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Abstract-The standard partial moial properties of organic aqueous species at high pressures and tem- 
peratures can be predicted using an adaptation of a revised equation of state for inorganic aqueous ions 
and electrolytes ( TANGER and HELGESON, 1988), together with correlations among equation of state 
parameters (SHOCK and HELGESON, 1988). These correlations include a charge-dependent relation between 
Born coefficients and the standard partial molal entropies of aqueous species at 25 “C and 1 bar (SHOCK 
et al., 1989). Thermodynamic calculations indicate that in the liquid phase the standard partial molal 
volumes ( 8’), heat capacities (C?“,), and entropies (SO), as well as the apparent standard partial molal 
enthalpies of formation (4A”) of aqueous electrolytes with organic anions maximize with increasing 
temperature at PSAT* and approach -co at the critical point of H20. In contrast, the corresponding 
properties of neutral organic aqueous species in the liquid phase minimize with increasing temperature 
PSAT and approach co at the critical point of H20. Predicted equilibrium constants for alkane solubilities 
and carboxylic acid dissociation reactions at elevated pressures and temperatures are in close agreement 
with experimental data reported in the literature, which supports the validity and generality of the equations 
of state as well as the predictive algorithms used in the calculations. As a consequence, high temperature/ 
pressure standard partial molal properties, as well as equilibrium constants and other reaction properties, 
can be predicted for reactions involving a wide variety of organic aqueous species for which little or no 
experimental data are available at temperatures > 25°C. Present capabilities permit such predictions to 
be made for hvdrothermal and magmatic conditions at pressures and temperatures as high as 5 kb 
and 1000°C. d 

INTRODUCTION 

IF STABLE EQUILIBRIUM is achieved in the crust of the Earth, 

the predominant species in the system C-H-O should be 
methane, carbon dioxide, H20, and graphite or diamond 
(HOLLOWAY, 1984). However, in many crustal environ- 

ments, kinetic inhibitions lead to metastable equilibrium 
states involving organic solids, liquids, gases, and/or aqueous 
species, which may persist over long periods of geologic time 
at both high and low pressures and temperatures ( HELGESON 

and SHOCK, 1988: SHOCK, 1988). One such organic species 
is aqueous acetic acid ( DRUMMOND and PALMER, 1986; 
PALMER and DRUMMOND, 1986). The important role played 
by metastable organic species in the rock-forming process is 

commonly obscured in the geologic record by processes such 
as regional metamorphism. Even in shallow environments 
where organic species can be readily identified, it is unclear 
how they interact with minerals. Despite evidence to the con- 
trary (PRICE, 1982), degradation of organic material with 
increasing temperature is commonly considered complete at 
burial depths of the order of 5 km. Nevertheless, the effects 
of temperature and pressure on the rates of reaction of most 

organic species have not been documented (BOLES et al., 
1988). In addition, the role of bacteria in diagenesis has not 
been quantified, especially at overburden pressures and tem- 
peratures > -80°C. 

* PSAT represents pressures corresponding to liquid-vapor equilib- 
rium for the system H20, except at temperature < 100°C where it 
refers to I he reference pressure of 1 bar. 

Organic compounds are found in a wide variety of geo- 

chemical environments, ranging from soils and sedimentary 
basins to hydrothermal ore deposits, metamorphic rocks, and 
carbonaceous chondrites. In many instances, these com- 

pounds have a profound effect on the consequences of geo- 
chemical processes. For example, it has been suggested that 
organic matter ig sedimentary rocks acts as a reducing agent 
for metals during ore deposition ( JENNEY, 1903; GARRELS, 

1955; HAUSEN and KERR, 1968; RADTKE and SCHEINER, 
1970; HAJI-VASSILIOU and KERR, 1972: NASH et al., 198 1; 

NAHASHIMA et al.. 1984; IDIZ et al., 1986; JOHNSON et al., 
1987). Similarly, organic acid anions in oilfield brines may 
to some extent form complexes with metal cations in ore- 

forming solutions derived from sedimentary basins (GER- 

MANOV and MEL’KANOVITSKAGA, 1975; CAROTHERS and 
KHARAKA, 1978; GIORDANO and BARNES, 198 1; GIORDANO, 
1985; SVERJENSKY, 1986; DRUMMOND and PALMER, 1986). 
These ligands may also play an important role in the for- 
mation of secondary porosity in oil reservoir formations 

