1992) used the CO2 solubility 
equation from Wilhelm et al. ( 1977)) which is defined at 
1 atmosphere CO*-partial pressure. However, the proposed 
clathrate model does not take into account a defined partial 
pressure of COz, but considers the total pressure of a gas 
mixture since the amount of H20 does not exceed 0.1 mol% 
in the CO,-rich vapour phase. Carroll et al. (1991) included 
the effect of HZ0 in the vapour phase and gave a complete 
description of the molar properties of both liquid and vapour 
phase in the HZO-CO2 system. In order to solve Eqn. 7, 
Henry’s law was extended with the requirement of equilib- 
rium between the H,O component in the liquid and in the 
vapour phase (Eqn. 8), which is also extracted from 
Eqn. A2. 

&~O’~S =ya(r, p, nHzO, %MM)r (8) 

where PS is the saturation pressure of pure H20 and n, is 

Chueh & Prausnitz (1967) 

240 260 280 300 
Temperature (K) 

320 

FIG. 7. P-T domains for several equations of state that give the 
best reproduction of fugacity values for pure CO*, compared to 
IUPAC. 
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FIG. 8. The Henry’s constant (in MPa) for CO* in aqueous solu- FIG. 8. The Henry’s constant (in MPa) for CO* in aqueous solu- 
tions as a function of temperature, according to Cramer ( 1982) and tions as a function of temperature, according to Cramer ( 1982) and 
Carroll et al. (1991). Carroll et al. (1991). 

-m 200- 

the amount of component i in the vapour phase. Equations 
7 and 8 were simultaneously iterative solved to estimate 
Henry’s constant from a large database of CO2 solubility 
in water. Henry’s constant (Carroll et al., 1991) was best 
represented by an empirical polynomial function in recipro- 
cal temperature (Eqn. 9 and Fig. 8). This equation has an 
uncertainty of about 5% and is valid between 273.15 and 
433.15 K: 

In ( Hco2,water 
) = -6.8346 + 1.281;. 1~’ 

3.7668. IO6 
T2 

+ 2.997-10' 
T3 (9) 

The Henry’s constant according to Cramer (1982) is very 
similar to this equation, but is increasingly overestimated at 
higher temperatures (Fig. 8). Benson and Kraus ( 1976) re- 
lated a equation similar to Eqn. 9 to other thermodynamic 
properties and molecular parameters of gases and demon- 
strated the predictability of this type of equation beyond the 
experimental limits of their data. It should be noted that the 
fugacity coefficient which was originally used to calculate 
the Henry’s constant should be used again to obtain the 
initially measured solubility (mole fraction). Carroll et al. 
(1991) and Carroll and Mather (1992) used the original 
Redlich-Kwong equation of state for pure gases (Redlich 
and Kwong, 1949) to calculate fugacity coefficients of gas- 
eous H,O-CO2 mixtures. However, it is theoretically not 
possible to calculate a fugacity coefficients of pure sub- 
stances in the vapour-like phase, at pressures above the satu- 
ration pressure. Consequently, fugacity coefficients for the 
liquid phase are accidentally calculated instead, which differ 
seriously from those calculated for the vapour phase. As 
previously mentioned, a Redlich-Kwong-like equation of 
state is extremely inaccurate for liquid-like fluids. Neverthe- 
less, we have adopted the method of Carroll et al. ( 1991) 
to estimate the solubility of CO2 in aqueous solutions at 

clathrate stability conditions. The equation of state from 
Chueh and Prausnitz (1967) and combining rules as defined 
by Redlich and Kwong ( 1949) are used to calculate fugacity 
coefficients of small amounts of gaseous Hz0 in C02-rich 
vapour phases. At clathrate stability conditions, the accuracy 
of the calculated fugacity coefficient for CO1 is not signifi- 
cantly affected by the presence of any H20, because its 
amount in the CO,-rich vapour phase does not exceed 0.1 
mol% (Carroll et al., 1991). 

The effect of pressure on Henry’s constant can be ex- 
pressed according the equation given by Krichevsky and 
Kasamowsky ( 1935) : 

In (HM,water)7’P = In (HM,water)7.p=f + (10) 

where u; is the partial molar volume of gas i at infinite 
dilution, which was assumed to be independent of pressure. 
Carroll and Mather (1992) estimated a temperature depen- 
dence for u&, values and pointed out that this value is theo- 
retically always positive. We have estimated a linear best- 
fit between 298.15 and 373.15 K (Eqn. 11) through these 
scarce data (Fig. 9), which is proposed to represent V& 
values: 

u&(?3.4%) = 58.9 - 0.08T. (11) 

The uncertainty after extrapolation of this equation to 253.15 
K has increased to 8%. Carroll and Mather ( 1992) demon- 
strated that the Krichevsky-Kasarnowsky model can be ap- 
plied to the CO,-Hz0 fluid system below 373 K and up to 
100 MPa. 

Equations 9- 11 have been applied to calculate the activity 
of Hz0 in the liquid phase, according to Eqn. A7. In Fig. 
10, the calculated activity of Hz0 is shown as a function of 
temperature for several isobars. This activity is equal to the 
Hz0 mole fraction for the activity coefficient is assumed to 

260 300 340 380 

Temperature (K) 

FIG. 9. The partial volume of CO, at infinite dilution as a function 
of temperature. Data are from Carroll and Mather (1992) and Moore 
et al. (1982). The dashed line indicates the constant value that was 
used by Dubessy et al. (1992). 
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FIG. 10. Activity of HZ0 in the binary H@.ZO, liquid phase 
according to Eqn. A7. Dashed lines indicate several selected isobars 
at low pressures (1, 2, 3, 4, and 5 MPa), dotted lines indicate high 
pressure isobars (50, 100, 150, and 200 MPa). The quadruple points 
Q, and Qz are indicated with solid circles. Ccoz is the critical point 
of CO*. Lines A and B are the activity estimates according to a 
liquid-like CO, fugacity calculation and a vapour-like CO, fugacity 
calculation along the boiling curve of CO*. Solid lines indicate 
similar phase transitions as in Fig. 1. 

be 1 .O. Both a temperature decrease and a pressure increase 
are lowering the HZ0 activity in this system (Fig. 10). The 
clathrate stability conditions are projected to illustrate the 
activity along the stability curve. According to thermody- 
namic equilibrium considerations the activity of H20 should 
be equal along the saturation curve of CO, for both a liquid- 
like CO, (A in Fig. 10) and a vapour-like CO, (B in Fig. 
IO). However, Fig. 10 shows a split curve, which is the 
direct consequence of the inability of a modified Redlich- 
Kwong equation of state to predict liquid-vapour equilibria 
in this system. The activity calculations according to the 
model presented by Dubessy et al. ( 1992) are very similar 
to our model and may differ up to 2% at lower temperatures. 
The main causes for the differences are the neglect of small 
amounts of HZ0 in the vapour phase and the selected equa- 
tion of state to calculate fugacity coefficients. 

Henry’s law describes an equilibrium between the vapour 
phase and the liquid phase, and does not take into account 
any additional chemical equilibrium between solute and sol- 
vent. The weak acid H2C03 is formed in CO2 solutions, 
which may dissociate into HCO; ions to a small extent. At 
Qz conditions the solution reaches a pH of about 3.8, which 
is derived from equilibrium calculations according to Mon- 
nin and Schott ( 1984). The concentration of HCO, and H+ 
ions is about 3 orders of magnitude lower than that of CO*, 

and is, therefore, neglected in further modelling of clathrate 
stability conditions. 

2.5. Molecular Potential 

The Langmuir-constant (Eqn. A5) can be calculated with 
a simple empirical equation (e.g., Table A-II in Parrish and 
Prausnitz, 1972; Munck et al. 1988), which may correspond 
to a square-well molecular cell potential. Likewise, the Ki- 
hara-potential (Kihara, 1953) can be used to calculate the 
molecular cell potential w(r), which considers the size and 
shape of interacting molecules. This potential seems to give 
better predictions of clathrate dissociation pressures (McKay 
and Sinanoglu, 1963) than the Lennard-Jones 12-6 potential 
(Jones, 1924), as originally used by Waals and Platteeuw 
(1959). 

