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Abstract—Experimental results of phase equilibria studies at elevated temperatures for more than twenty
hydrocarbon-water systems were uniformly correlated within the framework of the Peng-Robinson-Stryjek-
Vera equation of state in combination with simple mixing rules. This treatment allows evaluation of the Gibbs
energy of hydration for many alkanes, 1-alkenes, cycloalkanes (derivatives of cyclohexane) and alkylbenzenes
up to 623 K at saturated water vapor pressure and up to 573 K at 50 MPa. Results for homologous series show
regular changes with increasing carbon number, and confirm the applicability of the group contribution
approach to the Gibbs energy of hydration of hydrocarbons at elevated temperatures. The temperature
dependence of group contributions to the Gibbs energy of hydration were determined,faCig@iand CH

in aliphatic hydrocarbons; €C and H for alkenes; c-CHand c-CH in cycloalkanes; and GHand C, in
alkylbenzenes (or aromatic hydrocarbons). Close agreement between calculated and experimental results
suggests that this approach provides reasonable estimates of Gibbs energy of hydration for many alkanes,
1l-alkenes, alkyl cyclohexanes and alkylbenzenes at temperatures up to 623 K and pressures up to 50
MPa. Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION as functions of temperature, pressure, and redox conditions
using the well established apparatus of chemical thermody-
Growing interest in the effects of organic compounds on a namics.

variety of geochemical and technological processes is influenc-  Such considerations determine the main objective of this

ing many areas of research concerned with work, namely, to supply reliable values of the Gibbs energies of

aqueous hydrocarbons at elevated temperatures and pressures.
1. the formation and evolution of hydrocarbon deposits; As experimental high-temperature heat capacity determinations
2. diagenesis of sediments; _ _ for aqueous hydrocarbons are practically absent, we are forced
3. design of process equipment in petrochemical plants; to evaluate the Gibbs energies of these compounds from ex-
4. use of a near-critical water for decomposition of hazardous

perimental studies of phase equilibria in water-hydrocarbon
systems. First we discuss briefly the nature of the phase rela-
tions in binary water-hydrocarbon systems, then we use an
equation-of-state approach to evaluate the fugacity/concentra-
tion ratios (or equilibrium constants, K for hydration reac-
tions) of dissolved hydrocarbons from experimental data. More
Among the achievgments of the last decade are the demonstrathan twenty mixtures involving water and hydrocarbons (al-
tions, both theoretical (Shock, 1988; Shock, 1990; Helgeson et kanes, alkenes, cycloalkanes and alkylbenzenes) are treated
al., 1993) and experimental (Seewald, 1994), of the existence yniformly to extract the Gibbs energy of hydration of hydro-
of metastable equilibrium states governing the distribution of ~5/hons at elevated temperatures. The values,pbhtained
organic compounds in hydrothermal systems. Complete stable 5 ysed to describe the temperature dependence of hydration
chemical redox equilibrium is seldom achieved in the C-O-H o tion constants at saturated water vapor pressure up to 623
system, at least at moderate temperatures. This circumstance, and at pressure B 50 MPa up to 573 K. Finally, we show
makes possible the spectacularly r_|ch orgamc_chemlstry of that results for homologous series follow the linear dependence
carbon, and eventually the very existence of life as on the S -

. on carbon number, confirming the applicability of the group
Earth. However, the concept of metastable states in water-rock- o ;

contributions approach at elevated temperatures. The numerical

organic systems (with a proper methodological framing) b .

greatly enhances the possibilities for sound analysis of the values of the Gibbs energy of hydranoT are evaluated for the

distribution of organic compounds in hydrothermal solutions CHa: CHz, CH, ¢-CH, ¢-CH, CH,, C,, C=C and H groups at
temperatures up to 623 K at saturated water vapor pressure and

up to 573 K at P= 50 MPa. These results allow estimates of

*Author to whom correspondence should be addressed (andreyp the Gibbs energy of hydration for many hydrocarbons at ele-

@zonvark.wustl.edu). vated temperatures and pressures.
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wastes and as an environmentally benign medium for or-
ganic synthesis;
5. biogeochemistry;
6. support of high temperature and subsurface microbes; and
7. even the emergence of life.
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“hydrocarbon-rich” and gaseous phases become identical. For
hydrocarbon-water systems under consideration it has been
shown experimentally that the pressure of thelG+L, equi
librium exceeds the vapor pressure of any of the pure com-
pounds (and typically slightly exceeds the sum of vapor pres-
sures of the pure compounds) and that the UCEP usually
appears at a temperature that is lower than the critical temper-
ature T, of the corresponding pure hydrocarbon. The bold
solid curves in Figure 1 illustrate the two branches of the
interrupted critical line of the mixture. (The critical line repre-
sents the limiting state for the existence of two phases. For
example, crossing the critical line by approaching along an
isobar from low temperatures represents the last instance of the
coexistence of two phases). The lower branch of the critical line
starts from the critical point of the pure hydrocarbog,, ind

goes to the UCEP. The upper branch of the critical line starts
from the critical point of pure water, I, first moves to lower
temperatures and pressures, passes through a minimum and
eventually goes to higher temperatures and pressures. Such
behavior of the critical line of a mixture yields a type Ill phase

diagram according to the Van Konynenburg and Scott (1980)
TEMPERATURE classification.

Fig. 1. A representative T-P projection of phase equilibria in hydro- 1 1in dashed vertical lines in F?gure 1 represent temperatures
carbon-water systems (see text for definitions of labels). Isothermal Of some isothermal cross-sections for pressure-composition

cross-sections indicated |-V are used to construct Fig. 2. (P-X) projections that illustrate the principal phase equilibria
given in Figure 2. These diagrams are also useful because many
experimental data are reported for isothermal conditions but at
different pressures. The P-X projection of phase equilibria at
temperatures below the temperature of UCEP is shown in
In many practical applications water-hydrocarbon mixtures Figure 2a. At pressures below the three-phase equilibrium
may be considered as completely immiscible at ambient con- pressure, B, the possible equilibria are G4LL,, L,+G, and
ditions. However, as temperature increases, the picture of phaseL,+G, depending on pressure and overall composition. The
relations and mutual solubilities in these systems changes dra-three phases coexist only at the fixed pressygg Rt P > Py,
matically. After numerous experimental and theoretical studies the “water-rich” and “hydrocarbon-rich” liquid phases coexist.
the nature of phase relations between water and a hydrocarbonThe solubility of HO in the liquid “hydrocarbon-rich” L
are well understood, at least qualitatively. Most experimentally phase decreases with pressure, and the solubility of the hydro-
studied hydrocarbon-water systems exhibit type Il phase be- carbon in the “water-rich” liquid phase typically has a negligi-
havior according to the van Konynenberg and Scott (1980) ble pressure dependence a&TT_,. As temperature rises, the
classification of temperature-pressure (T-P) projections (see compositions of the coexisting,Lland G phases at P P,
below). Important exceptions include polyaromatic compounds become closer, and eventually identical at the UCEP, as shown
and, perhaps, “heavy” hydrocarbons that have critical temper- in Figure 2b. This figure shows the last instance of the existence
atures higher than the critical temperature of pure water, and of the three phase,;b-L,+G, equilibrium. The P-X projection
which were not considered in this study. corresponding to cross-section Il in Figure 1 is shown in Figure
Based on experimental studies (Alwani and Schneider, 1967; 2c. Here the temperature exceeds the temperature of the UCEP,
Roof, 1970; De Loos et al., 1980; 1982; Tsonopoulos and but it is still below T_,. For hydrocarbon-rich compositions the
Wilson, 1983; Heidman et al., 1985; Brunner, 1990; Yiling et L,+G-type equilibrium is realized, however, there is a contin
al., 1991; Economou et al., 1997; and others) one can draw auous transition (without phase boundaries) from the “liquid-
representative T-P projection of phase equilibria in a hydrocar- like” to “gas-like” phases. In order to escape terminological
bon-water system, as shown in Figure 1. This projection is ambiguities associated with these gradual transitions, the large
topologically correct for hydrocarbons with pure compound homogeneous field toward the hydrocarbon side of the diagram
critical temperatures, b, lower than the critical temperature of  is labeled F (“fluid”), and the two-phase field starting from the
pure water, T,, and it is valid at moderate and elevated vapor-liquid equilibrium point for the pure hydrocarbon in
temperatures (i.e., above the temperatures of existence of ice owhich “liquid-like” and “gas-like” phases are in equilibrium is
gas hydrates). Dashed curves show the T-P projections of thelabeled F+F,. At temperatures higher thanJ but below the
liquid-gas saturation curves of pure water and a pure hydrocar- temperature minimum of the critical line (cross-section Il in
bon. The thin solid curve labeled-G.,+L, represents the T-P  Fig. 1), a simple picture of F, I+F, and L equilibria is
trajectory of the monovariant three phase equilibrium, i.e. the obtained as shown in Fig. 2d. Cross-section IV in Figure 1
coexistence of the “water-rich”, |l “organic-rich”, L,, and intersects the upper branch of the critical line twice although it
gaseous, G, phases. The three-phase equilibrium curve ends irremains below the critical temperature of pure watey, The
the upper critical end point, UCEP, where compositions of the P-X projection given in Figure 2e shows that gas-liquid equi-

PRESSURE

2. PHASE EQUILIBRIA IN WATER-HYDROCARBON
SYSTEMS
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aqueous species calls for unit activity of a hypothetical one
molal solution referenced to infinite dilution at any T and P.
The equilibrium constant for a reaction of hydration can be
expressed as

G(=L,)+L,

_a(T,P) 1000 1 .
SHTP) T M, k' @

PRESSURE

Ku(T, P)

where a,(T,P) stands for the activity of the dissolved hydro
carbon in an aqueous solutidg(T,P) represents the fugacity of
a hydrocarbon in an aqueous solution;

f

Ky = lim <Z> (1a)

is the Henry’s law constant (bar unitsM,, = 18.0152
g-mol~* stands for the molar mass of water. At elevated
temperatures, when the solubility of water in the “hydrocarbon-
c d rich” fluid phase becomes significant, accurate calculations of
the fugacity of a hydrocarboif,(T,P), require use of an appro
priate equation of state for a mixture (see, for instance, Fer-
nandez-Prini and Crovetto, 1989).