(CROSSEY et al., 1984; SURDHAM et al.. 1984). The hydro- 
thermal alteration of kerogens, as well as individual organic 
compounds, has been recognized as an integral part of the 
generation of several types of petroleum (PRICE, 1982: SI- 
MONEIT and LONSDALE, 1982; SIMONEIT, 1983, 1984a,b, 
1985; SIMONEIT et al., 1984; THORNTON and SEYFRIED, 1987; 
KAWKA and SIMONEIT, 1987; BRAUL~ et al., 1988). Other 
problems involving organic molecules include the formation 
of graphite in metamorphic processes, the generation, trans- 
port, and deposition of petroleum, the source of organic 
compounds found in meteorites, and the origin of life. A 
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quantitative approach can be taken to all of these problems 
if a thermodynamic frame of reference can be established to 
characterize metastable equilibrium stales involving organic 
species. To establish such a frame of reference requires values 
of the thermodynamic properties of a wide variety of organic 
molecules in various phases at high temperatures and pres- 

sures. Of these. the thermodynamic properties of aqueous 
organic species at high temperatures and pressures art% among 

the least understood. 
Experimentally determined thermodynamic properties are 

available for many organic aqueous species at low temper- 
atures. These species include: hydrocarbons ( CIILBERSON and 

M~KEuA. 195 I ; CIAUSSEN and POLGI.ASE. 1957; Mc)R- 

RISON and BILLET. 1952; MASTER TUN. 1954: MORRISON and 
JOHNSTONE, 1954; HIMMELBLAI;. 1959; LANNI!N(; and 
GJAIDBAEK, 1960: FRIEDMAN and SCHE:RAC;A. 1965: 
MC‘AULIFFE. 1966, 1969; O’SULL.IVAN and SMITH. 1970; 
WEN and HUNG, 1970; TIEPEL and GUSBINS. 1972; GILI. et 
al.. 1975; SADA et al.. 1975: RIGID et al., 1976: YAMAMOTO 
et al.. 1976: MACKAY and SHIU, 1977: BI.AN~O and S~17t-1. 
1 Y78: PRICE, 1976. 1979; DELLA G.A I I 4, et al.. 198 I : RET- 

1.1~1 et al., 1981: TEWARI et al.. 1982; CROVLITO et al.. 
1982. 1984; HAYDUK, 1982. 1986; BACKLl.iND et al.. 1984: 
OI.O~--SSON et al., 1985; NAC;HIBI et al., IYXh: CLEVER and 
YOUNG;. 1987); amino acids (DALTON and SC‘HMIDT. 1933: 
COHN et al., 1934: DANIEL and COW% 1936: COHN and ED- 

SAI.L. 1943: ELLERTON et al.. 1964: C~BANI et al.. 1977; SPINK 
and WADS& 1975: KIRCHNEROVA ct al.. lY76; PRASAD and 
AHLIIWALIA, 1976: AHLUWALIA et al.. 1977: SHAHIL)I and 
FARRELL, 1978. 19X 1; MILLERO et al.. 1978: HUMPI~RE~’ et 
al., 1980: LEPORI and MOLLI~A. 1980; SHAIjIr>I. lY80: 
SHAHIDI and FARRELL, 198 I: MI%IRA and .AHL.c,uAL.I~\, 
1984; RAO, 1984a.b: BLACKBURN ct al., 19X.5: JOLI(‘OFIIR et 
al.. 1986): carboxylic acids ( NOYES, 1907: NOIE:S et al.. 19 IO: 
RICHARDS and GUCKER, 1925: HARN~D and EHLF.RS. 1933a, 
1933b; HARNED and EMBREE, 1935: WATSON and FCLSINC;, 

1941: HAMANN and STRAUSS, 1955: KlNCi. 1969: I.EuN(; 
and GREENWALD. 1970; KONICEK and WADSO, lY7 1: Hal- 
1 AYD, 1974; TENC; and LENZI, lY75: HBII.AND and VI- 
KINGSTAD. 1975, 1976: ALLRED and WOOLL.E~ . I98 I; MAN- 