Unfortunately, various notations are available for the Ki- 
hara-potential, which is used to describe the interaction be- 
tween unlike molecules in the clathrate structure. Most equa- 
tions use different standards for the distance between mole- 
cules (Fig. 11) as well within one formula. The most 
universal version is the equation originally proposed by Ki- 
hara ( 1953) : 

~(p)=t,{~$)‘Z-2.~~)0}, (12) 

where p is the shortest distance between two impenetrable 
molecular cores of any size and shape, and at distance p0 
the minimum potential energy is designated t,,. The core of 
rodlike molecules was defined as the line segment between 
nuclei (e.g., N2 and CO,), while CH4 was represented by a 
tetrahedral core formed by the midpoints of C-H bonds. 
A simplified version of Eqn. 12 was used by McKay and 
Sinanoglu (1963) for spherical cores with radius a: 

where r is the distance between the centre of molecules, and 
p0 is the distance between the molecule cores at the minimum 
energy eO. Obviously, two different standards are used for 
distance in Eqn. 13 (Fig. 11). The notation method of Tee 
et al. ( 1966) gives all molecular parameters relative to the 
centre of molecules (Eqn. 14), and is, therefore, clearer and 
more direct than Eqn. 13: 

T(r) = 4~~~ { (=J - (SY}, (14) 

where gij is the collision diameter (by definition the distance 
between the centres of molecules when F(r) = 0), which is 
equal to 2 -1’6. pc + 2a,. Increasing the diversity of notation 
methods, Parrish and Prausnitz (1972) defined the collision 
diameter as 0 + 2~. The spherical form of the Kihara poten- 
tial (Tee et al., 1966) was solely used in later studies in 
clathrate modelling. Consequently, all types of molecules 
are assumed to be represented by a spherical core. Tee et 
al. ( 1966) give Kihara parameters for many individual gas 
species, which can be adsorbed in clathrates. A generalised 
corresponding state correlation was estimated by Tee et al. 
( 1966) to calculate Kihara parameters for any type of gas 
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species. Although, the original specific values for gases like 
C02, Nz, and CH4 are available (Tee et al., 1966), the 
generalised corresponding state correlation is used to calcu- 
late Kihara parameters in clathrate modelling (e.g., Parrish 
and Prausnitz, 1972; Holder et al., 1980)) which is obviously 
less accurate. Furthermore, the parameters of Kihara ( 1953) 
solely based on the second virial coefficient were preferred, 
although, Tee et al. ( 1966) indicate that additional viscosity 
data improve the physical relevance of the parameters. In 
this study, the core size parameter a for CO, (68.05 pm) 
from Tee et al. (1966) is chosen to perform the clathrate 
stability calculations. The core radius of a Hz0 molecule 
is assumed to be 0 (McKay and Sinanoglu, 1963). The 
core size parameter is typically uncertain to the extent of 
about 10%. According to the hard-sphere mixing rule, the 
core radius for an interacting Hz0 and CO2 molecule is 
34.025 pm. 

2.6. Molecular Potential in Clathrate Cavities 

Equation 14 is transformed to a spherically symmetrical 
cell potential w(r) (Eqn. 15), similar to the model of McKay 
and Sinanoglu (1963): 

(15a) 

6” = 1 
n 

( 
(15b) 

where Z and R are the coordination number, and the cell 
radius of a type of cavity, respectively, r is the distance 
from the centre of the cavity. The subscript ij indicate the 

Distance (p) 
PO 

FIG. 11. Schematic diagram of potential energy (r) as a function 
of intermolecular distance, to indicate the difference between several 
notation methods for the Kihara potential. 

interaction between an encaged gas molecule and a water 
molecule in the cavity wall. Several restrictions must be 
applied to Eqn. 15 because the integration limits in Eqn. A5 
give rise to mathematical difficulties. At r = 0, the quotient 
of S” and r should be replaced by the limit of the equation: 

2R” 
(R - 2uJ+ . (16) 

The infinite upper limit of integration (Eqn. A5) should be 
replaced by a value close to the cell radius, because it was 
assumed that the encaged gas molecule has no interaction 
with molecules outside its cages. 

In classical clathrate modelling, the cell dimension of 
clathrate cavities is independent of temperature and pressure, 
and remains constant. As pointed out by Lundgaard and 
Mollerup ( 1992), a small variation of 0.25% in cavity diam- 
eter is seriously influencing stability conditions for structure 
I and II clathrates. Therefore, the compressibility of clath- 
rates has been taken into account in this study to describe 
the variation of R as function of total pressure: 

R = R”*$exp[-K*(P - P,,)] , (17) 

where R. is the cell radius at standard pressure PO (0.1 MPa), 
and K is the isothermal compressibility of clathrate, similar 
to Eqn. 3. 

2.7. Determination of Kihara Parameters in Clathrates 

Waals and Platteeuw (1959) estimated theoretically a 
value of pHIO (0.28 nm), which was obtained from the van 
der Waals radius of covalently bound oxygen atoms (Pau- 
ling, 1945). The minimum energy E,, for H20 (~,,/k = 167 
K) was derived from numerical iterative procedure, which 
minimises the difference between calculated and experimen- 
tal values of the dissociation of argon clathrate (Waals and 
Platteeuw, 1959). The Lennard-Jones parameters for pure 
gases were obtained from Whalley and Schneider (1955) 
and Hirschfelder et al. ( 1954). Subsequently, the interaction 
parameters between an encaged gas molecule and a Hz0 
molecule in the clathrate lattice were then obtained from 
classical combining rules, the arithmetic mean (hard-sphere) 
and geometric mean approximations. For a Kihara potential, 
the core parameters for pure gases were obtained from the 
second virial coefficients reported in Tee et al. (1966), and 
the same combining rules were applied to obtain Kihara 
parameters for gas-water interactions. This method was suc- 
cessfully applied to small gases (CH?, Ar, Kr) in electrolyte- 
free solutions (e.g., Holder et al., 1980), which are most 
likely to adhere to the assumptions of the statistical model 
of Waals and Platteeuw ( 1959). 

Alternatively, the Kihara parameters between Hz0 and gas 
molecules in the clathrate structure can be directly obtained 
from computations using the least squares criterion on mini- 
mising the deviation between experimental and calculated 
dissociation pressure of clathrates (e.g., Saito et al., 1964; 
Parrish and Prausnitz, 1972; Dubessy et al., 1992). This 
method avoids uncertainties in classical combining rules. 
Only the core size parameter of gas-water interaction was 
calculated with the hard-sphere combining rule. It is obvious 
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Table 1, Published values of the Kihara-parametus u and E/k obtained 
from HL@c and HS&c equilibria in the a-H20 fluid system. n is 
the amount of experimental data which was used in these studies. 

u (pm) d(K) ’ 

Parrish & Prausnitz (1972) 368.81 169.09 24 

Anderson & Prausnitz (1986) 367.61 169.44 SC?) 

Ng & Robinson ( 1977) 367.58 169.52 (2 

Sloan (1990) 366.23 168.77 70 

Lundgaard & Mollerup (1991) 335.43 162.37 15(?) 

Avlonitis (1994) 365.7 172.0 3 (2 

(?) no clear indication of the used expezimentai data 

from the clathrate equilibrium equation (Eqns. A2-A4) that 
a unique set of Kihara parameters E and cr cannot be obtained 
from a single experimental data point; therefore, at least two 
points are necessary to estimate a solution. The best solution 
should be obtained from the use of a large amount of experi- 
mental data. It is important to use as many independently 
obtained experimental data as possible, because a solution 
based on a single set of data may differ considerably from 
other sets. Most studies have included only a small part 
of the available data (Table 1 ), and, all the more, some 
publications appear to have used maximally three data points 
(e.g., Avlonitis, 1994). A thorough error analysis of the 
accuracy of these Kihara parameters was never revealed, 
and, therefore, no conclusive interpretation could have been 
given. Unfortunately, these Kihara parameters for binary 
H20-CO1 interactions cannot be related those of pure Hz0 
and CO* according to the simple classical combining rules, 
which were used by Waals and Platteeuw (1959). John et 
al. (1985) noticed this discrepancy, and they increase the 
complexity of the clathrate model by incorporating more 
molecular interactions and by accounting for the asymmetry 
in such interactions. 

In this study, we have adopted the method of Saito et al. 
( 1964) to use a least squares fit with all available data on 
CO, clathrates. The molecular characteristics for the cage 
forming HZ0 lattice are assumed to be similar to those given 
by McKay and Sinanoglu ( 1963) including our modifica- 
tions described in the previous paragraph (Eqns. 15 - 17 ) . 

2.8. Optimum Kihara Parameters in the H,O-CO, 
System 

Unsmoothed data on HL, Cc clathrate phase equilibria for 
the fluid system H*O-CO* from Deaton and Frost (1946), 
Uhruh and Katz ( 1949), Larson ( 1955), Robinson and 
Mehta ( 1971), Dholabhai et al. ( 1993), and Englezos and 
Hall ( 1994) are used to determine optimal Kihara parameters 
E and g between an encaged gas molecule and a cage forming 
water molecule. The experimental data of Bozzo et al. 

( 1975 ) seemed to be only represented by a best-fit equation, 
which is, therefore, not used in our calculations. 