PRESSURE

H:J F+F, F+F, . X . . .
S For heavier hydrocarbons, which exist at ambient conditions
n as liquids, the most numerous and reliable experimental data
fﬂ are reported as compositions of the coexisting‘water-rich”)
E and L, (“hydrocarbon-rich”) phases for the,k-L,+G three-
F F phase equilibria. Amend and Helgeson (1997) used this infor-
mation at temperatures up to 500 K to calculate the standard
HC X H,0 HC X H,O Gibbs energy of solutionA.G%(T,P), of a hydrocarbon in
e f water according to the relation:
Fig. 2. Isothermal P-X projec_tions of phase equi_libria in hydrocar- a,(T,P)
bon-water systems, corresponding to: a) cross-section I; b) temperature AGYT,P) = —RTIN — ==, 2
of the UCEP; c) cross-section IlI; d) cross-section lll; e) cross-section ayc(T,P)

IV; f) cross-section V.
whereay, (T,P) stands for the activity of a hydrocarbon in the

“hydrocarbon-rich” phase. The simplest approximations were
libria are realized only for water-rich compositions. Again to used by these authoray(T,P) = m,,, wherem,,, stands for
escape terminological ambiguities due to gradual transitions the saturation molality of a hydrocarbon in the “water-rich”
from a “gas-like” phase to a “liquid-like” phase at the water phase, anda,(T,P) = 1. According to experimental data
corner, this “fluid” phase is labeled F. When crossing the (Skripka, 1976; Tsonopoulos and Wilson, 1983; Anderson and
critical line for the second time at higher pressures, the system Prausnitz, 1986; Chandler et al., 1998), the mole fraction of
goes from the homogeneous “fluid” state to the heterogeneouswater in n-hexane at 473 K at the three-phase equilibrium
state F+F,, where two “fluid” phases coexist. Historically, pressure is about 0.10, and 0.18 in benzene. At these conditions
this equilibrium has been called a “gas-gas” equilibrium. At the simplified approximation thai,,-(T,P) = 1 (neglecting
temperatures greater thap,Tlike cross-section V in Figure 1,  the solubility of water in a hydrocarbon) is satisfactory, result-
the system may develop either a homogeneous “fluid” state F, ing in the systematic shift i G°(T,P) of only 0.4—0.8 kJ
or the heterogeneous, FF, (‘gas-gas”) state depending on  mol * or less than 0.1 in log,,. However, this treatment can
pressure and overall composition, as depicted in Figure 2f.  not be used at temperatures above the UCEP, where the L

The most extensive sets of experimental data for light hy- phase no longer exists. In addition, at temperatures above 473
drocarbons (carbon numbet 4, which exist as gases at am- K the solubility of water in the “hydrocarbon-rich” phase
bient temperatures and pressures) with low critical tempera- increases dramatically. As a consequence, corrections for the
tures consist of compositions of coexisting phases foilLF solubility of water in the “hydrocarbon-rich” phase, and non-
equilibria, corresponding to conditions like those shown in ideality of the “hydrocarbon-rich” phase become necessary.
Figure 2d. These results can be used to evaluate the equilibrium The greatest problems in estimating standard-state properties
constant for a gas dissolution reaction, like fii) & CH,(aq). of aqueous hydrocarbons occur near the high-temperature field
As this reaction describes the transfer of a compound from a of “gas-gas” (F+F,) equilibria, see Figure 2e. In the low-
gaseous state to a state of aqueous solution, we call this reactiorpressure loop of this equilibrium, which starts at the point of
the hydration reaction, with equilibrium constant,KThe liquid-gas equilibrium for pure water, compositions of the two
standard state adopted in this study for a gas is one of unit coexisting fluid phases are so enriched in water that accurate
fugacity of the hypothetical ideal gas state at pressure 0.1 MPa calculation of the equilibrium fugacity of the hydrocarbon is
(1 bar) and any temperature. The standard state adopted fordifficult to perform. Another related problem is that the corre-
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sponding equilibrium is reached in the vicinity of the critical a(T,P)  mMeyaT,P) Meat

point of pure water where cubic equations of state usually falil KiWP) =tap = fap —oap O

to perform accurately. Estimates, although semiquantitative, ' ' '

are possible for the high-pressure part of this equilibrium, The only forced assumption is that the activity coefficient of a

corresponding to the upper, FF, field in Figure 2e. dissolved hydrocarbon in a “water-rich” phase equals one. This
Most phase equilibria in water-hydrocarbon systems can be approximation is expected to be satisfactory for dilute aqueous

used to obtain the hydration constants provided that reasonablysolutions, except in the vicinity of critical points of a phase

accurate estimates of the fugacities of components in the co- diagram. Several authors have used equations of state to cal-

existing phases can be obtained in the framework of a suitable culate solute fugacities and evaluate Henry’'s law or hydration

equation of state. constants. Fernandez-Prini and Crovetto (1989) used this ap-
proach in their thermodynamic treatment of the solubility of

3. EVALUATION OF HYDRATION CONSTANTS FOR apolar gases in high-temperature water, and Carroll and Mather
HYDROCARBONS FROM HIGH-TEMPERATURE PHASE (1997) and Carroll et al. (1997) used it to evaluate Henry’s law

EQUILIBRIA DATA constants for light hydrocarbons. A similar approach was em-

ployed by Tsonopoulos, Wilson, and coworkers (Tsonopoulos

and Wilson, 1983; Heidman et al., 1985; Economou et al.,

1997) to evaluate Henry’s law constants for a large number of
Despite the complexity of phase relations in water-hydrocar- hydrocarbons (although these authors used correlations rather

bon systems, their principal picture is well reproduced in the than an equation of state to estimate the fugacity coefficients of

framework of simple two-parameter cubic equations of state. hydrocarbons in coexisting phases).

However, problems with a quantitative reproduction of P-T-X

relations, mainly for water-rich compositions, remain acute. ) ] )

Peng and Robinson (1976b); Peng and Robinson (1980) 3.2. The Peng-Robinson-Stryjek-Vera (PRSV) Equation

showed that their two-parameter EoS (Peng and Robinson, of State

1976a) in combination with simple van der Waals type mixing N )

rules is able to describe quantitatively the compositions of 10 calculate the fugacities of dissolved hydrocarbons we

“hydrocarbon-rich” gaseous, liquid and fluid phases for a num- Nave chosen the Peng-Robinson equation of state (Peng and

ber of light hydrocarbons at temperatures up to at least 523 K Robinson, 1976a; Peng and Robinson, 1976b). It is a compu-

and pressures up to 1000 bar. However, the predicted hydro-tationally simple cubic equation of state, capable of accurate

carbon concentrations in the “water-rich” liquid phase were Prediction of the compositions of “organic-rich” phases in

orders of magnitude lower than the experimental data. Only the Watér-hydrocarbon mixtures over wide ranges of temperatures

introduction of a very strong temperature dependence in one of nd pressures. Stryjek and Vera (1986) proposed a modification

the model's parameters could improve the performance of the Of this equation, which notably improves the description of

EoS for the aqueous compositions. An extensive analysis of PVT-properties of pure compounds, particularly ones with

high-temperature experimental data up to the UCEP for many Iarge ace_n_trlcfactc_)rs (i.e. heavy hydrocarbqns). In the_llterature

hydrocarbon-water systems, both light and heavy (up to carbon this modlflcatl_on is called the Peng-Robinson-Stryjek-Vera

number twelve), performed by Tsonopoulos, Wilson, and co- (PRSV) equation of state. _

authors (Tsonopoulos and Wilson, 1983; Heidman et al., 1985;  1he basic equations for the PRSV equation of state for pure

Economou et al., 1997) resulted in essentially the same con- COMpounds are given in the Appendix A, and below we give

clusions: a number of simple equations of state, including the Ol relations relevant to a binary mixture:

Peng-Robinson EoS, and modifications of the Redlich-Kwong

EoS in combination with simple van der Waals mixing rules p— RT _ Am

can successfully describe the compositions of the “hydrocar- V—-b, V(V+by)+b(V—-Dby’

bon-rich” gaseous and liquid phases at temperatures from am-

bient to close to the UCEP (up to 590 K for the systems whereV stands for the molar volume of a mixture, emglandb,,,

investigated), but fail to reproduce the compositions of the represent the parameters in the PRSV equation of state. For the

“water-rich” coexisting phases. This problem is attributed to case of a binary mixture the following mixing rules are used:

the existence of strong hydrogen bonding in water. A large

3.1. The Use of an Equation of State to Evaluate
Hydration Constants for Hydrocarbons

4)

number of far more complicated EoS and/or mixing rules were an = X2, + 2XX,(a,8,)°%(1 — 7) + XZa,,
proposed to address the problem (Tsonopoulos and Heidman,
1986; Michel et al., 1989; Anderko, 1991; Economou and b, = X.b; + X;b,,

Donohue, 1992; Wong and Sandler, 1992; Shinta and
Firoozabadi, 1995; and many others), but most have only whereX; and X, stand for the mole fraction of water (subscript

moderate success. 1) and a hydrocarbon (subscrip}t in a (undefined) phasey,
Nevertheless, for water-hydrocarbon mixtures the simple a,, b;, andb, designate the PRSV parameters for pure com
cubic equations of state allow accurate calculationk,@f,P), pounds (see Appendix A): is the only mixture-specific pa-

the fugacity of a dissolved hydrocarbon relative to the fugacity rameter, and it is temperature-independent (Peng and Robin-
of the pure hydrocarbon in the ideal gas state. The calculated son, 1976b; Heidman et al., 1985; Tsonopoulos and Heidman,
values of f,(T,P) can be used to evaluate the equilibrium 1986; Economou et al., 1997).

constants for a hydration reaction according to a relation The fugacity coefficient of a componeintf a binary mixture
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consisting of componentsandj (if i = 1 or 2 thenj = 2 or 1, ing polar components. Therefore, to estimate values of the
respectively) s, is given by: mixture-specific parameterwe employed data mainly on the
b A compositions of L (“hydrocarbon-rich” liquid) and F (“hydro
In = s (Z-1)—In(Z-B) — =1= cart_)on-rich fluid”) phases. . 3
b, 2B Literature data used to evaluate the mixture-specific param-
05 eter T are given in Tables 1-4. The optimal value ofvas
2(Xa; + Xia) by Z+(1+2B . . .
o Y A e—— = T (5) determined by a search of the minimum of the function
an b Z+(1-2"9B)’
where F=3 (Xw,ex;er,ca\c> ’
wa,exp
— amP .
A= R?T? whereX,, ex, and X, caic Stand for the experimental and €al
culated values of the molar fraction of water in a “hydrocarbon-
_ bmj rich” phase;8X,, o« is the expected uncertainty of the experi
RT’ mental X,, result. As a rule,8X,, ., Was set to 10% of the

reportedX,, o, value. In a number of cases the discrepancies
between data from different sources notably exceed 10%. To
PV select the most reliable sets of data we employed the empirical
Z= RT finding of Economou et al. (1997) that the solubility of water in
the hydrocarbons exhibits a negligible carbon number effect in
Calculation of hydrocarbon fugacities presupposes the solu- homologous series. In addition, the solubility of water system-
tion of a system of four equations. Two of these are statements atically increases from alkanes through alkenes to alkylben-
of the PRSV equation of state, Eqn. 4, for the “water-rich” zenes. Experimental results deviating from these regularities
phase and the *hydrocarbon-rich” phase, which establish the were given lower weights. Experimental points close to the
condition of mechanical stability of a mixture, or the equality of UCEP of the phase diagram were not used in this procedure
pressure in coexisting phases at isothermal conditions. The because of the known convergence problems for cubic equa-
other two are statements of Eqn. 5 written in one case for water tions of state around the critical points of the phase diagram.
as a component and in the other for the hydrocarbon as aFor 2-methylpentane (isohexane) there are no experimxptal
component in two coexisting phases, which establish the con- data at T> 298 K, so, as a reasonable approximation, we used
dition of chemical equilibrium of the mixture, or equality of the X, data forn-hexane from Tsonopoulos and Wilson (1983).
components’ fugacities in the coexisting “water-rich” and “hy- ~ Similarly, we have used the high-temperatuXg, data for
drocarbon-rich” phases. As the solution of this system of equa- m-xylene (Anderson and Prausnitz, 1986) as estimat&s,df
tions one obtains compositions of two coexisting phases and the “hydrocarbon-rich” L phase of thg-xylene-water mixture
their densities (or molar volumes, or compression factors); all (meta and para-xylenes, contrary to thertho-isomer, have
other properties of interest can then be easily calculated. very similar physical properties). We believe that in most cases
the evaluatedr parameters have uncertainties withir0.02.
3.3. The Parameterization of the PRSV Equation of State For n-butane we use the value efevaluated by Carroll et al.

and Z represents the compression factor of a mixture,

for Water-Hydrocarbon Mixtures (1997) who employed the PRSV equation of state in a careful
consideration of all the relevant equilibria in thdutane-water
Parameters, andb, for water and parametees andb, for system

hydrocarbons can be calculated from the critical properties and Some values of given in Tables 1—4 can be compared with

\;apor preshsure. of pure cgmpounds (see thi Appelndldi). literature estimates. For example, the value for the ethane-water
owever, the mixture-specific parameterhas to be evaluate system is equal to 0.52 as compared with 0.500 (Peng and

from exper_ime_ntal regults for the c_orresponding bir.1ary mi_x_ture. Robinson, 1976b) and 0.525 (Carroll and Mather, 1997); for the
Its eva_lu?tlon is possnblt_a fr?m various sets of dzita._s?lublllty of 1 octane-water system Table 1 gives= 0.45 compared with
water in “hydrocarbon-rich” gaseous, liquid, or “fluid phasgs, 0.48 (Peng and Robinson, 1976b) and 0.467 (Heidman et al.,
or fr(_)n_1 the values_ of the second cross (Water-sol_ute) virial 1985); for them-diethylbenzene-water binary = 0.31 com-
coefficient, Bl?(T)’ in the latter case using the relation from pared with 0.300 (Economou et al., 1997), etc. Strictly speak-
Fernandez-Prini et al. (1992): ing, these comparisons are not completely valid, because

RT [b,+b, from Tables 1-4 refer to the PRSV, and all other values to the
1-17= (@ay)" [T - BlZ(T):|~ original Peng-Robinson equation of state. Nevertheless, we
e expect that the difference between the valuesagftimized for
In agreement with the finding of Heidman et al. (1985) we the PRSV and the PR equations of state will be small.
found that estimates affrom compositions of liquid, “fluid” or As one can see from data in Tables 1-4, the valuer of
gaseous phases are close, however, estimatefah B, ,(T) depends mainly on a nature of a hydrocarbon and less on the

(given by Wormald and Lancaster (1988) for a number of carbon number inside a homologous series. In geneds-
aqueous hydrocarbons) are systematically higher (up to 0.08—creases from alkanes through cycloalkanes to alkenes and then
0.16). The most probable reason is the known poor perfor- to alkylbenzenes. In some sense the interaction parameter for a
mance of the cubic equations of state for predicting second mixture reflects the “chemical” similarity of the components of
virial coefficients of pure polar substances and mixtures involv- that mixture. For a mixture of very similar compoundsill be
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Table 1. Experimental data used for determinatiorr &r various alkane-water systems.

Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points Optimalr
Ethane GHg Coan and King (1971) FL, 298.2-373.2 2.3-3.6 18 0.52
Anthony and McKetta (1967a) FL, 310.9-410.9 2.6-10.8 4
Anthony and McKetta (1967b) FL, 310.9-377.6 3.4-34.7 25
Danneil et al. (1967) R L, 473.2-573.2 20-100 9
Reamer et al. (1943) FL, 310.9-510.9 2.2-68.2 40
Propane GHg Song and Kobayashi (1994) 6L, +L, 282.0-299.7 0.62-0.9 4 0.53
Kobayashi and Katz (1953) &L, +L, 287.8-367.7 0.74-4.2 16
L, + L, 310.9-360.9 5.6-19.3 13
F+1L, 383.2-422.0 9.7-19.3 10
Poetmann and Dean (1946) ©L, + L, 288.8-359.3 0.8-3.8 9
n-Butane GH,, 0.54
n-Pentane ¢H,, Gillespie and Wilson (1982) GL,+L, 311.5-423.4 0.12-2.1 3 0.52
L, +L, 311.0-463.8 0.8-13.8 11
F+1L, 477.6-533.2 7.0-13.8 4
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Black et al. (1948) L+L, 278.7-298.2 0.1 3
n-Hexane Barrufet et al. (1996) &L, +L, 372.1-463.7 0.3-3.0 5 0.48
CeHyy Brunner et al. (1993) AL, 573.2 20 1
Tsonopouols and Wilson (1983) 6L, +L, 310.9-473.2 0.1-3.5 7
Skripka (1976) L+ L, 473.2-493.2 3.6-78.5 19
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Roddy and Coleman (1968) L, 298.2 0.1 1
Englin et al. (1965) L+1L, 293.2-313.2 0.1 3
Black et al. (1948) L+L, 293.2 0.1 1
2-Methylpentane Polak and Lu (1973) EL, 273.2-298.2 0.1 2 0.49
sH14 [Tsonopoulos and Wilson (1983) &L, +L, 313-473 0.1-3.9 4
for n-hexane]
n-Heptane Polak and Lu (1973) BHL, 273.2-298.2 0.1 2 0.45
CHyg O’'Grady (1967) F L, 561.0-605.4 24.82 5
Englin et al. (1965) L+L, 273.2-313.2 0.1 6
Black et al. (1948) L+1L, 283.2-298.2 0.1 3
n-Octane Rahman and Barrufet (1995) +Q,; + L, 366.5-449.8 0.12-1.3 5 0.45
CgH1g Heidman et al. (1985) GL,+L, 310.9-477.6 0.1-2.5 4
Skripka (1976) L+ L, 498.2-538.2 3.5-78.5 26
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Englin et al. (1965) L+L, 283.2-303.2 0.1 3
Black et al. (1948) L+1L, 293.2 0.1 1

®As determined by Carroll et al. (1997).

close to zero. So, qualitatively, the observed trend can be value ofr out of the observed regularities. We believe that the
understood if the alkylbenzenes, which are more polarizable in experimental results of Li and McKetta (1963) on the solubility
water, are considered to be “more similar” to water than non- of water in liquid propene are in error. Indeed, in accordance
polar alkanes. Only for the propene-water system is the optimal with the finding of Economou et al. (1997), the solubilities of

Table 2. Experimental data used for determinatiorr &r various alkene-water systems.

Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points Optimalr
Ethene GH, Sanchez and Lentz (1973) +L, 439.2-573.2 10.0-94.5 12 0.35
Anthony and McKetta (1967a) FL, 311.0-411.0 3.43-34.4 35
Diepen and Scheffer (1950) +L, 298.2 4-10 7
Propene GHg Sanchez and Lentz (1973) +L, 441.2-603.2 12.6-97.0 16 0.48
Li and McKetta (1963) GtL,+L, 311.0-363.6 1.62-4.56 6
L, +L, 311.0-344.2 3.2-33.1 17
F+L, 377.6-411.0 7.2-34.0 17
1-Butene GHg Wehe and McKetta (1961b) GL,+L, 310.9-410.9 0.43-3.85 6 0.37
Leland et al. (1955) G L, +L, 310.9-410.9 0.44-3.87 4
L, +L, 310.9-410.9 13.8-69 20
F+L, 427.6 13.8-69 5
Black et al. (1948) L+1L, 279.2-294.7 0.29-0.33 5
I-Hexene GH,, Economou et al. (1997) GL,+L, 310.9-475.3 0.2-3.9 4 0.41
Irani and McHugh (1979) AL, 566.5 24.83 1
I-Octene GH,¢ Economou et al. (1997) GL +L, 310.9-549.8 0.1-9.3 5 0.40
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Table 3. Experimental data used for determinatiorr &r various cycloalkane-water systems.

Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points Optimalr
Cyclohexane Tsonopouolos and Wilson (1983) +&, + L, 313.2-473.2 0.1-3.0 8 0.48
CeH1» Skripka (1976) L+L, 473-523.2 9.8-78.5 17
Goldman (1974) L+ L, 283.2-313.2 0.1 7
Glasoe and Schultz (1972) B Ly 288.2-303.2 0.1 3
Roddy and Coleman (1968) WL, 298.2 0.1 1
Rebert and Hayworth (1967) GL,+L, 516.4 6.58 1
F+1L, 573.2-583.2 13.7-14.1 2
Englin et al. (1965) L+L, 283.2-323.2 0.1 5
Tarassenkow and Poloshinzeva (1932) L L, 283.2-326.2 0.1 6
Ethylcyclohexane Heidman et al. (1985) ©L, + L, 310.9-552.8 0.1-8.8 6 0.48
CeHie
n-Butylcyclohexane Economou et al. (1997) GL,+L, 310.9-549.8 0.1-7.1 6 0.44
CioH20

water in liquid 1-butene, 1-hexene and 1-octene are very sim- 5-15 K of the upper critical end point, UCEP, to escape
ilar, around (1.5-1.6)10 2 in mole fraction at 311 K and potential divergence problems, and data at pressures in excess
moderate pressures (i.e. far from the UCEP for the correspond- of 100 MPa because the Peng-Robinson equation of state was
ing systems), but equal to (0.8—0:90 2 for the propene- not tested at such high pressures. ForlG+L, and L +L,
water system at the same conditions. Such a low solubility is equilibria we used only data at temperatures in excess 370 K
similar to the solubility of water in liquid propane, about (for low-temperature results the standard Gibbs energy of hy-
(0.6—0.7y 10"° at the same conditions. This hardly seems dration were calculated by combination of the standard Gibbs
possible, because for othevalkane-1-alkene pairs the solubil-  energies of solution and vaporization, see below). We did not
ity of water in the alkene is about twice the solubility of water include data from Kudchadker and McKetta (1961a,b); Kud-
in the alkane (all at 311 K and moderate pressures). So, we chadker and McKetta (1962); or Guseva and Parnov (1963);
believe thatr = 0.40 is a more reasonable value for the Guseva and Parnov, (1964a,b) because of the consistent opin-
propene-water binary, and this value was used in our treatmention in the later literature that they are not reliable (Heidman et
of data in the propene-water system. We expect that data from g|. 1985; Shaw, 1989).

Tables 1-4 allow reasonable estimates of the interaction Pa-  For each of the T-P-m experimenta| points referenced in

rameters for many hydrocarbon-water systems involving al- Taples 5-8 we calculated compositions and the compression
kanes, cycloalkanes, alkenes or alkylbenzenes. factors of two coexisting phases (i.e. forr®,+L,, equilibria

In accordance with qbservations of Reng and Robinson compositions of only the Land L, phases were determined),
(1976b), Peng and Robinson (1980), Heidman et al. (1985), ang then used calculated compositions of the “hydrocarbon-
Carroll et al. (1997), and Economou et al. (1997), the solubility ey phase to evaluate the fugacity coefficient of the hydro-
of water in “hydrocarbon-rich” phases can be accurately repro- .rhon. The value df,(T,P) was then calculated according to
duced in the framework of the Peng-Robinson equation of state, gqn (3). There are two main contributions to the uncertainty in
or its PRSV variant, over a large temperature range, wkgre  he |ogK,, value obtained in this way (besides a difficult-to-
increases from 0.00n to 0.n. Typically the accuracy of predicted ggtimate contribution due to neglecting the possible deviation
water solubilities are within 10-20% of the reported experi- ,m gne of the activity coefficient of a solute and the negli-
mental values, which is often close to the scattering of data gible +0.02 uncertainty in the value): the error in the calcu-
from different studies. Some experimental and calculated data |, fugacity coefficient of the hydrocarbon and the experi-
on the solubility of water in the L phase along &L,+L,
equilibria are shown in Figure 3 for three hydrocarbon-water
systems.

mental error in the solubility value. The only feasible method to
estimate the latter contribution is to compare solubility values
from different laboratories, if available. The contribution due to
the error in the fugacity of the hydrocarbon depends strongly on
temperature, or to be more precise, on the solubility of water in
the “hydrocarbon-rich” phase. At low temperatures, where the
To calculate the hydration constants for hydrocarbons we solubility of water,X,,, is less than, say, 0.05, even a large error
have collected experimental data from the literature on the in the calculated values &, (up to 20%) will result in only a
compositions of the “water-rich” liquid Land in a few cases ~ small change in the fugacity of a hydrocarbon (less than 2%).
“fluid” F, phases along the €.,+L,, L,+L, F+L, and However, at high temperatures, whetg may be as high as
F,+F, equilibria. As a rule, we did not include data points 0.5-0.6, a 20% error in the calculated solubility of water in the
where the concentration of the hydrocarbon exceeds 1 “hydrocarbon-rich” phase causes a large error in the calculated
mol- kg~ * because of the potential problem that the activity hydrocarbon fugacity (up to 25% and more). This means that
coefficient of the solute in such concentrated aqueous solutionseven without the possible contribution due to errors in the
differs from one. This constraint places an upper temperature reported solubility values the minimum uncertainty in the cal-
limit on many systems. Also we did not employ data within culated logk,(T,P) values at T> 500 K is about 0.1 log unit.

3.4. Calculation of K,(T,P) from High-Temperature
Phase Equilibria Data
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Table 4. Experimental data used for determinatiorr &r various alkylbenzene-water systems.