ZlJROLA and APPELBLAT, 1985 ): alcohols, aldehydes, and 
ketones ( BLJTLER et al.. 1935; BUI‘L.ER and REID, 1935: Bn’r- 
LER and RAMCHANDANI, 1935: KINOSHITX et al., 105X; AI.- 
E>(ANDER, 1959; KRESHECK et al.. 1965: .~\I.E\(ANDEK and 
Hir.i.. 1969; KRISHNAN and FRIEDMAN. 1969: ARNF’I I et 
al.. 1969; FRIEDMAN and KRISHNAY. 1973: HERKO~I I’% and 
KELLEY, 1973: JOLICOEUR and I_A(‘ROIY, 1073, lY76: CA- 
BAN1 et al.. 1974. 1975. 1976; SK&D et al., lY76: EDWARD 
et al.. 1977: Rourt et al.. 1978: SO~OLOWSKI et al.. 19X4: 
0~1 et al., 1987); ethers and esters (CAHANI et al.. 1971. 
1973; K~JSANO et al.. 1973; FRANKS et al.. 1972: EDWARD 
et al.. 1977: Roux et al., 1978: SOKOLOWSKI et al.. 1984: 
NILSSON and WADSO. 1986): amides, ureas, and amines 
( KONICEK and WADSO, 1971: CARANI et al., 1973. 1974: 
HERKOVITZ and KELLEY, 1973: KAliLGIJD and PATII., I Y74. 
1976: SK&D et al., 1976; SHAHIDI et al.. lY77: Roux et al,, 
1978: LEPANJE et al.. 1985): carbohydrates (HENDRICKS et 
al.. 1934; FRANKS et al., 1972. 1973; SHAHIDI 21 al.. lY76: 
SAVAGE and WOOD, 1976; BONN~R and CERUI-T I. 1476; 
HARADA et al.. 1978: HBILANI) and HOLVIK. lY7X: KA- 

&AIL~MI et al., iY81: JASRA and AHLUWALIA. iUX.!. l0K-i. 
I‘EWARI and GOLDBERG, 1984: BERNAL. and B~q\x Hook. 
1986); and tetraalkylammonium salts and other organic 
electrolytes ( WEN and SAITO, 1065; CONU’A\ t:t al.. i %h 
FRANKS and SMITH, 1967; RO,rI:J,\% et al.. !YhY. 4KPYt I ! 
and CAMPION. 1970; MAS~ROIA~U’NI and CRISS. 1872: IX 4. 
\oYERS et al., 1973; LEDUC and ~EShO’l’ERS. i?r/3: Lb\ iz;t: 
and LINDENBAUM, 1973; LEDU ct al.. iY74; .li~( ifi! it ri 
al.. 1975; STOKES. 1975; PERRON et dl., 197(1: SIUN c’t dl. 
1976; BONNER and CERUTTI, 197h; DELISI et ;I/.. :9X0: hZ/\- 
JEEU and TIMIMI, lY81; FRENCH dnd CRISS. iYX2; U)A&II 
I)I: NAMOR et al., 1984; AL.I.eh c’t al.. i 985: ~Bv~~II~oRI) azd 
WOOLLEY. 10X5: WOOLLEY and BASHFORI). 19X6 ). 01 ail 
of the studies of organic aqueous species reported in the !IL- 
erature, only -30 are concerned with temperatures ‘. 5(1‘( 
(e.g., NOYES et al.. 1910; ACKERMANI\I and SCIIREIYLK, IY’;X: 
ELI IS, 1963; RUTERJANS et al.. 1969: SHOOK ct al.. 1%‘): 
LOWN et al., 1970; NEAL and GORING. lY70; I;ISFU!K and 
BARNES, 1972: PRICE. 1976, 19:9: TSONOPOUI_OS c1 al., 1070: 

BERGSTROM and OLOFSSON, lY77. 1978: SIRON(; ct al., 
1Y79. 1980, 1981, 1982, 1985, 1987: R~ALI, 1981:C~ovf,r 10 

ct al., 1982a, 1984; MAYRATH and WOOO, 1983: OI.O~%~IX. 

1984; PRUEIT and FELKER. 1485: BIGG~XS I ,\I 1, 1 WC): 
~RVHER, 1986a.b. 1987; PALMER and WESOLOWSKI, 198 7 j. 
Uthough the various thermodynamic data for temperatures 
.: 25°C are extensive, in many cases they arc <ontradictorq. 