An average error of 1.42% in calculated clathrate dissocia- 
tion pressures for eighty-two experimental data points is 
obtained from g = 365.9 pm and e/k = 174.44 K (Fig. 
12a). The range of g and elk values is 363.7-367.5 pm and 
174.1-174.9 K, respectively, if an average error of 2% is 
accepted (Fig. 12a). The previous mentioned 10% variation 
in core radius a and the 33 J/mol error in A$ mainly affect 
the best solution for elk values (Fig. 12b). The 5% error in 
Henry’s constant has only a minor effect on the estimation 

363 364 365 366 367 368 

0 (Pm) 

Anderson & Prausnitz (1986) 
170- Ng & Robinson (1977)--p. cl 

- Sloan (199o)+m 
168, ) , , , , , , , , , , Parrish & Prausnitz (1972) r 

363 364 365 366 367 368 369 

(3 (pm> 
FIG. 12. (a) Contours of equal average deviation of experimental 

data (n = 82) from our modified model (1.42, 1.55, 1.81, and 
2.05%) in a elk-o diagram. The best solutions for 0 and c/k are 
365.9 pm and 174.44 K, respectively. (b) The shaded area indicate 
the range of best solution for o and t/k with an average deviation 
of less than 1.42%. as a function of error indications in Kihara core 
parameter (a), chemical potential difference ( p) and Henry’s constant 
(H). The open square represents our best values for 0 and c/k from 
(a). The optimum Kihara parameters from Parrish and Prausnitz 
( 1972), Ng and Robinson ( 1977), Anderson and Prausnitz ( 1986). 
Sloan ( 1990), and Avlonitis (1994) are shown for comparison. 
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FIG. 13. Relative deviation of individual experimental data points of HL, Gc stability conditions from our model. 

Additionally, several purely empirical equations are compared to our calculated clathrate stability field. The deviation 
is defined as 100% X (P,,, - Pmadel)/Pmodei, 

of optimum values for c and elk (Fig. 12b). Likewise, a 
hypothetical error of 5% in fugacity coefficient calculations 
result in a minor shift of the best solution (g = 365.6 pm 
and elk = 173.9 K). Simultaneous evaluation of these error 
indications resulted in a range of best values for elk between 
171.3 and 177.8 K. The variation for 0 is much smaller, i.e., 
365.08-366.52 pm. The reported values from other studies 
(Parrish and Prausnitz, 1972; Ng and Robinson, 1977; An- 
derson and Prausnitz, 1986; Sloan, 1990; Avlonitis, 1994) 
are very similar and close to our optimum Kihara parameters 
(Fig. 12b), but only the values from Avlonitis (1994) fall 
within our range of best solutions. Lundgaard and Mollerup 
(1991) obtained optimum Kihara parameters from experi- 
mental data on HSwGc equilibrium, which differ signifi- 
cantly from our solution. 

Most individual experimental data points are accurate within 
2% to the clathrate model (Fig. 13), which demonstrates the 
quality and relevance of the proposed modifications. Appar- 
ently, the systematic error, as observed by Dubessy et al. ( 1992) 
resulted from a wrong choice of parameters, obtained from less 
accurate thermodynamic constants and fugacity estimations. 
Although, error indications for individual measurements are 
not available for the data from Umuh and Katz ( 1949), Larson 
( 1955 ) , and Robinson and Mehta ( 197 1) , it is assumed that 
the error in measured clathrate dissociation pressures is defined 
by the accuracy of the used apparatus, which must be similar 
to the value given by Deaton and Frost (1946) of 2 psi 
(=0.0138 MPa). This error in the measurements result in a 
1.5% error bar at temperatures near Q, conditions, and a 0.5% 
error bar near Q2 conditions in Fig. 13. The empirical equation 
given by Bozzo et al. (1975), which is projected in Fig. 13, 
agrees very well with our model. Two recently defined purely 
empirical equations (Yerokhin, 1993; Dholabhai et al., 1993) 
are both very inaccurate at temperatures near Q2 conditions. 
The empirical equation from Adisasmato et al. (1991), which 

can also be applied to C02-CH4 mixtures, remains within 2% 
accuracy to our model. Some characteristics of clathrate stabil- 
ity according to our model are presented in Table 2. The qua- 
druple points Q, and Q2 conditions are estimated at 271.65 
K and 1.036 MPa and 282.98 K and 4.49 MPa (Table 2), 
respectively, which are obtained from the intersection of the 
modelled clathrate stability conditions for the HL, Gc , H&G,, 
and H&G, equilibrium curve. Table 2 can be used to obtain 
instantaneously P-T properties of this system corresponding 
to measured clathrate melting temperatures at heating-freezing 
stages, without recourse to the complex calculation method of 
the clathrate stability model presented in this study. 

At higher pressures for HLwLc clathrate stability equilib- 

Table 2. Tempcmture-pnssurc relation of HLwGc and HLwk equilibria 

T(K) P(MPa) T(K) P(Mpa) 

Ql 271.65 1.036 Q 282.98 4.49 

HLwGc 272 1.08 HLWLc 283.5 9.09 
273 1.21 204.0 13.98 
E E4 

1:72 

284.5 285.0 24.96 19.28 

276 285.5 31.02 
277 1.94 286.0 37.47 
278 2.19 286.5 44.31 
279 2.49 287.0 51.56 

fXY Ed 287.5 288.0 59.26 67.43 
202 3.78 288.5 76.43 

289.0 85.41 
289.5 95.34 
290.0 106.04 
290.5 117.62 
291.0 130.26 
291.5 144.23 
292.0 159.90 
292.5 177.91 
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FIG. 14. Clatbrate stability conditions for the HL,.,& equilibrium. 

The solid line is based on optimum Kihara parameters obtained from 
experimental data from Takenouchi and Kennedy (1965) and Ng 
and Robinson ( 1985). The dashed line indicates model predictions 
from the low pressure set of Kihara parameters. 

rium calculations, the model of Ng and Robinson ( 1977) 
predicts a straight, nearly pressure independent vertical line 
in a P-T diagram. This model is based on the properties of 
clathrates at Q2 conditions, which were assumed to remain 
fixed at higher pressures. The experimental data of Takenou- 
chi and Kennedy (1965) were not included, and, conse- 
quently, this model seemed to be unable to reproduce or 
even approach the stability conditions of CO, clathrate in 
the temperature-pressure range for which it was designed. 
The use of the previous estimated set of optimum Kihara 
parameters results in an overestimation of clathrate stability 
pressures (dashed line in Fig. 14). Therefore, the experimen- 
tal data of Ng and Robinson (1977) and Takenouchi and 
Kennedy ( 1965) are used to obtain a separate set of optimum 
Kihara parameters on minimising the deviation between ex- 
perimental and calculated dissociation temperature of clath- 
rates at selected pressures. The best solution is obtain from 
the Kihara parameters 0 = 363.92 pm and c/k = 174.46 K. 
Table 2 list a set of stability conditions for HLwLc equilib- 
rium according to our model. 

2.9. Discussion 

Theoretically, both sets of optimum Kihara parameters, 
which are based on different experimental datasets should be 
equal, because they are independent variables in the clathrate 
stability model. The elk values are similar and they are 
within the range of the error indication. However, the D 
value for high pressure data is considerably smaller than the 
value for low pressures. These results may indicate that the 
distance cr in clathrates may be pressure dependent. 

The selected parameters for molecular potentials in clath- 
rate modelling have important consequences for the filling 
of cavities. It is evident from Eqn. A4 that large cavities are 

more likely to be completely occupied than small cavities. 
Neglecting any inter-molecular forces, small cavities in 
structure-I clathrates may contain molecules with diameter 
less than 530 pm (Stackelberg and Miiller, 1954; Davidson, 
1973), like CO? (Fig. 15). The cell potential W(P) indicate 
that CO, molecules will experience only repulsive forces at 
a distance greater than 260 and + 110 pm from the centre 
of small cavities, according to Kihara and Lennard-Jones 
potentials, respectively. Therefore, CO1 molecules will have 
no difficulty entering small cavities according to the Len- 
mud-Jones potential (Fig. 15a), which allows molecules to 
interpenetrate to separations smaller than the collision diam- 
eter 0. For the Kihara potential (Fig. 15b and c), a CO? 
molecule with a rod-like (McKay and Sinanoglu, 1963) and 
a spherical core (Parrish and Prausnitz, 1972) are both un- 
able to enter or form a small clathrate cavity, because both 
impenetrable cores will experience only repulsive forces 
with the cavity wall. In other words, the stick and the ball 
in the molecules are too large. According to our model, the 
W(I) is 0 at a distance of 55 pm from the centre of a small 
cavity, which is, again, smaller than the radius of the impene- 
trable core of a CO, molecule (68.05 pm). Therefore, it must 
be concluded that small cavities in a CO*-clathrate structure 
are either empty or deformed. John et al. (1985) replaced 
the smoothed-cell approach (Waals and Platteeuw, 1959) 
with an angular dependence cell potential in regular cavities, 
and Rodger ( 1990) considered an anisotropic molecular po- 
tential within a spherical cavity. However, according to our 
theoretical considerations (Fig. 15) the cell potential will be 
represented by a different equation, which is not spherically 
symmetrical, and which depends on the irregular shape of 
the cavity. These considerations have far-reaching conse- 
quences to the estimation of optimum Kihara parameters, 

The diversity in CO2 clathrate structures is reinforced by 
laser Raman spectroscopy (Seitz et al., 1987), from which 
only one CO, peak for a mixed CO,-CH, clathrate could be 
detected, suggesting the presence of COz in only one type of 
cavity in structure-I clathrates. FT-IR spectroscopy (Fleyfel 
and Devlin, 1991) indicated the existence of an epitaxial 
grown structure-II CO, clathrate. 