Temperature Pressure N of

Hydrocarbon Reference Equilibrium  range, K range, MPa points  Optimalr
Benzene Chandler et al. (1998) ©L, +L, 473.2-536.7 2.7-8.8 4 0.28
CeHe F+L, 548.2 9.5-17/2 2
Wormald and Slater (1996) L L 503-521 16.4 2
F+L, 544-560 16.4 2
Chen and Wagner (1994a) HL, 303.2-373.2 0.1-0.3 8
Anderson and Prausnitz (1986) ©L, + L, 374.2-477.0 0.3-5.2 8
Tsonopoulos and Wilson (1983) &L, +L, 313.2-473.2 0.1-5.0 6
Skripka (1976) L+ L, 498.2-523.2 9.8-78.5 10
Goldman (1974) L+ L, 283.2-313.2 0.1 7
Karlsson (1973) L+ L, 288.2-308.2 0.1 9
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Roddy and Coleman (1968) L, 298.2 0.1 1
Moule and Thurston (1966) Lt L, 282.6-322.6 0.1 9
Thompson and Snyder (1964) LBL, 311.0-477.6 6.9-34.5 12
Rebert and Kay (1959) GL,+L, 500.7-515.7 5.0-6.4 2
Pavia (1958) L+L, 283.4-338.2 0.1 7
Staveley et al. (1943) L+ Ly 297.9-344.2 0.1 7
Tarassenkow and Poloshinzeva (1932) , +#.L, 278.2-346.2 0.1 9
Toluené Chandler et al. (1998) GL,+L, 473.2-523.2 2.5-5.8 2 0.30
C,Hg L, +L, 523.2-548.2 17.2 2
Chen and Wagner (1994b) L, 303.2-373.2 0.1-0.2 8
Brunner et al. (1993) B L, 573.2 20.0 1
Stephenson (1992) [+ Ly 273.2-363.4 0.1-0.2 9
Anderson and Prausnitz (1986) ©L, + L, 372.5-4735 0.16-2.4 6
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Glasoe and Schultz (1972) B Ly 288.2-303.2 0.1 3
Englin et al. (1972) L+1L, 273.2-323.2 0.1 6
Tarassenkow and Poloshinzeva (1932) , +.L, 283.7-366.2 0.1 10
Ethylbenzene Chen and Wagner (1994c) L L, 303.2-373.2 0.1-0.2 8 0.30
CgH1o Heidman et al. (1985) GL,+L, 311.0-536.1 0.1-6.5 5
Polak and Lu (1973) L+ L, 273.2-298.2 0.1 2
Englin et al. (1972) L+ L, 283.2-303.2 0.1 3
Jones and Monk (1963) L L, 298.2-308.2 0.1 3
m-Xylene® Anderson and Prausnitz (1986) ©L, +L, 373.6-473.3 0.15-2.0 6 0.30
CgH1o Chernoglazova and Simulin (1976) BEL, 293.2-343.2 0.1 3
Polak and Lu (1973) L+L, 273.2-298.2 0.1 2
Englin et al. (1972) L+1L, 283.2-303.2 0.1 3
p-Xylené® Chen and Wagner (1994c) L, 303.2-373.2 0.1-0.2 8 0.31
[Anderson and Prausnitz (1986) G+L,+L, 373.6-473.3 0.15-2.0 6
as form-xylene]
Polak and Lu (1973) L+ L, 298.2 0.1 1
m-Diethylbenzen® C,H,, Economou et al. (1997) &L, +L, 310.9-549.8 0.1-7.1 6 0.31
p-DiisopropylbenzerfeC,,H,;  Economou et al. (1997) GL,+L, 310.9-549.8 0.1-6.5 6 0.30

IUPAC names? methylbenzene® 1,3-dimethylbenzené: 1,4-dimethylbenzené 1,3-diethylbenzene® 1,4-bis(1-methylethyl)benzene.

As a result of the data treatment described above we accu-i.e., assuming that at these temperatures one can neglect the
mulated a large array of hydration constants at different tem- pressure dependence of the infinite dilution partial molar vol-
peratures and pressures. As a first step in the data reduction, weume of a solute (the Krichevskii-Kazarnovskii approximation).
extrapolated isothermad,;(T,P) to the saturated water vapor At higher temperatures we estimateég(T,P) at different tem
pressureP,,, by means of: peratures and pressures using the procedures proposed in
Plyasunov et al. (2000), for which the expected error is within
10-15%. As a result, we have values of the hydration constants
along the water vapor saturation curve for all hydrocarbons
under consideration. In cases where it was possible, we have
where VY(T,P) stands for the infinite dilution partial molar ~ @lso selected hydration constants for hydrocarbons at pressure
volume of a solute. For temperatures below 473 K this was P = 50 MPa and different temperatures. For benzene, toluene,
accomplished through a least-squares method employing then-hexane and cyclohexane there are direct measurements of

1 P
In Ky(T, P,) = In Ky(T, P) + F\’Tf V(T, P)dP, (6)
P,

W

simplified relation: VI(T,P) from V. Majer’s laboratory (Degrange, 1998), which
we used to calculaté,(T,P) at P= 50 MPa for these solutes
VA(P — P,) by means of Eqn. 6.

In Ku(T,Pu) = In Ky(T.P) + RT High-temperature values of hydration constants evaluated in
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0 : : : standard Gibbs energy of hydration @t < 373 K. The
corresponding equation for the hydration constant is given by

P
In Ky(T,P) = In mg,— In ‘pp—;.

-1+

4. TEMPERATURE DEPENDENCE OF K, (T,P) IN THE
SUBCRITICAL REGION

-LOG X,,

A description of the temperature dependence of hydration
constants is plagued by two main problems: a small number of

S ] K, data points at elevated temperatures, and their low accuracy
atT > 500 K. In light of these difficulties we decided to reduce the
dimension of the fitting task (i.e. the number of adjustable param-

. ‘ . } eters) to the possible minimum. To treat hydration constants

referring to the saturated vapor water pressure we selected the

400 500 600 X ,

TEMPERATURE, K equation proposed by Harvey (1996) for the Henry’s law con-
stants. His equation, converted to the definitions and concentration

Fig. 3. Experimental values (symbols) of water concentrations in the units accepted in this study. see Egn.(1). can be written as:
“hydrocarbon-rich” phases along thet& ,+L, equilibrium for binary P Y an.(1), '

mixtures involving water, and either toluene, or 1-octeney-octane,

together with values correlated with the PRSV EoS (solid curves). In Ky(T, P,) = —InP,, + ? + $ (Te— ™
. . . . . T 1000
this study were combined with the available literature data refer- +Cexp 1-— 7 T+ In M) (8)
C w

ring to temperatures below 373 K at 0.1 MPa (these results are
marked as KH" in Tables 5—8) In addition, numerous Iiterature where A’ B, and C represent three f|tt|ng parameteni; =

data on the solubility of liquid hydrocarbons in water atT373 0.355 anch, = —0.41 designate two universal constants of the
K (marked in Tables 5-8 as jt+L," equilibria) were converted  Haryvey (1996) modelT, = 647.14 K stands for the critical
to the values OKH(T,P). This was done as described in PIyaSUnOV temperature Of pure Water; amv represents the temperature_
and Shock (2000): a reaction HC(g) HC(aq) is represented by dependent saturated water vapor pressure. Among the various
the sum of two reactions: HC(gp HC(l) and HC(l)< HC(aq), proposed three-parameters models, the Harvey equation is the
Whel’e HC StandS fOl’ the generalized hydrocarbon, a.nd the Sub'fortunate one in terms of accuracy_ It can be used fgr K
scriptsg, I, aqdesignate the gaseous, liquid, and aqueous state ofjnterpolation in the temperature range between 273.15 K and
the hydrocarbon, respectively. A proper thermodynamic treatment ¢jose to the critical point of pure water. More importantly for the
results in the following relation: purposes of the present study it can be applied for reliable extrap-
olation of K, data towards higher temperatures. Harvey (1996)
P showed for nitrogen that the fit based on constantsat450 K
MG’ = 8ofG° — MG’ ~ —RTIN My + RTIn 557, (7) allows an accurate prediction of l¢g, at temperatures up to 630
K. We checked and confirmed this claim using methane (a non-
whereAG® designates the change of the standard Gibbs energy polar solute) and ammonia (a polar solute) as examples.
in some process; subscrigtssol,andvapdefine the processes To reduce the number of fitting parameters in the Harvey
of hydration, solution and vaporization, respectivey;., equation we employed two additional constraints, namely the
stands for the saturation molality of a hydrocarbon in kthe fixed numerical values of the Gibbs energy of hydratityG°,
phase;P designates the saturation pressure of a pure Rydro and the enthalpy of hydration,,H®, of a hydrocarbon, both at
carbon at temperature P? represents the reference pressure of 298.15 K and 0.1 MPa. The required valuesApfz° (298.15,
the ideal gas state, 0.1 MP®; stands for the fugacity coeffi-  0.1) andA,H°(298.15, 0.1) are taken from Plyasunov and
cient of a pure hydrocarbon in the gaseous state at temperatureShock (2000), or estimated, where necessary, using the group
T and pressur®, (calculated from the virial EoS truncated at  contributions values from the same source. The analytical state-
the second virial coefficienB,,c, of the pure hydrocarbon: ments for the temperature dependenceAgG° and A H°,
consistent with the Harvey (1996) model, are given by:

AG°

BHCPS)
R

n="r7

=-ThKy=TInP,— A—B(T,— )"

The sign =" is needed because Eqn. 7 neglects the solubility

of water in the coexisting “hydrocarbon-rich” phase and the LI P 1000
deviation from one of the activity coefficient of a hydrocarbon -C exp( - i) T In< M, )
in the saturated aqueous solution. Errors due to both simplifi-

cations make negligible contributions to the values of the and

9)
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Table 5. Experimental data used for determinatiom\g&® for various alkanes.
Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points
Ethane GHq Dhima et al. (1998) L, 344.3 50 1
Fernandez-Prini and Crovetto (1989) LK 348.2-473.2 0.1-1.6 6
Cosgrove and Walkley (1981) K 283.2-303.2 0.1 3
Rettich et al. (1981) K 273.2-333.2 0.1 7
Danneil et al. (1967) RL, 573.2-623.2 30-100 3
Culberson and McKetta (1950) L, 310.9-444.3 50 5
Propane GHg Hayduk (1986) K 273.2-343.2 0.1 8
De Loos et al. (1980) F+F 623.2 28.7-95 3
Wehe and McKetta (1961a) GL, 344.3 0.77-1.25 7
Azarnoosh and McKetta (1958) &L, 288.7-344.3 0.10-2.66 45
F+1L, 377.6-410.9 0.26-3.53 26
Kobayashi and Katz (1953) &L, +L, 285.3-360.9 0.50-3.8 5
L, +L, 285.4-360.9 3.0-19.2 19
F+1L, 383.2-422.0 1.5-19.2 20
n-Butane GH,, Dhima et al. (1998) L+ L, 344.3 50 1
Carroll et al. (1997) K 273.2-523.2 0.1-4.0 10
Yiling et al. (1991) F+L, 618 41.9 1
Hayduk (1986) K 273.2-353.2 0.1 9
Danneil et al. (1967) F+F, 628 59.0-72.5 2
Reamer et al. (1952) L+ L, 310.9-410.9 50 3
n-Pentane ¢H,, Gillespie and Wilson (1982) FL, 444.3-510.9 50 4
G+L,+L, 311.5-423.4 0.12-2.1 3
L, +L, 311.0-463.8 0.8-13.8 6
F+1L, 477.6-533.2 7.0-13.8 15
Jtnsson et al. (1982) K 288.2-308.2 0.1 4
Price (1976) L+L, 313.3-422.7 0.1-2.1 6
Polak and Lu (1973) L+ L, 273.2 0.1 1
Nelson and De Ligny (1968) L+ L, 277.2-303.2 0.1 4
Connolly (1966) L, 278.7-298.2 15-70 12
n-Hexane Barrufet et al. (1996) &L, +L, 373.2-463.7 0.3-3.0 5
CgH14 Brunner et al. (1993) B L, 573.2 20 1
Bittrich et al. (1983) L+L, 313.2-333.2 0.1 2
Tsonopouols and Wilson (1983) 6L, + L, 313.2-473.2 0.1-3.5 7
Jinsson et al. (1982) K 288.2-308.2 0.1 4
Price (1976) L+1L, 313.0-425.0 0.1-1.3 9
Polak and Lu (1973) L+ L, 273.2 0.1 1
Nelson and De Ligny (1968) L+ L, 277.2-328.2 0.1 5
2-Methylpentane Price (1976) L L, 313.3-422.7 0.1-1.4 6
CeHia Polak and Lu (1973) L+ L, 273.2 0.1 1
O’Connolly (1966) F+ L, 573.2-603.2 15.4-70.0 11
n-Heptane Jeson et al. (1982) K 288.2-308.2 0.1 4
CHyg Price (1976) L+L, 313.3-423.6 0.1-0.9 6
Polak and Lu (1973) L+ L, 273.2 0.1 1
Nelson and De Ligny (1968) L+ L, 277.2-318.2 0.1 4
O’'Grady (1967) L, 561.0-605.4 24.82 5
O’Connolly (1966) F+ L, 568.2—605.4 17.0-70.0 14
n-Octane Rahman and Barrufet (1995) +a, + L, 394.3-449.9 0.3-1.3 4
CgHy5 Burris and Maclinture (1985) L+ Ly 293.2-343.2 0.1 3
Heidman et al. (1985) GL,+L, 310.9-536.1 0.1-7.03 5
F+1L, 552.8 8.86 1
Jtnsson et al. (1982) K 288.2-308.2 0.1 4
Price (1976) L+L, 313.3-422.7 0.1-0.7 6
Polak and Lu (1973) L+ L, 273.2 0.1 1
Nelson and De Ligny (1968) L+ Ly 278.2-318.2 0.1 2
A H° o @ [AG° ,(dInP, w
R T <a.|_ [ RT ])P T < 0T )P In(P,/bar) = A, + TG, (12)