and for a large number of species there are no data at all. I o 
overcome these problems, several methods hare been pro- 
posed to estimate the standard partial molal properties ot 
organic aqueous species at 25°C’ and I bar ( I-I,zNsc‘~I et al.. 
1908: HAMMEI‘T. 1970; ALBFR’I and SERJEA:~ i lY7 I: TAR- 
{SAWA ct al., 1975; HINE and MOOKERJI:I.. !I) ii; NIc.t+oI.s 
et al., 1976: G~ITHRIE. 1977: ABRAHAM. 1079. 1984: 4~1i‘ I. 
1980; CABANI et al., 1978, 198 I: C‘ABANI and i:iIANNI, 197Y: 
PERRIN et al.. 1981; GIANNI et al.. 1982). With :1 few exccp- 
tions (e.g., SMITII et al., 1986). corresponding estimation of 
the thermodynamic properties of organic aqueous species at 
hydrothermal temperatures and pressures has received little 
attention. The purpose of the present communication is to 
remedy this situation by estimating equation of state param- 
cters for organic aqueous species. which can then be used in 
the revised HKF ( HELGESON et al.. I98 1 ) cquatlons of state 

i TAN(;ER and HELC;ESON. I YXX ) to predict rhe thermody- 
namic behavior of these species at high pressures and tcm- 
peratures. The names, composition. and structural formulas 
ofthe organic aqueous species considered in the present stud!, 
are tabulated in the Appendix. 

The standard state for aqueous species adopted in the pres- 
ent communication is one of unit activity of the ith aqueous 
species in a hypothetical 1 molal solution referenced to infinite 
dilution at any temperature and pressure. The standard state 
for Hz0 calls for unit activity of the pure liquid at all pressures 
and temperatures. Any standard partial molal property of 
the X- th aqueous electrolyte (2: ) is related to the correspond- 
ing absolute standard partial molal property of its constituent 
ions ( zyhs) by 
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where the subscripts k and j refer to the electrolyte and ion, 

respectively, and v,,k stands for the stoichiometric number of 

moles of thejth ion in one mole of the kth single electrolyte. 

The conventional standard partial molal properties of the jth 
ion (2;) are defined by 

40 = COabs 
-I - -, 

- ,,p 
(2) 

where zg? refers to the absolute standard partial molal 

property of the hydrogen ion and Z, stands for the charge on 
the jth ion. It follows from Eqns. (1) and (2) and the re- 

quirement for electrical neutrality of an aqueous electrolyte 

that 

z; = 2 r’,,k -“,” . (3) 
I 

The gas standard state for the jth organic species corresponds 
to unit fugacity of the hypothetical pure ideal gas at 1 bar 

and any temperature. 
Many compilations of the thermodynamic properties of 

reactions among organic gases, liquids, or solids and aqueous 

solutions are based on different standard states than those 
employed in the present study. For example, WILHELM et al. 

( 1977) and ABRAHAM ( 1984) adopt a unit mole fraction 
standard state for the solute, as in Henry’s law. HINE and 

MOOKERJEE ( 1975 ) and CABANI et al. ( 198 1) use a standard 
state of unit molarity for the species in both the aqueous 

liquid and vapor phase. These differences in standard states 
affect the values of ACT and so calculated from the standard 
partial molal Gibbs free energies of solution (AC:‘,,) and 

standard partial molal entropies of solution (AS&,,) listed in 
these and other compilations, as well as those reported in 

various experimental studies. However, this is not the case 
with the standard partial molal heat capacities and volumes 
tabulated by CABANI et al. ( 198 1 ), H@ILAND ( 1986), and 

others. 

TEMPERATURE /PRESSURE-DEPENDENCE OF THE 
STANDARD PARTIAL MOLAL PROPERTIES 

OF AQUEOUS ORGANIC SPECIES 

The standard partial molal properties of aqueous electro- 
lytes consisting of inorganic cations and organic anions exhibit 
similar behavior as functions of temperature and pressure to 

those of inorganic aqueous electrolytes. For example, the plot 
of c$ against temperature at PSAT for sodium acetate in Fig. 

1 is similar to that for NaCl given by HELGESON et al. ( 198 1). 
The curve in Fig. 1 was generated by regression of the ex- 
perimental data represented by the symbols (see below). It 

can be seen in this figure that the standard partial molal heat 
capacity of NaCH$OO in the liquid phase of the system 
HI0 maximizes as a function of temperature at PSAT, which 
is characteristic of inorganic aqueous electrolytes ( HELGESON 

et al., 198 1 ). In contrast, i;“, for most neutral inorganic 
aqueous species at PSAT decreases to a minimum and then 
increases with increasing temperature (SHOCK et al., 1989). 
The standard partial molal volumes and heat capacities of 
neutral organic aqueous molecules in the liquid phase of the 
system Hz0 exhibit the same behavior as a function of tem- 
perature as many of their inorganic counterparts. v” and 
c$ of aqueous ethylene ( BIGGERSTAFF, 1986; BIGGERSTAFF 
and WOOD, 1988a,b) are depicted as functions of temperature 