In addition, an important concept of the Langmuir adsorp- 
tion theory (Langmuir, 1918), which is easily forgotten in 
clathrate modelling, is that it is describing the adsorption of 
a gas at a certain solid surface at very low pressures, which 
is substantially different from the actual processes involved 
in clathrate formation. Nonetheless, the proposed modifica- 
tions of the classical clathrate model are able to give very 
accurate predictions on clathrate stability conditions. 

3. MODEL MODIFICATIONS FOR 
ELECTROLYTE-BEARING SYSTEMS 

Until recently, the effect of inhibitors on clathrate forma- 
tion was only represented by inaccurate purely empirical 
relations (e.g., Hammerschmidt, 1939) and undefined curves 
(e.g., Ng and Robinson, 1985). Hammerschimdt (1939) es- 
tablished one single general equation for any type of inhibi- 
tor, which was modified by Makogon ( 198 1) for NaCl solu- 
tion. The empirical equations defined by Yerokhin ( 1993) 
appear to be inconsistent with those he defined for salt-free 
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FIG. 15. The dimension of a small cavity in structure-I CO: clathrate according to the spherically symmetrical cell 
potential, compared to the dimension of a CO, molecule (Pauling, 1945). The dashed lines indicate the position of 
w(r) = 0 within the cavities. The model of (a) Waals and Platteeuw (1959), (b) McKay and Sinanoglu ( 1963), 
and (c) Parrish and Prausnitz (1972) are compared. See text for further details. 

fluid systems. Dholabhai et al. (1993) introduced several 
purely empirical equations for electrolyte solutions with se- 
lected mixtures of NaCl, KCl, and CaCl,. The disadvantage 
of this approach is that the equations can not be used for 
compositions and salinities that are different from those ex- 
amined. 

Salts are assumed to be entirely excluded from the clath- 
rate phase, and to have neglectable concentrations in the 
vapour phase (e.g., Menten et al., 1981 j. The primary effect 
of the inhibitor is on the liquid structure of the aqueous 
solution (e.g., Sloan, 1990). The temperature depression of 
clathrate stability is comparable to the freezing point depres- 
sion in binary H1O-salt systems. Therefore, the activity esti- 
mation of Hz0 along the freezing point depression curve 
was used to obtain clathrate stability conditions at various 
salinities. For example, Menten et al. ( 198 1) used the tabu- 
lated values of concentrative properties of aqueous solutions 
(Table D227-D276 in Weast, 1968) to calculate the reduced 
activity of Hz0 in electrolyte bearing solutions. Barton and 
Chou (1993) used the Van’t Hoff equation for dilute solu- 
tions, in which the heat capacity difference between ice and 
liquid Hz0 was assumed to be constant. Englezos and Bish- 
noi (1988) and Dubessy et al. (1992) introduced the model 
of Pitzer (1973, 1992) to calculate the activity of Hz0 in 
aqueous solutions from the osmotic coefficient at various 
temperatures and pressures. This method has been chosen 
in combination with Henry’s law for gas solubilities in this 
study, because displacement of the clathrate stability field 
in ternary H20-C02-salt systems occurs at P-T conditions 
that are different from freezing point depression in binary 
systems. 

3.1. Osmotic Coefficient 

Dissolved electrolytes affect the activity of Hz0 in aque- 
ous solutions, as characterised by the model of Debye and 

Hi.ickel ( 1923). This model was modified by Helgeson and 
Kirkham ( 1974) and Pitzer (1973, 1992) based on statistical 
treatment. The activity of Hz0 is determined by the product 
of the osmotic coefficient (QJ) and the amount of dissolved 
ions: 

aH,O = exp 

Q,= 1 + lzczAIf~+mcA 

wheref@ is the Debye-Htickel term, MWu,, is the molecular 
weight of H20, and m is the salt concentration in molality. 
The subscripts C, A, and CA refer to cation, anion, and the 
electrolyte itself, respectively. The electrolyte has vc positive 
ions of charge zc and 1/A negative ions of charge Z,. The 
binary and ternary ion interaction parameters B* and C,, 
respectively, are obtained from complicated empirical best- 
fit curves. The constant A@ (Eqn. 19) within the Debye- 
Hi.ickel term (A) in Eqn. 18b indicates the limiting value 
for the osmotic coefficient at very low ionic strength: 

‘J 
=- 

3 PH,o(T> P)~~NA 

where the constants e, e0 , * NA, and k are the elementary 
charge, vacuum permittivity, Avogadro’s constant, and Bolt- 
zmann’s constant, respectively. The variables p&o and 
E gzo are the density of pure Hz0 (in kg/m3) and the dielectric 
constant of pure H20, respectively. The dielectric constant 
defined by Bradley and Pitzer ( 1983) and the density defined 
by Kell (1967) (Eqn. 4) are chosen to calculate Am in this 
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FIG. 16. Debye-Htickel limiting constant Am, according to the 
model of Bradley and Pitzer (1983) and Dubessy et al. (1992). 

study. Below 273.15 K, both dielectric constant and density 
estimations result from extrapolations. Using the selected 
constant value for e&o and p$o by Dubessy et al. (1992) 
results in an erroneous estimation of the Debye-Hiickel lim- 
iting constant Aa (Fig. 16). 

Pitzer ( 1992) gives a theoretical treatment of the calcula- 
tion method of the osmotic coefficient in liquid solutions 
with mixed electrolytes. This method can be used to estimate 
the activity of HZ0 in, for example, mixed NaCl-KCl-CaCl, 
solutions. 

3.2 Freezing Point Depression and Osmotic 
Coefficients 

The accuracy of the osmotic coefficient was tested using 
freezing point depression data in binary H1O-salt systems 
according to the method of Thurmond and Brass ( 1988). In 
the binary H20-NaCl system (Fig. 17a), the equation for 

250 290 ,o 
Temperature (K) 

I! 
‘273 I I I I I ’ 

260 280 300 320 
Temperature (K) 

FIG. 18. Comparison of the osmotic coefficient for a 10 wt% NaCl 
solution between the model from Pitzer (1984)) Thurmond and 
Brass ( 1988) and Dubessy et al. (1992) at 0.1 MPa. 

the osmotic coefficient by Pitzer et al. (1984) is originally 
fitted to temperatures above 273.15 K, although, it seems to 
be more accurate in predicting freezing point depression 
(e.g., Bodnar, 1993) than the calculations of Thurmond and 
Brass (1988), who originally estimated the osmotic coeffi- 
cient for temperatures between 233.15 and 273.15 K. A com- 
parison between several models for the osmotic coefficient 
(Fig. 18) indicate that the erroneous calculated osmotic co- 
efficient by Dubessy et al. (1992) deviate up to 7% from 
the model of Pitzer et al. ( 1984) in 10 wt% NaCl solutions 
at 0.1 MPa total pressure. 

The osmotic coefficient of KC1 was determined by Holmes 
and Mesmer (1983) as a function of temperature (from 
273.15 to 523.15 K) and molality (up to about 6 M). This 
equation is able to predict the freezing point depression in 
the binary H,O-KC1 system at high salinities (Fig. 17b), 
which may be represented by Eqn. 20. However, the calcu- 

o.96 l(b) 
L I. * I.. t I.. 

19.55 Wf%’ . 

260 280 300 
Temperature (K) 

250 270 290 310 330 
Temperature (K) 

FIG. 17. Comparison between calculated osmotic coefficients at the freezing point depression (triangles) and 
extrapolated values (a) from Pitzer et al. ( 1984) for NaCl, (b) from Holmes and Mesmer (1983) for KC1 and (c) 
from Moller ( 1988) for CaCI,. The dash-dot lines in (c) indicate the extrapolation of the equation according to Moller 
(1988) to temperatures below 298 K. 
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lated osmotic coefficient according to the method of Thur- 
mond and Brass (1988) is increasingly different at lower 
salinities: 

T = 273.15 - 3.2936. mKC, + 0.047578. &,,. (20) 

The osmotic coefficient for CaClz solutions is estimated 
by Mtiller ( 1988) at temperatures above 298.15 K. Calcula- 
tions of the osmotic coefficient (Fig. 17~) can not be extrapo- 
lated to temperatures below 263.15 K due to mathematical 
restrictions. Furthermore, this equation is unable to predict 
the freezing point depression in the binary H20-CaCl* sys- 
tem (Weast, 1968), which may be represented by Eqn. 21: 

T = 273.15 - 4.4362*mc.c,, - 1.5929. m&. (21) 

Therefore, for temperatures below 298.15 K both Ba and C, 
are defined as constant values calculated at 298.15 K ac- 
cording to the model of M@ller ( 1988)) which are then cor- 
rected (Eqn. 22) to be able to interpolate between the effect 
of freezing point depression and the limit of the osmotic 
coefficient equation: 

T < 298.15 K 

&,, = z (T - 298.15). (22) 

This correction term is designed to approach zero towards 
298.15 K and neglectable salinities. The correction term does 
not effect the Debye-Htickel limiting law, and does not, 
therefore, reduce the physical significance of the liquid solu- 
tion model. 