— A= BT~ T )T+ T(n, — 1} where the numerical values of the fitting paramet&ys B,,,
T T andC,, were determined by the least-squares method U3jng
-C exp<1 - T—)T ”2’1{? - nz} (20) values generated from the international formulation (Saul and
¢ ¢ Wagner, 1987) for the vapor pressure of water between 273.15
As an analytical approximation for the temperature dependence and 643.15 KA,, = 11.866* 0.028;B,, = —3945.3+ 21.0;
of the water vapor pressure we employed the Antoine equation: C,, = —40.503 = 0.934. Equation 11 describes the recom
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Table 6. Experimental data used for determinatiomg&° for various alkenes.

Temperature Pressure N of

Hydrocarbon Reference Equilibrium range, K range, MPa points
Propene GHg Serra et al. (1998) 293.2-323.2 0.1 6
Sanchez and Lentz (1973) +L, 441.2-603.2 12.6-94.0 15
Li and McKetta (1963) GHL,+ L, 311.0-344.3 1.62-3.23 2
L, +L, 311.0-344.2 3.2-32.2 15
F+L, 377.6-411.0 8.7-32.2 14
[-Butene GHg Wehe and McKetta (1961b) &L, +L, 310.9-377.6 0.43-2.07 3
Leland et al. (1955) GL,+L, 310.9-410.9 0.44-3.87 4
L, +L, 310.9-410.9 13.8-69 39

F+L, 427.6 13.8-69 9

I-Hexene GH,, Economou et al. (1997) G L, +L, 310.9-494.3 0.2-5.4 5
Irani and McHugh (1979) 1 566.5 24.83 1

I-Octene GH,¢ Economou et al. (1997) GL,+L, 310.9-549.8 0.1-9.3 6

mendedP,, data with an accuracy of about 1% or better

between 273.15 and 623.15 K and better than 3% at 643.15 K,

which is sufficient for the purposes of this study.
From the three parameters of the Harvey model onlyBhe

parameter was determined by the least-squares fit of hydration

AH(T,, 50MPa) = A,H(T,, 0.1MPa)

50 avy
+ J’ <vg— T(aT> ) dP = AH(T,, 0.1IMPa)
0.1 P

constants. Parameters A and C are unambiguously defined by

the numerical values af,,G°(298.15, 0.1)A,,H°(298.15, 0.1)
and theB parameter. For convenience we give in Table 9
(upper line for each solute) all the corresponding values.

Hydration constants referring to B 50 MPa, K(T, 50
MPa), were fitted using the following equation:

AGY(T,, 50MPa  AH(T,, 50MPa)
RT, R

(2-3)- D[%_ 1+ n(l)] (12)

In Ky(T,50MPa) =

whereT, = 298.15 K is the reference temperatutgG°(T,,50
MPa) and A,H°(T,,50 MPa) stand for the Gibbs energy of
hydration and enthalpy of hydration, respectively,Tat T,
andP = 50 MPa. The necessary values 4fG°(T,,50 MPa)
andA,H°(T,,50 MPa) were evaluated as follows:

AGY(T,, 50MPa) = A,G%(T,, 0.1MPa)

50
+ f V2 dP =~ A,GY(T,, 0.1MPa) + 50VYT,, 0.1IMPa)
0

1

and

+ 50VY(T,, 0.1MPa),

where values of the infinite dilution Gibbs energy of hydration,
enthalpy of hydration, and partial molar volume of solutes at
298.15K and 0.1MPa were taken from Plyasunov and Shock
(2000) or estimated using group contribution values from the
same source. The physico-chemical basis of Eqn. 12 is the
assumption that the heat capacity of hydration of a solute at
P = 50 MPa is constant. As this assumption certainly becomes
unsatisfactory at near-critical conditions, we suggest that Eqn.
12 is not to be used at > 523-573 K. The parameters of Eqn.
12 are given in Table 9 iitalics.

In Figure 4a—d we show “experimental” (different symbols)
and fitted (solid curves) values of hydration constants for a
number of hydrocarbons, together with the predictions (dotted
curves) of the revised HKF-model (Shock and Helgeson,
1990). In general, the HKF-predictions Kf, are satisfactory
for aqueous hydrocarbons, typically being within 0.1 log unit at
temperatures up to 473 K and 0.2—-0.3 log unit up to 623 K.

5. RETRIEVAL OF GROUP CONTRIBUTION VALUES AT
ELEVATED TEMPERATURES

It is known that plots of the Gibbs energy of hydration at
298.15 K for homologous series show linear dependences on

Table 7. Experimental data used for determinatiolg&° for various cycloalkanes.

Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points
Cyclohexane Dewulf et al. (1999) K 275.2-291.2 0.1 4
CeH1s Kolb et al. (1992) K, 313.2-353.2 0.1 4
Ashworth et al. (1988) K 283.2-303.2 0.1 4

Tsonopoulos and Wilson (1983) 6L, +L, 313.2-482.2 0.1-3.6 6

Tucker et al. (1981) K 308.2-315.7 0.1 2

Rebert and Hyaworth (1967) L, 563.2-573.2 13.9-18.9 2

Ethylcyclohexane gH; ¢ Heidman et al. (1997) GL,+L, 311.5-552.8 0.1-8.8 6
n-Butylcyclohexane GH,o Economou et al. (1997) GL,+L, 366.5-549.8 0.1-7.1 5
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Table 8. Experimental data used for determinatiolg&° for various alkylbenzenes.
Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points
Benzene gHq Chandler et al. (1998) GL,+L, 473.2-523.2 2.7-7.2 3
L, +L, 523.2 17.2 1
F+L, 548.2 17.2 1
Peng and Wan (1997) K 288.2-313.2 0.1 6
Zou et al. (1997) L+L, 303.2-313.2 0.1 3
Alaee et al. (1996) K 277.2-308.1 0.1 7
Dewulf et al. (1995) K 275.2-291.4 0.1 4
Chen and Wagner (1994a) BHL, 303.2-373.2 0.1-0.3 8
Khalfaoui and Newsham (1994) K 293.2-303.2 0.1 4
Stevenson et al. (1994) Ly 472.5-523.2 3.5-7.7 3
Perlinger et al. (1993) K 283.2-303.2 0.1 4
Robbins et al. (1993) K 303.2-323.2 0.1 4
Cooling et al. (1992) K 293.2-323.2 0.1 4
Ashworth et al. (1988) K 283.2-303.2 0.1 5
Anderson and Prausnitz (1986) ©L, + L, 374.2-477.0 0.3-3.2 8
Bittrich et al. (1983) L+ L, 313.2-333.0 0.1 2
May et al. (1983) L+ L, 273.4-343.0 0.1 8
Tsonopoulos and Wilson (1983) 6L, +L, 423.2-473.2 1.1-3.0 2
Dutta-Chudhury et al. (1982) L+ Ly 281.2-306.2 0.1 3
Sanemasa et al. (1982) K 278.2-318.2 0.1 4
Tucker et al. (1981) K 288.2-318.2 0.1 6
Green and Frank (1979) K 283.2-303.2 0.1 7
Price (1976) L+L, 328.5-347.9 0.1 2
Brown et al. (1974) L+ L, 277.7-293.3 0.1 9
Bradley et al. (1973) L+ L, 318.2-328.2 0.1 2
Polak and Lu (1973) L+ L, 273.2 0.1 1
Connolly (1966) L, 533.2 10-80 4
Thompson and Snyder (1964) BEL, 311.0-477.6 6.9-34.5 8
Franks et al. (1963) L+ L, 290.2-336.2 5.0-6.4 12
Alexander (1959) L+ L, 274.0-338.6 0.1 11
Bohon and Claussen (1951) JBEL, 278.4-316.0 0.1 6
Arnold et al. (1958) L+ L, 278.1-342.2 0.1 20
Toluene GHg Dewulf et al. (1999) K 275.2-291.2 0.1 4
Chandler et al. (1998) GL,+L, 473.2-548.2 2.5-8.6 3
L, +L, 523.2-548.2 17.2 2
Peng and Wan (1997) K 288.2-308.2 0.1 6
Dewulf et al. (1995) K 275.2-291.4 0.1 4
Chen and Wagner (1994b) L, 303.2-373.2 0.1-0.2 8
Brunner et al. (1993) B L, 573.2 20.0 1
Ettre et al. (1993) K 318.2-353.2 0.1 4
Perlinger et al. (1993) K 283.2-303.2 0.1 4
Robbins et al. (1993) K 303.2-323.2 0.1 4
Stephenson (1992) 2Ly 273.2-363.4 0.1-0.2 11
Smith et al. (1989) L+ L, 278.2-318.2 0.1 4
Ashworth et al. (1988) K 283.2-303.2 0.1 4
Anderson and Prausnitz (1986) ©L, + L, 372.5-473.5 0.16-2.4 6
Bittrich et al. (1983) L+L, 313.2-333.2 0.1 2
Dutta-Choudhury et al. (1982) P E S % 283.2-306.2 0.1 2
Sanemasa et al. (1982) uK 288.2-318.2 0.1 3
Brown and Wasik (1974) L+ L, 277.7-293.3 0.1 9
Bradley et al. (1973) L+ L, 318.2-328.2 0.1 2
Polak and Lu (1973) L+ L, 273.2 0.1 1
O’Connolly (1966) F L, 553.2 15-60 4
Bohon and Claussen (1951) BL, 273.6-318.5 0.1 11
Ethylbenzene ¢H,, Dewulf et al. (1995) K 275.2-291.4 0.1 4
Chen and Wagner (1994c) L, 303.2-373.2 0.1-0.2 8
Perlinger et al. (1993) K 283.2-303.2 0.1 4
Robbins et al. (1993) K 303.2-313.2 0.1 2
Ashworth et al. (1988) K 283.2-303.2 0.1 4
Owens et al. (1986) L+ L, 283.2-318.2 0.1 15
Heidman et al. (1985) GL,+L, 311.0-552.8 0.1-8.6 6
Sanemasa et al. (1982) K 288.2-318.2 0.1 3
Brown and Wasik (1974) L+L, 277.7-293.3 0.1 9
Polak and Lu (1973) L+ L, 273.2 0.1 1
Bohon and Claussen (1951) JBEL, 273.6-316.0 0.1 6
m-Xylene GH,, Dewulf et al. (1995) K, 275.2-291.4 0.1 4
Robbins et al. (1993) K 303.2-323.2 0.1 4
Ashworth et al. (1988) K 283.2-303.2 0.1 4

(Continued)
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Table 8. (Continued).