TEMPERATURE.‘C 

FIG. 1. Standard partial molal heat capacity (c;) of sodium acetate 
in water as a function of temperature at I’sAT. The symbols represent 
values taken from Table 2, which were calculated from the experi- 
mental data depicted in Fig. 3. The curve was generated from Eqn. 
( 13) using parameters and thermodynamic data taken from Table 6 
and SHOCK and HELCESON (1988). 

at constant pressure in Fig. 2, where it can be seen that c”, 
of aqueous ethylene minimizes with increasing temperature, 
but the curve representing v” of aqueous ethylene exhibits 
a reverse sigmoid configuration. The shapes of the curves in 

Fig. 2 are similar to those of other dissolved gases such as 
argon ( BIGGERSTAFF et al., 1985; SHOCK et al., 1989). The 
curves in Fig. 2 were generated in the present study by regres- 

sion of the experimental data represented by the symbols 
shown in the figures (see below). Note in Figs. 1 and 2 that 

the curves are closely consistent with the experimental stan- 
dard partial molal properties of NaCH,COO and C2Hlcaq), 
and that they approach -m and co, respectively, as tem- 
perature increases at PSAT in the liquid phase region toward 
the critical point of H20. The examples shown in these figures 

of the behavior of charged and neutral organic aqueous species 
are consistent with the revised HKF equations of state (TAN- 
GER and HELGESON, 1988) and their extension to include 

neutral inorganic aqueous species (SHOCK et al., 1989). 

Summary ofthe revised HKF equations of state 
for aqueous ions and e1ectrol.vte.s 

The conventional standard partial molal properties of 
aqueous species are expressed in the revised HKF equations 

of state as the sum of structural and solvation contributions, 
which can be expressed as 

_ AZ”,+ AZ; 50 = 
(4) 

where z” stands for a given conventional standard partial 

molal property of an aqueous species or electrolyte, and _“i 
and 2’:’ refer to the conventional nonsolvation (structural) 
and solvation contributions to that property, respectively. 
The nonsolvation contribution is taken to be the sum of an 
intrinsic term and a term arising from local disruption of the 
solvent structure caused by the presence of the species in 
solution. In the case of ionic species, this term reflects local 
solvent collapse, but for neutral aqueous species it represents 
cavity formation. The solvation contributions to the standard 
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FIG. 2. Standard partial modal heat capacity (i’$) and volume ( vu) of ethylene in water as a function of temperature 
at constant pressure (- 180 bars for CT”, and -210 bars for r”). The symbols represent data taken from BIGGERSTAR‘ 
( 1986), but the curves were generated from Eqns. (27) and (28) using parameters and therm~ynamic data taken 
from Table 6 (see text). 

partial molal volume, heat capacity, and entropy of an 
aqueous species can be expressed in terms of Born transfer 
theory as 

.P,T:,= -wQ+ I)($),,. 

AC;,, = w*x”+ 2TY& 7.(f - l)(gq (6) 

and 

A$=wY-jj- I)($),, 

where Apt, AC?:,,, and ASS refer to the standard partial molat 
volume, heat capacity, and entropy of solvation, t stands for 
the dielectric constant of I&O, w designates the conventional 
Born coetficient (see below). and Q, X, and Y denote Born 
functions defined by 

and 

I alnc Yz- - 
t ( 1 SW ,“ 

(8) 

(9) 

( 10) 

The nonsolvation counterparts of Eqns. (5 ) and (6) are given 
by 

where 

and 

f 11A) 

(1 IB) 

and 

- (&7)( \k4-P 
a,(P - P,) + u4 In - ( 11 *-i-F: ’ 

(12) 

where A pi and AC:,, stand for the nonsolvation or structural 
analogs of APf and App,,, respectively, cr, [, aI, a~, a3, a4. 
C, , and c; represent species-dependent nonsolvation param- 
eters, T,, P,, T, and P designate the reference temperature 
and pressure of 298.15 K and I bar, and the temperature 
and pressure of interest, and 9 and 0 denote solvent param- 
eters equal to 2600 bars and 228 K, respectively. 