3.3. Activity of Hz0 in Liquid Solutions 

The activity of H20 in aqueous solutions is determined by 
the amount of dissolved electrolytes and gases, as previously 
described in Eqns. A7 and 18. These equations do not take 
into account the effects of both simultaneously occurring 
processes. A sound model is not available which include 
all molecular interactions in aqueous solutions at conditions 
relevant to clathrate stability, i.e., H*O-H20, C02-CO*, salt- 
salt, C02-H20, H1O-salt, and CO*-salt interactions. The ac- 
tivity coefficient for HZ0 ( -yHlo in Eqn. 23) in binary H20- 
salt systems is obtained from the quotient of uH,o and x”,~ 
from Eqn. 18a: 

(YH*O)bulary = 2 
“2 

According to Henry’s law in electrolyte-free systems, yHZO 
is not affected by the presence of any dissolved gas. The 
effect of dissolved gases in electrolyte-bearing solutions 
(i.e., COz-salt interactions) is even smaller, because gas sol- 
ubility’s are reduced according to the salting-out effect 
(Setschenow, 1889). Cramer ( 1982) demonstrated a vari- 
able salting-out coefficient (Eqn. 24) for CO* in NaCl solu- 
tions between 273.15 and 573.15 K, which was computed 
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FIG. 19. Salting-out coefficient k, as a function of temperature, 
according to Cramer (1982) and Dubessy et al. (1992). 

by least squares fit to smoothed values of Henry’s constants. 
A third order polynomial function in temperature (Eqn. 24b) 
is fit through his data between 273.15 and 373.15 K (Fig. 
19) to be able to calculate ks values at conditions relevant 
to clathrate formation: 

ln HcM-ionic salutmnj 
( H,, -pure Waters 1 

= ksm, Wa) 

ks = 0.5456 - 0.00247. T + 3.334. 10-6.T2 (24b) 

where ks is the salting-out coefficient. Below 273.15 K, the 
extrapolation of Eqn. 24 is approximately linear, which may 
adequately calculate values for ks. This equation, is not ef- 
fective above 373.15 K. As a first approximation this ks is 
assumed to be similar for different types of electrolytes. 

The mass balance of the solution is transformed to Eqn. 
25, which considers the presence of both electrolytes and 
dissolved gases: 

xco, 

( ) 

MW” 0 
=1+ ~ 

1 - xco, 
+ (mc + mA) 2 1ooo (25a) 

( ~HpOhmmy = ( YH?O )bmary *  h20 hemary 3 (25b) 

where xco, is the reduced gas solubility, and binary refers 
to NaCl-HZ0 interactions. The diversity in methods of activ- 
ity calculation is illustrated by several studies. The activity 
of HZ0 is obtained from the product of Eqns. A7 and 18 
according to the method of Dubessy et al. (1992). Their 
model may calculate activities which differ up to 1% from 
Eqn. 25 at higher pressures, temperatures, and salinities. 
The method of Barton and Chou (1993) assumes that the 
contributions of dissolved NaCl and COP in lowering the 
activity of HZ0 are additive, i.e., the sum of Eqns. A7 and 
18, which is only valid if yHIO in Eqn. 23 is equal to 1. 
Englezos ( 1992) calculated the fugacity coefficient of H,O 
from salt-free liquid-vapour equilibrium using an equation 
of state. Subsequently, this coefficient is corrected according 
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to the Debye-Htickel term (Eqns. 18 and 19). This model 
excludes the effect of salts on the equation of state for HZO- 
rich fluids. 

4. PREDICTABILITY IN NaCI-KCI-CaCl,-BEARING 
FLUID SYSTEM 

4.1. HLwGc Equilibria 

As salts do not enter the clathrate structure, application of 
osmotic coefficient to activity calculations and our modified 
clathrate stability model for HL, Gc equilibrium should pre- 
dict clathrate dissociation pressure in electrolyte-bearing sys- 
tems within the accuracy of the electrolyte-free system 
(=2% in Fig. 13). 

There are only a few studies reported on clathrate stability 
conditions between Q, and Qz conditions in salt solutions. 

Most data in these systems are represented in M.S. thesis 
and Ph.D. dissertations (e.g., Larson, 1955; Chen, 1972a) 
and are, therefore, not readily available. Part of these data 
were reproduced by Sloan ( 1990), Darling ( 1991), and En- 
glezos ( 1992). Although, many experimental data seem to 
exist, Bozzo et al. (1975) preferred to smooth their results 
with the controversial model of Miller and Strong (1945). 
Barton and Chou ( 1993 ) indicated that several assumptions 
for this model seemed to be incorrect and may result in 
significant errors in calculated clathrate stability conditions. 

The experimental data for HLw Gc equilibria in the H,O- 
CO2 system containing NaCl, KCl, CaCl,, and mixed salts 
from Larson (1955), Vlahakis et al. (1972), Dholabhai et 
al. (1993), and Englezos and Hall (1994) are compared to 
the predictions of our modified model for clathrate stability 
conditions (Fig. 20). Apparently, these datasets are not con- 
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FIG. 20. Deviation of experimental data for HL, Gc equilibria from our model calculations in NaCl-bearing system 
(a) and KCl-CaCl,-bearing system (b). The deviation is defined as 100% X (PcXP - Pmudel)lPmodel. The solid lines 
indicate Q2 depression for NaCl (Chen, 1972b) and KC1 (Diamond, 1992). 
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Table 3. Model comparison between Eaglezos and Hall (1994) and 
this study. II is the amouat of experimental data. salt c NaQ 

NaCl 

ha2 

WI% 

0 

10 

15.2 

10.57 

- 

II 
- 

6 

8 

5 

7 
- 

ivaagcdcviation(%)experimental&ta 

Emgkzos&Hd thisstudy 

2.4 1.2 

6.2 4.8 

12.2 9.2 

8 5.7 

sistent and show a wide scatter compared to modelled disso- 
ciation pressures. Our clathrate model is able to reproduce 
the experimental data of Vlahakis et al. (1972) within 3% 
accuracy (Fig. 20a). The data from Larson ( 195.5) and En- 
glezos and Hall ( 1994) are consistently lower than predicted 
values, and deviate increasingly for higher salinities (maxi- 
mally -20%). In contradiction, the data from Dholabhai et 
al. ( 1993) is always higher than model prediction, with a 
similar trend of increasing deviations towards higher salini- 
ties (maximally +20%). Both individual datasets are indi- 
cating a systematic error as a function of salinity, however, 

in the opposite sense. Independently from the accuracy of our 
clathrate stability model, the rather large differences between 
these data indicate a major difficulty in the analysis of clath- 
rate stability conditions in salt-bearing systems. The clathrate 
stability model used by Englezos and Hall ( 1994) appears 
to be less accurate than our theoretical considerations (Fig. 
20 and Table 3). Shmulovich and Plyasunova (1993) used 
activity calculations for the freezing point depression in the 
binary H20-CaCIZ system to obtain theoretical clathrate sta- 
bility conditions in the ternary H20-CO*-CaCl* system. 
Experimental data was not used to verify to predictability 
of their model, and, consequently, their model may differ 
up to 0.8 MPa from the model presented in this study. 

In general, the fit between the experimental data and our 
calculated clathrate melting pressures in HL, Gc equilibria 
is good. Our model represents an acceptable compromise 
between the available experimental data. These results rein- 
force the justifications of the modifications that we have used 
for clathrate stability calculations. Tables 4-6 reveal a series 
of calculated clathrate stability pressures at selected tempera- 
ture and salinities for HLwGc equilibria in NaCI, KCl, and 
CaCl, bearing fluid systems. Similar to Table 2, Tables 4- 
6 can be used to obtain instantaneously P-T properties of 
these systems corresponding to measured clathrate melting 
temperatures at heating-freezing stages. In addition, clathrate 

Table 4. Temperature-pressure conditions for HLwGc, HLwLc, Ql, and Q2 equilibria at selected NaCl 
salinities (in wt% and molality). The italic numbers for Qz temperatures are obtained from Chen (1972b). 