Temperature Pressure N of
Hydrocarbon Reference Equilibrium range, K range, MPa points
Anderson and Prausnitz (1986) ©L, + L, 373.6-473.4 0.2-2.0 6
Sanemasa et al. (1982) K 288.2-318.2 0.1 3
Chernoglazova and Simulin (1976) BEL, 293.2-343.2 0.1 3
Polak and Lu (1973) L+ L, 273.2 0.1 1
Pryor and Jentoft (1961) Lt L, 344-540 0.1-6.8 7
Bohon and Claussen (1951) B Ly 273.6-312.8 0.1 7
p-Xylene GH,, Dewulf et al. (1995) K 275.2-291.4 0.1 4
Knauss and Copenhaver (1995) L EL, 325-422 0.1-0.69 11
Chen and Wagner (1994c) L, 303.2-373.2 0.1-0.2 8
Hansen et al. (1993) K 300.2-319.1 0.1 3
Ashworth et al. (1998) K 283.2-303.2 0.1 4
Sanemasa et al. (1982) K 288.2-318.2 0.1 3
Polak and Lu (1973) L+ L, 273.2 0.1 1
Pryor and Jentoft (1961) L+ L, 360.4-556 0.1-8.8 5
Bohon and Claussen (1951) BEL, 273.6-316.0 0.1 10
m-Diethylbenzene GH,, Economou et al. (1997) GL,+L, 310.9-549.8 0.1-7.1 6
p-Diisopropylbenzene GH, g Economou et al. (1997) GL,+L, 310.9-549.8 0.1-6.1 6

the carbon number except for the lowest members of series. group). Compounds with double bonds are supposed to be
McAuliffe (1966) presented extensive evidence of these rela- composed of the G= C group and a number of attached H
tions based on his solubility measurements for a large number groups, i.e. ethene, 8, is considered as the sum of one=C

of hydrocarbons. These empirical facts form the basis for group C group and four H groups, and propengHg, for example, is
additivity methods used to describe available data and predict considered to be built-up from one € C group and three H
the thermodynamic properties of organic compounds not stud- groups in addition to one CiHgroup. This selection of groups
ied experimentally. In this respect, one of the major results of was first proposed by Cabani et al. (1981), and was accepted in
our study is a confirmation of the applicability of the group our treatment of the thermodynamic properties of many aque-
contribution method to the Gibbs energy of hydration of hy- ous hydrocarbons at 298.15 K and 0.1 MPa (Plyasunov and
drocarbons at elevated temperatures. In Figure 5a we show theShock, 2000).

fitted values of logK,, for normal alkanes versus temperature The group contributions were retrieved in the following
along the saturation curve of pure water. The numbers above order: first we treated the numerous and probably most reliable

the curves denote the numbers of methylene,,Gifoups in data forn-alkanes to extract values for the gahd CH, groups
each of the compounds: zero for ethangHg or CH,;-CHg; at different temperatures by the least-squares method. In further
three for n-pentane, gH,, or CH;-(CH,);-CH,; six for n- retrieval the values obtained from tlrealkanes were fixed.

octane, GH, g or CH,-(CH,)s-CH,; etc. It is apparent in Figure  Values for the CH group were evaluated fraipG® of only

5(a) that the values of lol§,, vary in a regular fashion with the ~ one compound, 2-methylpentane (isohexane). A treatment of
increase of the number of the Gldroups in the compounds.  data for propene, 1-butene, 1-hexene and 1l-octene gave four
The simplest explanation of this fact is the assumption that each estimates for a linear combination of € C + 3H groups,

of the alkanes can be considered as built-up from the &1l which were averaged. Results for ethene (for ethene the values
CH, groups, which have constant energetic contributions (at of hydration constants & = P, were taken from Harvey et
fixed T and P) independently of the nature of a particular al. (1991), and recalculated ® = 50 MPa using equations
normal alkane. In Figure 5b we show the values of the Gibbs and parameters from Plyasunov et al., 2000) allow evaluation
energy of hydration fon-alkanes (circles) and 1-alkenes (tri-  of the sum of C= C + 4H groups, which can be combined with
angles) at 523.15 K arfd,,, versus the number of CHyroups the results for of G= C + 3H groups to separate contributions

in the compounds (note that in-octane there are six CH of C = C and H groups. Numerical values for the Clgroup
groups and in 1l-octene there are five £gtoups). The two were obtained from the Gibbs energy of hydration for benzene.
groups of data have nearly identical slopes confirming that the Evaluations for the G group were accepted as averaged from
energetic contribution of the ClHyroup is very similar in both corresponding values obtained fraG° for toluene, ethyl
n-alkanes and 1-alkenes (remember that at 523 K an uncer-benzenem andp-xylenes, 1,3-diethylbenzene amgdiisopro-
tainty of =0.05 log units inK,, corresponds to an uncertainty  pylbenzene, which turned out to be in reasonable agreement.
+0.5 kJ- mol~ in the value of the Gibbs energy of hydration, Values of c-CH were obtained from\,G° for cyclohexane,

A,GO). and results for ethylcyclohexane andbutylcyclohexane were
The following groups are present in the compounds consid- used to evaluate values for the c-CH group.
ered in this study: Ckl CH,, and CH for aliphatic hydrocar We expect that the uncertainty in estimates of the contribu-

bons; c-CH and c¢-CH in cycloalkanes (for example, ethylcy  tion of the CH, group is within 0.10 kamol~* up to 473 K,
clohexane consists of five c-GHyroups, one ¢c-CH group as  and gradually increases to 0.25 -kdol~* at 573 K. The
well as one CH and one CH group); CH, and C, in alkyl- expected uncertainties of the GHCH,, and C, groups are
benzenes (or aromatic hydrocarbons, where, for example, tol- within 0.15-0.20 kdmol™* up to 473 K increasing to 0.40
uene is composed of five CHgroups, one G, and one CH kJ-mol~* at 573 K. For compounds with a double bond only
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Table 9. The parameters of the Harvey model, Eqn. 8, for the description of the temperature dependence of hydration constant along the saturatiol
curve of water, and Eqn. 12 at® 50 MPa (second line, iitalics).

Bd
Compound AGO™Y AHT A° D' ce Tone
Alkanes
Ethane, GHq 15.57 —19.40 13325 —-319.5+ 6.9 —300.7 623
18.15 —16.83 28.3 573
Propane, GHg 16.09 —22.90 16491 —330.2* 32.0 —369.1 623
n-Butane, GH,o 16.58 —25.90 18905 —271.4*27.7 —423.8 628
20.73 -21.76 38.7 511
n-Pentane, gH,, 17.40 —28.65 21486 —247.4* 142 —481.9 623
n-Hexane, GH,, 18.12 —31.60 24084 —224.5+ 39.2 —539.8 573
23.81 —25.79 44.0 573
2-Methylpentane, gH,, 18.51 —33.28 24981 —183.4* 24.3 —565.6 603
24.17 —27.56 45.7 573
n-Heptane, GH,¢ 18.85 -36.17 27763 —176.6*=52.9 -623.8 623
n-Octane, GH, 5 19.57 —39.92 31623 —168.7* 26.4 —704.9 553
Alkenes
Ethene, GH, 15.58 -14.17 21.9 573
Propene, GHq 12.85 —21.60 13146 —318.6*+ 17.4 —290.6 603
15.85 —18.60 27.6 573
I-Butene, GHg 13.81 —24.19 15877 —-301.7+112.4 —350.9 428
17.36 —28.30 324 428
I-Hexene GH,, 15.26 -31.71 22877 —257.8*+52.7 —503.1 567
I-Octene, GH,¢ 16.71 —39.23 29301 —192.5+58.4 —647.1 550
Cycloalkanes
Cyclohexane, gH,, 13.00 —33.10 20839 —201.7*+19.2 —465.5 573
17.80 —28.30 38.5 573
Ethylcyclohexane, H,¢ 15.45 —42.82 32173 —213.2*+59.9 —698.8 553
n-Butylcyclohexane, GH,q 16.90 -50.34 38479 —143.4* 160.0 —841.1 550
Alkylbenzenes
Benzene, gHg 4.29 -31.70 14397 —273.3*16.5 —302.4 533
8.44 —27.55 28.0 533
Toluene, GHg 4.52 —36.30 17373 —217.6* 30.3 —372.2 553
9.38 —31.38 32.4 553
Ethylbenzene, §H,, 5.24 —39.26 20135 —196.1+ 130.1 —433.3 553
m-Xylene, GH,, 4.94 —38.71 19874 —214.6*+41.7 —424.3 540
p-Xylene GH,o 4.94 -38.71 19218 —190.0=* 32.0 —415.0 556
m-Diethylbenzene, ¢H,q 6.39 —46.23 25808 —130.9*+ 454 —561.3 550
p-Diisopropylbenzene, GH, g 8.63 —55.49 33015 —18.0=53.1 —730.2 550
2298.15 K, 0.1 MPa (upper line) or 50 MPa (second lineitatics).
PkJ-mol™t.
°K.
d KO.645.
€ K41

f Dimensionless.

linear combinations of groups are meaningful, namely=C where n stands for the number of times tleh Y, group is

C + 3H for 1-alkenes and G- C + 4H for ethene, and their ~ present in the compound, and the te¥inis equal the Gibbs
uncertainties are believed to be within 0.20-kdol~* up to energy of hydration of an imaginable compound without any
373 K, 0.30 k3 mol~* up to 473 K, and 0.60 kdmol~* up to groups at all, i.e. for a material point. The valueYgfis given
573 K. The same uncertainties are expected for the ¢-CH by theory (see, for instance, Pierotti, 1976) as:

group. Results for the CH and c-CH groups are based on a few

expenm_ental stuc_zlle_s (atF 373 K on only one_data sour.c_e) Y, = RTIn &3'_ RTIn @ (14)
and their uncertainties can not be evaluated without additional V3 My,

experimental measurements. All these estimates of uncertain-

ties refer to the saturation water vapor pressure, uncertainties atWher_e_Vg stands for the molar volume of pure water at the
P = 50 MPa are expected to be larger. specified T and A\, represents the molar mass of water; the first

Following the approach taken in our study of the values of termis the so-called “standard state conversion term”; the second

group contributions for thermodynamic properties of hydration €M is needed when the molality concentration _scale is employed.
of hydrocarbons at 298.15 K and 0.1 MPa (Plyasunov and SO Y, can be calculated from the PVT properties of pure water

Shock, 2000) we assume that the Gibbs energy of hydration of independently of any experimental data for hydrocarbons.
a compound can be written as: The temperature dependence of group contribution values
can be represented by an empirical polynomial expression:
AG =Y+ >, nY,, (13)
i Y=a,+ aT+aT?+ a T3+ a,T* (15)
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Fig. 4. Experimental (symbols) and correlated (solid curves) values of the hydration constants for a number of
hydrocarbons at different temperatures along the vapor-liquid saturation curve of pure water. The HKF predictions are
shown as dotted curves.

where the number of terms was chosen to provide an accurateequilibria studies at elevated temperatures and pressures. Ex-
reproduction of results at different temperatures evaluated in perimental data for more than twenty water-hydrocarbon sys-
this study. Values of the parameteasat both the saturated  tems were uniformly correlated within the framework of the
water pressure and P 50 MPa are given in Table 10. Result-  Peng-Robinson-Stryjek-Vera equation of state in combination
ing values ofAG° for various groups at the saturation water with simple mixing rules. In this way we determined hydration
vapor pressure are shown in Figure 6. We expect that theseconstants (or the Gibbs energy of hydration) for many hydro-
numerical values of group contributions allow reasonably ac- carhons up to 623 K and 50 MPa. Results for homologous
curate estimations of the Gibbs energy of hydration, or Henry's series show regular change with increasing carbon number
law constants, for hundreds of alkanes, 1-alkenes, cycloalkanesconﬁrming the applicability of the group contribution approach

(derivatives of cyclohexane) and alkylbenzenes at temperatures, the Gibbs energy of hydration of hydrocarbons at elevated

up to 623 K and pressures up to 50 MPa. temperatures. The temperature dependence of the Gibbs energy

of hydration was determined for the following groups that
6. DISCUSSION constitute the hydrocarbons under consideration in this study:
CHg, CH,, and CH in aliphatic hydrocarbons;<€ C and H for
This work is concerned with the evaluation of the hydration alkenes; c-CH and c-CH in cycloalkanes; CHand C, in
constants for aqueous hydrocarbons from the results of phasealkylbenzenes (or aromatic hydrocarbons).
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Table 10. The parameters of Eqn. 15 for the description of the
temperature dependence of the Gibbs energy of hydration, in
kJ- mol~?, of the groups considered in this work at the saturation water
vapor pressure, and at 50 MPa (second line, iitalics).