5wl% lOwt% lSw1% 2Owt% 24.2 wt% 
(OSQI In) (1.901 m) (3.020 m) (4.278 m) (5.463 m) 

T(K) PWa) T(K) P WW 

266.71 0.932 265.3 0.823 

T(K) P W’s) 

261.07 0.702 

262 0.782 
269 0.963 266 0.892 263 0.878 
270 1.080 267 l.COO 264 0.987 
271 1.211 268 1.122 265 1.109 
272 1.360 269 1.261 266 1.249 
273 1.530 270 1.419 267 1.407 
274 1.724 271 1.598 268 1.588 
275 1.947 272 1.805 269 1.797 
276 2.204 273 2.043 270 2.038 
277 2.505 274 2.320 271 2.319 
278 2.861 275 2.645 272 2.652 
279 3.289 276 3.034 273 3.051 
280 3.818 277 3.509 274 3.544 

280.63 4.227 277.72 3.926 274.04 3.566 269.19 3.133 263.63 2.685 
(280.58) (277.52) (273.69) (268.66) (263.23) 

281.0 8.06 278.0 6.683 274.5 7.697 
281.5 12.98 278.5 11.702 275.0 13.158 
282.0 18.31 279.0 17.152 275.5 19.071 
282.5 24.029 279.5 23.012 276.0 25.425 
283.0 30.133 280.0 29.277 276.5 32.227 
283.5 36.628 280.5 35.956 277.0 39.493 
284.0 43.526 281.0 43.064 277.5 47.251 
284.5 50.85 281.5 50.628 278.0 55.538 
285.0 58.63 282.0 58.684 278.5 64.408 
285.5 66.903 282.5 67.276 279.0 73.929 
286.0 75.721 283.0 76.464 279.5 84.19 
286.5 85.148 283.5 86.328 280.0 95.313 
287.0 95.267 284.0 %.969 280.5 107.465 
287.5 106.187 284.5 108.525 281.0 120.882 
288.0 118.056 285.0 121.188 281.5 135.919 
288.5 131.08 285.5 135.236 282.0 153.153 
289.0 145.559 286.0 151.096 282.5 173.634 
289.5 161.962 286.5 169.492 283.0 199.715 
290.0 181.094 287.0 191.836 

T(K) P(MPa) 

255.43 0.565 

T(K) PWW 

248.45 0.426 

249 0.454 
256 0.604 250 0.508 
257 0.678 251 0.569 
258 0.762 252 0.638 
259 0.857 253 0.716 
260 0.965 254 0.804 
261 1.086 255 0.904 
262 1.225 256 1.017 
263 1.383 257 1.146 
264 1.564 258 1.293 
265 1.773 259 I.461 
266 2.015 260 1.655 
267 2.299 261 1.880 
268 2.636 262 2,144 
269 3.045 263 2.456 

269.5 4.904 
270.0 10.551 
270.5 16.694 
271.0 23.321 
271.5 30.437 
272.0 38.062 
272.5 46.229 
273.0 54.983 
273.5 64.37 
274.0 74.498 
274.5 85.464 
275.0 97.414 
275.5 110.553 
276.0 125.178 
276.5 141.75 
277.0 161.048 
277.5 184.596 

264.0 3.648 
264.5 9.414 
265.0 15.663 
265.5 22.388 
266.0 29.594 
266.5 37.302 
267.0 45.54 
267.5 54.348 
268.0 63.778 
268.5 73.896 
269.0 84.789 
269.5 96.567 
270.0 109.377 
270.5 123.416 
271.0 138.958 
271.5 156.405 
272.0 176.376 
272.5 199.921 
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Table 5. Temperature-pressure conditions for HLwGc, HLwLc, Qt. Q2 equilibria at 
selected KC1 salinities (in wt% and molality). The italic numbers for Q temperatures are 
obtained from Diamond (1992). 

1675 

CCL 5wt% lOWt% 15 WI% 19.55 wt% 
(0.706 m) (1.49 m) (2.337 m) (336m) 

T(K) PWW T(K) P(MPa) T(K) P WW T(K) P WW 

Ql 269.42 0.956 266.97 0.876 264.24 0.792 261.38 0.711 

267 0.877 262 0.764 
aec 270 1.022 268 0.982 265 0.863 

271 1.145 269 1.102 266 0.968 
;z cp; 

272 I.285 270 1.236 267 1.086 
273 1.444 271 1.389 268 1.22 

;g p$ 

274 1.625 272 1.564 269 1.372 267 1.371 
275 1.833 273 1.763 270 1.545 268 1.546 
276 2.072 274 1.993 271 1.744 269 I.746 
277 2.35 275 2.259 272 1.972 270 1.978 
278 2.676 276 2.571 273 2.238 271 2.247 
279 3.064 2n 2.941 274 2.549 272 2.563 
280 3.536 278 3.388 275 2.918 273 2.941 
281 4.131 279 3.948 276 3.367 274 3.402 

Q2 281.73 4.293 279.19 4.072 276.86 3.842 27437 3.601 
(281.10) (278.84) (276.30) 

&WLc 282.0 12.038 279.5 7.136 277.0 5.156 274.5 4.466 
282.5 17.245 280.0 12.016 277.5 9.976 275.0 9.366 
283.0 22.838 280.5 17.306 278.0 15.219 275.5 14.693 
283.5 28.812 281.0 22.984 278.5 20.859 276.0 20.422 
284.0 35.168 281.5 29.046 279.0 26.889 
284.5 41.919 282.0 35.498 279.5 33.316 

f;;.; g.g2 

285.0 49.083 282.5 42.353 280.0 40.153 277:5 40:053 
285.5 56.681 283.0 49.634 280.5 47.424 278.0 47.468 
286.0 60.765 283.5 57.371 281.0 55.159 278.5 55.372 
286.5 73.365 284.0 65.603 281.5 63.399 279.0 63.81 
287.0 82.542 284.5 74.381 282.0 72.199 279.5 72.845 
287.5 92.373 285.0 83.77 282.5 81.626 280.0 82.556 
288.0 102.953 285.5 93.854 283.0 91.769 280.5 93.048 
288.5 114.414 286.0 104.744 283.5 102.749 281.0 104.462 
289.0 126.931 286.5 116.592 284.0 114.725 281.5 116.996 
289.5 140.758 287.0 129.606 284.5 127.928 282.0 130.936 
290.0 156.277 287.5 144.095 285.0 142.696 282.5 146.729 
290.5 174.113 288.0 160.541 285.5 159.577 283.0 165.135 
291.0 195.425 288.5 179.781 286.0 179.548 283.5 187.672 

stability conditions for several salinities are shown in Fig. 
21. The tabulated values from Bozzo et al. (1975) seems to 
fit perfectly the calculated clatbrate stability curve (Fig. 
21a). The large scatter of experimental data for 15 wt% 
NaCl solutions (Fig. 21a) indicate the previously described 
controversy. 

4.2. Q2 and HLwLc Equilibria 

Modelling of clathrate stability at Q2 conditions is pro- 
posed to be done according to HLw Gc equilibria, because 
fugacity calculations are more accurate for a vapour-like 
than a liquid-like CO1 phase. The depression of the in- 
variant quadruple point Qz seems to occur along the 
HLcGc equilibrium curve (Chen, 1972a; Bozzo et al., 
1975), which coincides with the boiling curve of pure 
COz. Darling ( 1991) reported the empirical equation 
from Chen ( 1972b) for the relation between the tempera- 
ture of Q2 depression and salinity. This empirical equa- 
tion deviates maximally 6.8% from our model predictions 
at higher salinities (Fig. 20a). 

Diamond ( 1992) investigated the temperature displace- 
ment of Q2 in several selected KCl-NaCl solutions, and de- 
fined a relation between this displacement and salinities 
based on pure KC1 solutions. His empirical equation seems 

to deviate up to 9.5% at eutectic compositions from our 
model (Fig. 2Ob), and exceeds values obtained for HL, Cc 

equilibria from Dholabhai et al. (1993). As mentioned be- 
fore, the underestimated osmotic coefficient may introduce 
a systematic error in the activity calculations, which may 
cause the relative large deviation in clathrate stability calcu- 
lations. 

Zhang and Frantz ( 1989) provide the sole dataset of the 
depression of the clathrate stability field at apparent Q2 con- 
ditions in the H20-CO,-CaC12 system. However, the au- 
thors do not clearly indicate that the clathrate melted in the 
presence of both a CO,-rich vapour and liquid phase. An 
empirical equation was provided for the relation between 
salinity and temperatures of Q2 depression, which is only 
valid between 270 and 283 K, and cannot be extrapolated 
to lower temperatures due to mathematical restrictions. The 
experimental data close to Qz conditions from Dholabhai et 
al. (1993) and our calculated intersection between HLwGc 
and HL& equilibria disagrees with their equation (Fig. 
21~). At 273.15 K, the empirical equation of Zhang and 
Frantz (1989) exceeds about 20% the molality estimation 
from our model predictions. The freezing point depression 
of Q2 in CaCl,-bearing systems should be represented by 
Eqn. 26, which emphasise the differences between both 
models: 
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Table 6. Temperature-pressure conditions for HLwGc. HLwLc, QI, and Qz equilibria at selected CaClz salinities (in wt% and 
molality). The italic numbers for Q2 temperatures are obtained from Zhaag and Frank (1989). 

CaCl2 
SW% IOWl% 15 Wl% 2owi'k 25wt% u).ZWl% 

(0.474 m) (In01 m) (1.590 m) (2.252 m) (Xoo3 Ill) w9a al) 

T(K) P (Mw) T(K) P WW T(K) PWF'a) T(K) P(MW) T(K) PNW T(K) PWW 
Ql 248.28 0.952 265.98 0.844 261.12 0.705 254.19 0.538 244.31 0.358 229.12 0.180 

230 0.198 
231 0.222 
232 0.248 

245 0.388 233 0.278 
255 0.59 246 0.436 234 0.312 

266 0.846 
% E6 

2% 0.662 24-i 0.49 235 0.35 
m4Gc 270 1.033 z Eli ;:: %2 248 0.551 

271 1.15a 
;::'4' 

2-i ?Z 
0:94 

249 0.62 
;;; y9; 

272 1.299 ;g 
I:233 

259 250 0.698 238 015 
273 1.46 

;:pn 
266 260 I.058 251 0.786 239 0.564 

274 1.644 ;;; 267 1.388 261 1.192 252 0.887 
275 1.855 
n6 2.098 273 I:921 fE fF 

E :$; 

$2: t% I:726 :z f% 
ii? %' 

277 2.38 z:: :i:: 264 255 Ii86 ;: pa; 

27B 2.713 
;:;a; 2:61 

2 :fi.i 256 1.461 244 1:055 
n9 3.109 ;;; 272 257 1.666 245 1.204 
280 3.594 

31194 
273 3.002 267 2:575 258 I.906 246 1.379 

281 4.209 278 274 3.405 268 2.979 259 2.191 247 IS86 

Q 281.09 4.273 278.30 3.983 274.17 3.580 268.15 3.047 259.60 2.390 247.20 1.632 
(281.37) (279.07) (276.26) (272.22) 

WWLC 281.5 8.478 278.5 6.007 274.5 6.361 268.5 5.057 260.0 2.714 248.0 1.603 
282.0 13.406 279.0 10.851 275.0 11.466 269.0 10.342 260.5 a.15 248.5 7.106 
282.5 la.739 279.5 16.116 275.5 16.979 269.5 16.043 261.0 13.999 249.0 12.998 
283.0 24.459 280.0 21.777 276.0 22.893 270.0 22.156 261.5 20.269 249.5 19.306 
283.5 30.561 280.5 27.828 276.5 29.21 I 270.5 28.69 262.0 26.978 250.0 26.066 
284.0 37.051 281.0 34.274 271.0 35.944 27 I .O 35.665 262.5 34.159 250.5 33.325 
284.5 43.944 281.5 41.13 271.5 43.1 I5 271.5 43.113 263.0 41.854 251.0 41.144 
285.0 51.261 282.0 48.416 278.0 50.753 272.0 51.074 263.5 50.12 251.5 49.604 
285.5 59.031 282.5 56.165 218.5 58.901 212.5 59.603 264.0 59.03 252.0 58.807 
286.0 67.293 283.0 64.416 279.0 67.612 273.0 68.771 264.5 68.683 252.5 68.894 
286.S 76.097 283.5 73.221 279.5 76.953 273.5 78.65 265.0 79.209 253.0 80.06 

g.; 
288:0 

$.5g 
l&.498 

284.0 284.5 82.648 92.784 280.0 280.5 87.017 97.922 274.0 274.5 89.403 101.182 265.5 266.0 90.791 103.692 253.5 254.0 92.591 106.93 
285.0 103.743 281.0 109.833 275.0 114.233 266.5 118.316 254.5 123.837 

288.5 118.335 285.5 115.682 2ai.5 122.981 215.5 128.923 267.0 135.336 255.0 144.829 
289.0 131.315 286.0 128.822 2a2.0 137.714 276.0 145.858 267.5 156.052 255.5 173.986 
289.5 145.734 286.5 143.485 282.5 154.59 276.5 166.155 268.0 183.7 
290.0 162.098 287.0 160.186 283.0 174.618 277.0 192.405 268.5 231.489 
290.5 181.037 287.5 179.83 283.5 2CMJ.024 
291.0 204.247 288.0 204.321 

mCaC12 = exp[5.5522 - 0.65038. Tc 

+ 0.023984. T:: - 5.701.5~lO~“~T:], (26) 

where T, is temperature in Celsius, and mcac12 is the molality 
of CaCl,. This equation is valid up to the eutectic composi- 
tion. 

Experimental data is not available for HL,& equilibria, 
but the reliability of our model predictions is assumed to be 
much better than the method proposed by Ng and Robinson 
( 1977). As previously mentioned, their model is only based 
on the properties of a system at Q2 conditions, and they did 
not include the available high pressure data from Takenouchi 
and Kennedy (1965). Figure 22 and Table 4-6 reveal a 
series of HLwLc clathrate stability conditions for selected 
salinities in NaCI, KCI, and CaCl,-bearing systems. 

4.3. Q, equilibria 

The temperature displacement of the invariant quadruple 
point Q, can be related to specific salinities in NaCl, KCl, and 
CaCIZ bearing systems, similar to the previously described 
depression of Q2. Unfortunately, experimental data are not 
available. Q, temperature is usually measured during micro- 

thermometric analysis of inclusions containing electrolyte 
solutions as the final melting temperature of ice in the pres- 
ence of clathrate. However, the presence of two solid phases, 
i.e., clathrate and ice which are not clearly separated in dis- 
tinct single crystals, may camouflage true melting tempera- 
tures of the individual solid phases. Nevertheless, expres- 
sions have been estimated for the depression of Q1 conditions 
in pure NaCl, KCl, and CaCl* solutions from the intersection 
of HLw Gc and H& Gc equilibria at selected salinities: 

= -[0.53241 + 0.34211. Tc + 4.0025’ 10-3*T;] (27a) 

mKci 

= - [ 0.50308 + 0.3272 - Tc + 5.9252. 10-4. T;] (27b) 

m cac,z = - [0.061971 + 0.14879 * Tc 
+ 1.3947. 10-3* T;]. (27~) 

These equations can be used to obtain the salinity of fluid 
inclusions at the final melting temperature of ice, which only 
represent true salinities if the clathrate phase is melting at 
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FIG. 21. P-T diagrams with the stability conditions of clathrate 
between quadruple point QI and Q2 in ternary systems H,O-CO,- 
salt: (a) NaCl; (b) KCI; (c) CaCl,. The numbers indicate salinity 
values. The open and solid symbols in (a) represent experimental 
data of ~15 wt% and ~10 wt%, respectively. Symbols filled with 
a diagonal and horizontal cross in (a) represent experimental data 
of -5 wt% and ~20 wt%, respectively. 

similar conditions. The error estimation in these purely theo- 
retical equations is uncertain because experimental data are 
not available. However, HLwGc data near Q, conditions 
seem to agree sufficiently with model predictions (see Fig. 
21). Dubessy et al. (1992) incorrectly used equations for 
freezing point depression in binary H,O-salt systems to esti- 
mate the salinity at ice melting temperatures. To illustrate 
an example of erroneously estimated salinity of fluid inclu- 
sions, a final melting temperature of ice at 263 K corresponds 
to a salinity of 14.1 wt% in the binary H@NaCl system 
(Bodnar, 1993). However, in the ternary H20-CO*-NaCl 
system the salinity of the aqueous solution in the inclusion 
would be 12.9 wt% at the final ice melting point (Eqn. 27a). 

5. COMPUTER PROGRAM IN C++ FOR FLUID 
INCLUSION STUDIES 

The calculation of clathrate stability conditions according 
to our modifications are rather complex and a time consum- 
ing process. Therefore, a computer program in C++ lan- 
guage has been developed to handle the complex calculation 
method, which includes several numerical approximations. 
For fluid inclusion studies, several computer programs have 
been made available to calculate stability conditions of CO*- 
clathrate in the binary H,O-CO, system and in various salt 
solutions. These programs are able to calculate bulk fluid 
inclusion salinities and densities obtained from clathrate 
melting temperatures (Bakker, 1995 ) 

6. CONCLUSIONS 

After extensive revision of various models for clathrate 
stability in H,O-CO,-salt systems, a new model has been 
developed that is valid between 253-293 K and O-200 MPa, 
and that can be extrapolated to lower temperatures. This 
model is a general solution of the equality of chemical poten- 
tials of H,O in the liquid solution and in the clathrate phase 
according to the theoretical considerations of Waals and Plat- 
teeuw (1959). 