Group 3 a-100  a,-10*  a;-10" a,-10"° T,
Yo —10.701 1.2487 —3.6084 6.3377 —4.1598 623
—-0.756  0.215 0.364 —0.336 573
CH, —48.817 3.8899 —10.356 12.750 —6.6081 623
—25.716 1.7430 —2.7070 1.0377 573
CH, —13.685 0.9309 —-1.8375 1.1218 623
—8542 0.5886 —0.9980 0.4856 573
CH 8.150 —0.5297 0.6562 623
5.476 —0.3781 0.4790 573
cC=C 12.827 —1.2411 1.5659 623
6.768 —0.8484 0.8864 573
H —11.170 0.7981 -0.9817 623
—9.287 0.7046 —0.7959 573
CH,, —8.133 0.3854 —-0.4479 623
—8.125 0.4152 -0.4725 573
Car 6.152 —0.5323 0.6577 623
5.196 —-0.4791 0.5943 573
c-CH, -16.779 1.0595 -1.8623 0.9474 623
—10.235 0.5965 —-0.6754 573
c-CH —15.401 0.9946 —2.0866 1.2240 623

reference pressure, 0.1 MPa. The valuesGg{T,P) for the
selected groups are calculated in Appendix B.

Second, we suggest that the results of this work can be used
for calculating distributions of species in aqueous solutions,
which are unsaturated with respect to liquid or “fluid” hydro-
carbon. If calculations involving hydrocarbon phases are to be
performed at temperatures in excess of approximately 450 K
one should consult Figure 2 to determine the nature of the
expected phase equilibria and “hydrocarbon-rich” phases, so
that modeling topologically impossible relations or composi-
tions can be avoided. A special problem is the reliable evalu-
ation of the chemical potential of a hydrocarbon in naturally-

15 |-

Fig. 5. (a) Calculated values of the hydration constants for normal
alkanes as a function of temperature at saturated water vapor pressure
labeled by the numbers of methylene groups (for example &for
octane). (b) Calculated values of the Gibbs energy of hydration for
normal alkanes and l-alkenes at 523 K and saturated water vapor
pressure.

How could these results be employed for geochemical ap-
plications?

First, many computer codes used for thermodynamic mod-
eling typically require values of the standard partial molar
Gibbs energy of a soluté, as input information. Results of
the present work supply values of the standard Gibbs energy of
hydration of a soluteA,G°(T,P). The following relation pre
vides the connection between these properties:

AGYT,P) = GY(T,P) — GX(T), (16)

where C%’g(T) stands for the Gibbs energy of a hydrocarbon in

Fig. 6. The temperature dependence of the group contributions to the

300
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TEMPERATURE, K

600

the ideal gas state at any temperature, T, and the ideal gasGibbs energy of hydration at saturated water vapor pressure.
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occurring  “hydrocarbon-rich” phases due to their
multicomponent character, and particularly the solubility of
water in “hydrocarbon” phases.

Another possible application of the results of this study is for

planning and design of experimental investigations of thermo-
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Black C., Joris G. G., and Taylor H. S. (1948) The solubility of water
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Boublik T., Fried V., and Hala E. (1984) The vapour pressures of pure
substances. Elsevier.

dynamic properties of organic compounds in high-temperature Bradley R. S., Dew M. J., and Munro D. C. (1973) The solubility of

aqueous solutions. Rigorous thermodynamic interpretations of

results from phase equilibria studies (“solubility” determina-

benzene and toluene in water and aqueous salt solutions under
pressureHigh Temp.-High Press, 169-176.
Brown R. L. and Wasik S. P. (1974) A method of measuring the

tions) at temperatures above 500-550 K are not easy due to solubilities of hydrocarbons in aqueous solutiohsRes. NBF8A,

high mutual solubilities, which make it difficult to evaluate

453-460.

accurately the chemical potentials of organic compounds in Brunner E. (1990) Fluid mixtures at high pressures. IX. Phase separa-

coexisting phases. An approach based on studies of reactions

(“equilibrium constants”) in dilute homogeneous solutions un-

saturated with respect to an “organic-rich” phase is a better

alternative at T> 500 K (see: Seewald, 1994). Finally, heat
capacity and density determinations of dilute solutions of or-

ganic compounds at elevated temperatures should have theC

highest priority.
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APPENDIX A. THE PENG-ROBINSON-STRYJEK-VERA
EQUATION OF STATE
The basic equation is given by:

RT a

P=V—b VVib tbV_b"

(AD)

where V stands for the molar volumey represents a temperature-
independent parameter (sometimes called an “excluded volume”),
given by the relation:

RT,
b=0.07780——, (A2)
Pc

where T, and P, stand for the critical temperature and pressure of a
pure compound, respectivelgindicates a temperature-dependent term
(also called an “attractive” parameter):

272
c

4Pc

a=0.4572 “a(T), (A2)

wherea(T) represents a function of temperature and the acentric factor
w (an individual characteristic of a pure compound related to its vapor
pressure, see Reid et al., 1987):

aM =[1+k(1-TMP (A4)

where theT, designates the reduced temperature,

T = T
r— iy
and
K =Ko+ Kki(1+ T29(0.7-T)), (5)

wherek, is an adjustable parameter specific for each pure compound,
and k,, stands for a universal function of the acentric faator

Ko = 0.378893+ 1.489715% — 0.171318487° + 0.0196554°.
(A6)

For pure water Eqgn. (A5) applies up to the critical temperature, how-
ever for hydrocarbons &, > 0.7 the value ok, should be set to zero.
We used values of the parametey tabulated for many pure com
pounds by Stryjek and Vera (1986) and Proust and Vera (1989) or,
where necessary, evaluated valueg pfrom the published data on the

APPENDIX B. THE STANDARD PARTIAL MOLAR GIBBS
ENERGIES OF THE SELECTED GROUPS AT ELEVATED
TEMPERATURES AND PRESSURES

In this work we evaluated values of the standard partial molar Gibbs
energy of hydrationA,G°(T,P), for a number of groups constituting
hydrocarbons, up to 623 K and 50 MPa. As many computer codes used
for geochemical modeling require values of the standard partial molar
Gibbs energy of aqueous compound3(T,P), it was decided to
calculate these properties.

The following relation connecta,,G°(T,P) and G3(T,P):

GX(T,P) = AGT,P) + Gi(T), (B1)
whereG?,(T) stands for the standard Gibbs energy of a compound in
the ideal gas state at any temperatdreand the ideal gas reference

pressureP, = 0.1 MPa. The temperature dependenceG{f(T) is
given by:

Gy(M = AGH(T) — (T = T)) - Sy(T,)

T T 0
+ f cpy(MdT—T f Cas(M dr, (B2)
T

T

l T

WhereS%(T) andeiOg(T) represent the entropy and heat capacity of a
compound in the ideal gas statgeG°(T,) is the standard Gibbs energy
of formation of a compound in the ideal gas state from the elements in
their stable form at the reference temperatijes 298.15 K, and the
reference pressurAfG%(T,) is calculated by means of

AfG%(-I—r) = Af(-"’o(-l-nlz)r) + Ava\p(-:’o(-l-r) = Af HO(TnPr) - Tr
* AfSO(TrrPr) + AvapGo(Tr)r (83)

whereAG%(T,,P,), A; HO(T,,P,) andA,S°(T,,P,) stand for the stan
dard molar Gibbs energy, enthalpy and entropy of formation of a
compound in the liquid or solid state from the elements in their stable
form at the reference temperature and pressure;

A GAT,) = —RT; In

Pr
is the standard molar Gibbs energy of vaporization of a com-
pound at the reference temperature; HerandW represent the
saturated vapor pressure and the gaseous phase fugacity coef-
ficient of a compound, respectively. ValuesigH(T,,P,) are
typically available from enthalpy of combustion measurements.
For a hydrocarbon of a compositioG,H, the value of
AS°(T,,P,) is calculated as

AS(T,P) = S(T,P) — p- S(Clen) — 5 SHi@),  (B4)

whereS°(T,,P,) represents the standard molar entropy of a compound
in the liquid or solid state at the reference temperature and pressure
(often available from low-temperature heat capacity measurements);
S°(C(cr)) = 5.74 J- K- mol * andS°(H,(g)) = 130.680 } K~
- mol ™! stand for the standard molar entropies of the elements carbon
and hydrogen in their stable forms at 298.15 K and 0.1 MPa, as
recommended by CODATA (Cox et al., 1989).

The entropy of a compound in the ideal gas sté%(T,), can be
calculated using the methods of statistical thermodynamics based on
spectral data, or obtained by means of

1
Sog(Tr) = SO(TnPr) + f (AvapHo(Tr) - AvapGo(Tr))r (BS)

whereA, , HO(T,) stands for the standard enthalpy of vaporization of

a compound at the reference temperature (which can be measured
calorimetrically or evaluated from the temperature dependence of the
saturated vapor pressure).

saturated vapor pressure. The set of the PRSV equation of state pa- So, in order to calculate the standard partial molar Gibbs energy of

rameters for pure compounds used in this work is given in Table Al.

a compound at elevated and P, one needs to knowAH°, S°,
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Table Al. The set of the Peng-Robinson-Stryjek-Vera EoS parameters for pure compounds.

Compound T K P., MPa ® Ka
Water, HO 646.28F 22.0898 0.34380 —0.06635%
Alkanes
Ethane, GHg 305.43 4.8798 0.0978 0.0267
Propane, GHg 369.82 4.249%8 0.1542 0.0314
n-Butane, GH,, 425.16 3.7966 0.20160 0.0344
n-Pentane, ¢H,, 469.70 3.369¢ 0.2514 0.039%
n-Hexane, GH,, 507.3¢ 3.0124 0.3008 0.0516¢
2-Methylpentane, gH., 497.% 3.0 0.27¢ 0.0379
n-Heptane, GH, ¢ 540.1¢ 2.7358 0.3502 0.0463
n-Octane, GH,g 568.76 2.486% 0.3982 0.0446
Alkenes
Ethene, GH, 282.3% 5.042 0.0865' 0.0419
Propene, GHg 365.57 4.6646 0.1408 0.0440
I-Butene, GHg 41953 4.02% 0.194F 0.0222
I-Hexene, GH,, 504.¢ 3.17 0.28% 0.020
I-Octene, GH, ¢ 567.5 2.67% 0.388 0.006
Cycloalkanes
Cyclohexane, gH,, 553.64 4.078 0.2088 0.0702
Ethylcyclohexane, gH,¢ 609.2 3.00 0.243 0.140
n-Butylcyclohexane, GHoo 667.0 3.1%8 0.362 0.010
Alkylbenzenes

Benzene, gHs 562.16 4.898 0.2093 0.0702
Toluene, GHg 591.8¢ 4,108 0.2632 0.038%
Ethylbenzene, ¢H,, 617.2G 3.606 0.3027 0.0399
m-Xylene, GH, 617.0%' 3.536' 0.3257 0.016¢
p-Xylene, GH,, 616.23 3.51F 0.3214 0.0128
m-Diethylbenzene, gH,¢ 663.0 2.89 0.350 0.153
p-Diisopropylbenzene, GH, 5 689.0 2.45 0.39¢ 0.110'

2Stryjek and Vera (1986).