General standard conditions, which are essential to any 
reproducible thermodynamic calculation, seem to be lacking 
in the established clathrate models. Furthermore, several 
physical and chemical parameters used in the model are 
undefined at the previously chosen standard conditions. Con- 
sequently, new standard conditions (0.1 MPa and 273.15 K) 
had to be defined to perform the clathrate stability calcula- 
tions consistently. 

The molecular cell potential of cavities in clathrate struc- 
tures according to McKay and Sinanoglu ( 1963) is redefined 
to increase the comprehension of the formula, and to get 
rid of the double standard that is used in Kihara molecular 
potentials. The variation of the cell dimension with pressure 
is described according to the compressibility of clathrates. 

Using the most accurate valuables which are available for 
thermodynamic constants of clathrate, water, and ice (heat 
capacity and volumetric properties), for the solubility of 
CO2 in water (Henry’s constant), and for the volumetric 
properties of the vapour-rich phase, Kihara parameters 0 
and elk between a CO, molecule and a cage forming HZ0 
molecule are numerically optimised at 362.9 pm and 174.44 
K, respectively, for HL,G, equilibria. Including the error 
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FIG. 22. P-T diagrams with the stability conditions of clathrate at pressures above quadruple point Qz in temq 
systems HzO-CO,-&: (a) NaCl; (b) KCi; (c) CaC&. 

indications for the individual parameters involved in clath- 
rate modelling, a range of 365.08-366.52 pm and 171.4- 
177.8 K for optimised Kihara parameters allow a 2% accu- 
racy in calculated clathrate formation pressures at selected 
temperatures between Q1 and Q2 conditions. At high pres- 
sures, the optimum Kihara parameters o and Elk are esti- 
mated at 363.92 pm and 174.46 K, respectively, from differ- 
ent sets of experimental data. 

The lack of a thorough error analysis in clathrate stability 
models in previous studies have resulted in some erroneous 
conclusions. For example, the difference in heat capacity 
between Hz0 and clathrate, as estimated by, e.g., Holder et 
al. (1980) cannot be detected due to the relative large error 
in .!IcLo* values. 

According to the method of Englezos and Bishnoi ( 1988) 
and Dubessy et al. ( 1992), the osmotic coefficient is suffi- 
ciently successful applied to quantify the effect of electro- 
lytes (NaCl, KCl, and CaC12) on lowering the activity of H20 
in aqueous solutions at P-T conditions relevant to clathrate 
formation. Unfortunately, the available experimental data 
is inconsistent and our model appears to represent average 
values. 

New equations are defined for the depression of the qua- 
druple point Q1 in NaCl, KCl, CaCl, bearing solutions. The 
depression of Qz in CaCl* solutions is not corresponding to 
the values given by Zhang and Frantz ( 1989), therefore, a 
new equation is defined according to the intersection of 
HLwGc and H&Gc equilibria. 
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APPENDIX 

Al. Equilibrium Between Clatbrates and Vapour-Like Fluids 
WLvGc) 

The formation (or dissociation) of clathrate can be represented 
by an equilibrium reaction (Eqn. Al ) between three phases: 

1 
H,Oaq + - MvaP Q 1 (M-~zH,O)~‘~~, (AlI 

n n 

where M is a type of gas that is encaged and n is the amount of 
moles HZ0 per mole of encaged gas. The vapour phase may be a 
mixture of gases, and the aqueous solution may contain several 
electrolytes besides dissolved gases. The chemical potential of each 
component (Pi ) must be equal for every phase in which that compo- 
nent is present at equilibrium conditions: 

aq = 
CL, 

VdP = clath 
Pt CL, (A21 

Only the chemical potential of Hz0 in aqueous solutions and in 
clathrates are considered in clathrate modelling. Waals and Platteeuw 
( 1959) used the partition function to express the chemical potential 
of a clathrate as a function of the distribution of gas molecules over 
all cavities. The clathrate behaves as an ideally dilute solution and 
fractional filling of the cavities reduces the chemical potential of 
HZ0 (Eqn. A3) in the clathrate, thereby making it more stable. 

where $$” is the chemical potential of a hypothetical empty clath- 
rate, Ye is the number of cavities of type i per cage forming H,O 
molecule, and y,,,, is the probability of finding a gas molecule M in 
a cavity of type i. 

A2. Langmuir Adsorption 

Waals and Platteeuw (1959) established a relation between yMz 
and the Langmuir constant: 

y,& T, P) = (%fM 
1 + I: (CKzfK) ' K 

(A4) 

where C,,,, is the Langmuir constant for gas M in a cavity of type i 
and fM is the fugacity of gas M. Equation A4 is a generalised notation 
for mixed hydrates, which contain more than one type of encaged 
gas species (M and K). The adsorption theory of Langmuir (1918) 
was transformed into a three dimensional generalisation of ideal 
localised adsorption, which assumes that the encaged gas molecules 
are not distorting the host lattice, which implies a small molecular 
size, that no mutual interactions exist between gas molecules, and 
that a cavity may contain maximally one gas molecule. Subse- 
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quently, the Langmuir constant was defined by molecular cell poten- 
tials within cavities: 

where r is the distance to the centre of the cage and w(r) is the 
spherically symmetrical potential function describing the intermolec- 
ular potential between a gas molecule at the centre of the cage 
and a Hz0 molecule of the cavity wall, which is averaged over all 
neighbouring H,O molecules. The Lennard-Jones potential (Jones, 
1924) was used as an approximation of the molecular potential. 

A3. Thermodynamics of Hz0 in Aqueous Solutions 

The chemical potential of HZ0 in aqueous solutions is defined by 

d$(T, PI = PF$F?T~ PI + RT In (aH2d3 C.46) 

where aH,,, is the activity of H,O, which is by definition the product 
of the activity coefficient ( yHZo) and mole fraction ( xHZo). The activ- 
ity of Hz0 in aqueous solutions is affected by dissolved substances. 
In electrolyte-free systems, dissolved gases appears to behave ideally 
due to low solubility’s. Consequently, yG is unity for all components 
in the aqueous solution, and the solubility of gases is represented 
by Henry’s Law (e.g., Wilhelm et al., 1977). The activity of H,O 
in the aqueous solution (Eqn. A7) is defined by a combination of 
this law and the unity value of the sum of all mole fractions (x, ): 

nH*oV, P) = XH20 = 1 - c k , 
( ) M HM 

wherefM and HM are the fugacity and Henry’s constant of gas species 
M, respectively. Generally, relatively highly soluble gases like CO1 
significantly affect aH,o, and solubility of gases like CH.+ and Nz can 
be neglected. 

A4. Chemical Potential Difference A@ 

An arbitrarily defined chemical potential difference Ap (Eqn. A8) 
is obtained after substitution of Eqn. A3 in Eqn. A2: 

The chemical potential difference between Hz0 in a hypothetical 
empty clathrate and pure liquid Hz0 ( Ap*) is obtained after subtrac- 

tion of the RT In (aHao) term from Eqn. A8. In order to determine 
A,u*, Saito et al. (1964) described its temperature and pressure 
dependence with classical thermodynamics: 

$$ (T, P) = $$ Jr1 ($$)dT + J: (g)dP (A9a) 

s I- Ah(T) = Ah, + (AcpW, (A9b) 
To 

where Ah, As, Av, and Acp are the enthalpy difference, entropy 
difference, molar volume difference, and heat capacity diffef-ence 
betyeen an empty clathrate and pure liquid H20, respectively. 
Ap, and Ah, are the chemical potential difference and the enthalpy 
difference at standard conditions. Integrated equations similar to 
Eqn. A9a are presented by, e.g., Parrish and Prausnitz ( 1972) and 
Holder et al. ( 1980). Ap* is considered a standard value for a given 
general hydrate structure, because it is not related to the type of 
encaged gas molecule or dissolved substances in the aqueous solu- 
tion. 

AS. Equilibrium Between Clathrates and Liquid-Like Fluids 
WLwLc) 

The model of Ng and Robinson (1977) includes the prediction 
of the stability of clathrates in the presence of liquid-like fluid mix- 
tures and is completely dependent on the estimation of the bubble 
point in multiple gas systems (Ng and Robinson, 1976) or the esti- 
mation of quadruple point Qz in single gas systems. The clathrate 
formation may be represented by a reaction (Eqn. AlO) similar to 
Eqn. Al: 

1 1 
HZOa“ + - M”’ Q - (M.nHzO)C’“h. (AlO) 

n iz 

Ng and Robinson ( 1977) concluded from graphical analysis that the 
equilibrium curve was essentially linear, and could be reproduced 
by the Clapeyron equation: 

dP AH 
z=EG3 

(All) 

where AV and AH are the molar volume change and the enthalpy 
change. respectively, that occur at the bubble point or at Q2 condi- 
tions. AV is assumed to be constant along the equilibrium curve. 
Ng and Robinson (1977) obtained a relatively constant value for 
AH per mole clathrate former (65400 rC_ 2100 J/mol) 