PReid et al. (1987).

¢ Our estimation from Pvalues from Reid et al. (1987).

9 Proust and Vera (1989).

¢ Steele and Chirico (1993).

f Our estimation from Pvalues from Steele and Chirico (1993).
9 Daubert and Danner (1996).

" Our estimation from Pvalues from Boublik et al. (1984).

Ay H® A, GO for the compound at the reference temperature and estimation of thermochemical properties of derivatives of other cy-
pressure; the heat capacity of the compound in the ideal gas state atcloalkanes. In addition, not all of these groups are linearly independent,
different temperatures;py,(T); and the values of the Gibbs energy of ~ for example, the group ¢is is identical to the sum of groups
hydration of this compound at differefitand P, A,G°(T,P). 5CH,+C,. Sources of experimental data for the Gibbs energies and
It was decided, wherever possible, to provide consistency with the enthalpies of vaporization, used to derive the necessary values for the
results of Helgeson et al. (1998), which give the values of the thermo- selected groups, are given elsewhere (Plyasunov and Shock, 2000).
dynamic properties of several groups constituting organic compounds  The properties of G= C and H groups, not considered by Helgeson
in the liquid, crystalline and gaseous states over a wide range of et al. (1998), were determined from the available information, assum-
temperatures. The obvious problem here is the different stoichiometry ing that thermochemical properties of groups{€H,, CH(CH;), and
of groups (besides CHand CH,) selected in our work and in that of CH(CH,) are identical in both alkanes and alkenes. The evaluation of
Helgeson et al. (1998). We selected for hydrocarbons the grougs CH  AH°(T,,P,) for C = C and H groups in the liquid state is based on the
CH,, CH, CH,, C,, c-CH,, c-CH, C= C and H. On the other hand, values of the enthalpy of formation of 31 liquid alkenes with carbon
Helgeson et al. selected GHCH,, CH(CH;),, CH(CH;), CsHs, and number from 3 to 10, as recommended by Pedley et al. (1986). The
tabulated data for cyclohexane and methylcyclohexane, however, they evaluation ofs°(T,,P,) for C = C and H groups in the liquid state was
did not consider alkenes. As a necessary compromise to find commondone by considering experimental data for 12 alkenes with carbon
ground, it was decided to tabulate the properties of the following number from 3 to 10, which received a high quality rating (A) in the
groups, which can be considered as linear combinations of the results compilation of Domalski and Hearing (1996). Values of the Gibbs energy

of this work and that of Helgeson et al. (1998): CI€H, (common in and enthalpy of vaporization of & C and H groups were determined
both studies); CH(CE), and CH(CH), which for the case of the using the experimental results for 15 alkenes with carbon number from 5
functions of hydration are equal to the sum of €RCH, and to 9 (Majer and Svoboda, 1985; Reid et al., 1987; Steele and Chirico,
CH+CHj; groups, respectively; s, which for the case of the func 1993). In all cases results fois-isomers were not used. Heat capacities of
tions of hydration is equal to the sum of 5GHC,, groups; CH, C = C and H groups in the ideal gas state were determined @pj(T)
equal to 1/6 of the properties of benzeng;, @hich is equal to gHg values for 6 alkenes with carbon number from 2 to 5 as given in Frenkel

minus 5/6 times the thermochemical properties of benzene; ca8H et al. (1994). Data at temperatures 273-900 K were fitted by an equation
equal to 1/6 of the thermochemical properties of cyclohexane; c-CH, in the form accepted by Helgeson et al. (1998):

which is equal to the thermochemical properties of liquid methylcy-

clohexane minus that of the GHyroup and minus 5/6 of the thermo Cpy(T)=a+bT+cT? (B6)
chemical properties of cyclohexane. Note that because properties of

c-CH, and c-CH groups are entirely based on properties of derivatives Finally, the temperature dependence of the standard partial molar Gibbs
of cyclohexane, we call for caution when applying these results for energy of a compound is given by
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Table B1l. Standard molar thermodynamic properties and the coefficients of the heat

selected groups.

A. V. Plyasunov and E. L. Shock

capacity equation in the ideal gas state for the

Properties in the liquid state

Vaporization properties

Heat capacity in the ideal gas state

Group AHC (TP SU(T.P)°  AS (T,P)°  ALG° (T)*  AH® (T)? aP b-10% c- 10
CH, —47.6F 83.3¢° —118.46 —-3.82 5.96 3.3 84.52 —2.644
CH, —25.7% 32.38¢ —104.04 2.91 4.96 -2.25 97.07 —4.59¢
CH(CHy), —-104.34 143.02 —331.58 1.09 14.08 -3.06° 278.48 —10.255%
CH(CH,) —54.56 59.5F —213.33 5.07 8.2g" —8.94 199.22 —8.004
CeHs 60.47 139.8% —221.31 11.59 31.19 -32.78 432.63 —20.80%
CH,, 8.18 28.87 —42.21 0.85 5.65¢ —5.43 75.10 —3.596

- 19.67 —4.52 —10.26 7.3%8 2.94" —5.63 57.13 —2.838
c=C 85.7 —58.6° —70.08 19.38 8.40 -2.0¢ 119.0¢ —6.00°
H -11.00 57.4 —7.94 —6.97 0.44 2.4 3.3 0.39
c-CH, —26.03 34.08 —102.36 0.83 5.52 —9.09 101.53 —3.990
c-CH —7.51 -7.19" —-78.27 6.52" 1.88" —-8.30" 115.76" —6.568"

akJ- mol L.

bJ. K=t -mol™t

€J-K™2-mol™%.

43-K~2-mol™%,

®Helgeson et al. (1998).

f From experimental results for n-alkanes with carbon number 5-14.

9 From experimental values for 2-methylalkanes with carbon number 5-11.

" From experimental values for 3-methylalkanes with carbon number 6-11.

" As the sum of 5CH, + C,..

I As 1/6 of the value for benzene from Helgeson et al. (1998).

X As 1/6 of the experimental value for benzene.

' As the sum GH;-5CH,..

™ From experimental values for 11 alkylbenzenes with carbon number 7-12.

" From values for 31 liquid alkenes with carbon number 3-10, as recommended in Pedley et al. (1986).
° From values for 12 liquid alkenes with carbon number 3-10 as given in Domalski and Hearing (1996).
P From experimental values for 15 alkenes with carbon number 5-9.

9From values for 6 alkenes with carbon number 2-5 as given in Frenkel et al. (1994).

"As 1/6 of the value for cyclohexane from Helgeson et al. (1998).

SAs 1/6 of the experimental value for cyclohexane.

Y As the sum of methylcyclohexane—5c-GHCH,.

“Value for methylcyclohexane as calculated from algorithms given by Domalski and Hearing (1993).
v From the experimental value for methylcyclohexane.

" Value for methylcyclohexane from Helgeson et al. (1998).

Table B2. Calculated values of the standard partial molar Gibbs ene@i€E,P), in kJ- mol~2, of the selected groups as function of temperature
at the saturated water vapor pressure and &t 50 MPa (second line, iitalics).

Temperature, K

Group 273.15 298.15 323.15 348.15 373.15 398.15 423.15 448.15 473.15 498.15 523.15 548.15 573.15 598.15
Yo 7.09 7.96 8.82 9.67 10.51 11.36 12.21 13.05 13.88 14.69 1545 16.15 16.77 17.27
7.15 8.00 8.86 9.72 1059 1145 1231 1317 1401 1483 1564 16.43 17.20
CH; —10.76 —12.44 —14.48 —16.84 —19.49 —22.39 —25.52 —28.86 —32.40 —36.12 —40.04 —44.16 —48.49 —53.05 —57.87
—9.43 —11.17 —13.20 —15.49 —18.04 —20.83 —23.86 —27.11 —30.58 —34.25 —38.11 —42.16 —46.38
CH, 9.48 8.91 8.19 7.33 6.34 5.23 4.01 2.70 1.360.18 —1.71 —-3.31 —-494 -6.60 -—8.28
10.24 9.62 8.89 8.05 7.09 6.04 4.88 3.64 2.30 0.880.61 —-2.18 -3.81
CH(CH,), 3.71 1.12 —-2.15 -6.02 —10.41 —15.27 —20.55 —26.20 —32.22 —38.57 —45.26 —52.31 —59.74 —67.59 —75.90
6.53 3.93 0.80 —2.85 —6.99 —11.60 —16.66 —22.15 —28.05 —34.34 —40.99 —47.99 —55.32
CH(CH,) 16.88 15.98 14.76 13.27 11.53 9.59 7.46 5.17 2.72 0.11 -2.686.54 -8.62-11.88 —15.35
18.36 1751 16.42 15.08 1350 11.70 9.69 7.47 5.06 24030 -3.23 -6.31
CgHs 134.88 131.05 126.86 122.31 117.39 112.11 106.46 100.45 94.07 87.33 80.23 72.77 6495 56.77
138.10 134.51 130.53 126.17 121.42 116.29 110.76 104.85 9855 91.86 84.79 77.34 69.50
CH,, 21.76 20.97 20.10 19.14 18.10 16.98 15.76 14.47 13.08 11.61 10.06 8.42 6.70 4.90
2240 2165 20.81 1989 1888 17.78 16.59 1532 1395 1250 10.96 9.33 7.61
Car 26.10 26.20 26.36 26.59 26.88 27.23 27.64 28.12 28.66 29.26 29.92 30.65 31.44 32.29
26.12 26.26 26.46 26.71 27.02 2739 27.80 28.27 28.80 29.38 30.01 30.70 31.45
c=C 114.17 115.72 117.40 119.22 121.17 123.27 125.50 127.88 130.39 133.05 135.85 138.79 141.88 145.11 148.49
113.77 115.33 116.93 118.59 120.31 122.07 123.89 125.77 127.70 129.69 131.74 133.84 136.01
H —10.24 —11.70 —13.29 —15.01 —16.86 —18.84 —20.95 —23.19 —25.56 —28.05 —30.68 —33.43 —36.31 —39.32 —42.46
—9.583 —10.96 —12.49 —14.13 —15.88 —17.74 —19.70 —21.76 —23.94 —26.22 —28.60 —31.09 —33.69
c-CH, 6.75 6.10 5.28 4.30 3.18 1.91 0.52-1.00 —-2.63 —-4.36 —-6.19 -8.10 —10.09 —12.15 —14.27
7.57 6.87 6.05 5.11 4.05 2.86 1.55 0.1+145 —-3.14 —-495 -6.88 -8.93
c-CH 20.45 21.29 2197 2250 22.88 23.12 23.25 23.27 2319 23.02 2278 2248 2213 21.74

623.15

17.63

48.23

3.01

33.20

21.32
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GY(T,P) = AGXT,P) + AHYT,,P,) — TASYT,,P,) The necessary parameters for the selected groups are given in Table B1,
and the calculated values G8(T,P) for groups are given in Table B2.
+ AR GAT) = (T = T)S(T.,P) As an example we calculate the value of the standard state partial molar

Gibbs energy of 2-methylbutane (isopentane) at 473.15 K and saturated
T-T, water vapor pressure. This compound consists of three groups:
7 (AeH(T) = AGT)) CH(CH,), (GX(T,P) = —32.22 kJ- mol™%), CH, (G3(T,P) = +1.30
r kJ- mol™%), and CH, (GS(T,P) = —32.40 kJ- mol~*), however, the
T b c value of Y, = 13.88 kJ- mol~* (the Gibbs energy of hydration of a
+ a(T —T,—Tln f> - (T-T)*—= material point at the temperature and pressure of interest) must be
T, 2 6 added to the sum to satisfy Eqn. (13) for a correct calculation of the

s . " Gibbs energy of hydration of an individual species. The result is
(TP +2T7 - 3TTY). (B7) GY(T,P) = —49.44 kJ- mol ™™,