The revised HKF equations for the standard partiat modal 
volume ( r?‘), heat capacity (c$), entropy (J?‘) and the ap- 
parent standard partiai molai enthalpy ( AI?‘) and Gibbs free 
energy of formation ( AGo) of ionic aqueous species and elec- 
trolytes are given by ( TANGER and HELGESON, 1988) 
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- T(;- l)(s), (14) 

(15) 

AHo = A@ + (HO,, - I?$“,) 

=Afi’+c,(T- 7;)-cz((&)-(&)) 

\kfP 
+ a,(P- P,) + a2 In - 

( ) 9 + P, 

+ (fi)( 
\E+p 

u3(P - Pr) + u4 In - 
( 1) \k + P, 

+u(;- I)+,,,-T(;- i)(g), 

and 

- wP,,r, 

= A@ - sopT,( T - T,) - c, 
( ($)-T+r) 

T In 

+u,,P-.)+u2ln(~)-il(((~) 

1 
+- 

( )( T-0 
u3(P - Pr) + u4 In 

+++wP,.T,(-$l) 

+ WP,T,Y,T,( T - T,), ( 17) 

where AC?; and A@, respectively, represent the standard 
partial molal Gibbs free energy and enthalpy of formation 
from the elements in their stable form at P, and T,, (I?$,T 

- Iji$“r,) and (c$,T - @,,,) correspond to the difference in 

the conventional standard partial molal enthalpy and Gibbs 

free energy of formation of an aqueous species at P and T 
and those at the reference pressure and temperature, and o 
stands for the conventional Born coefficient, which is defined 
for the jth ionic species by 

w, = W;bs - z&z (18) 

where Z, again stands for the charge on thejth aqueous spe- 

cies, w”,“: refers to the absolute Born coefficient of the hydro- 
gen ion, which is taken to be 0.5387 X lo5 cal mall’ 

( HELGESON and KIRKHAM, 1976), and w/abs designates the 
absolute Born coefficient of the jth species defined by 

abs  _ N"e2Z; _ TJZ; 
WJ =--- ^ (19) 

Lre., re, , 

where n = pe2/2 = 1.66027 X lo5 A cal mall’, p designates 

Avogadro’s number (6.02252 X lO23 mall’), e stands for 

the absolute electronic charge (4.80298 X lOm’o esu), and 
re,, denotes the effective electrostatic radius of the jth species, 

which is given in terms of its crystallographic counterpart by 

where 

r,,, = r,,, + z,r, (20) 

r_ - k, + g (21) 

where k, represents a charge-dependent constant equivalent 

to 0.0 for anions and 0.94 for cations. and g stands for a 
solvent function of temperature and density. The g function 

has been characterized at temperatures i 450°C by fitting 
orthogonal temperature-density polynomials to values of the 
Born coefficient (wk) and its partial derivatives that were gen- 
erated from standard partial molal heat capacities and vol- 

umes of NaCl (TANGER and HELGESON, 1988). Values of 
the g function at higher temperatures were obtained by first 
assuming r,, for neutral aqueous species to be independent 

of temperature and pressure, and then fitting orthogonal 
polynomials to values of g derived from experimental dis- 
sociation constants of NaCl’ in the supercritical region, which 
were smoothed before fitting to be consistent with those at 
lower temperatures (SHOCK et al., 1990). These explicit 
functions for wk or g permit calculation of the partial deriv- 

atives of w in Eqns. (5)-(7) and (13)-( 16). At low tem- 
peratures and pressures, the g function and its derivative ap- 
proach 0. As a consequence, Ti, and therefore r,,, are essen- 

tially constant at temperatures below 170°C and pressures 
corresponding to the vapor-liquid saturation curve for Hz0 
(PSAT ). rk and r,,, are also essentially constant at (SHOCK et 

al., 1990) 

and 

T < 175°C if P 5 2450 bars (22a) 

p> l.Ogmcm -3 if 2450 bars < P < 5000 bars. (22b) 

Summary ofthe revised HKF equations qj’state 
for neutral aqueous species 

In the case of neutral aqueous species, the solvation terms 
in the revised HKF equations of state can be expressed in 
terms of effective Born coefficients (w,). The effective Born 



coethcient of the /th neutral aqueous species 16 given bv 

( HEXESON et al.. 198 1 ) 

where Z,,,, refers to the effective charge of the ,jth neutral 
aqueous species (see below ). Values of o,,,, can be obtained 

by regression of experimental data with the revised HKF 
equations of state. As in the case of neutral inorganic aqueous 

species (SHOCK et al.. 1989), the effective Born coefficients 
of neutral organic aqueous species are taken to be independent 

of temperature and pressure. IJnder these circumstances. the 
solvation contributions to the standard partial molal prop- 
crties of neutral organic aqueous species can be expressed as 

A1-_? -: ti () / _ (34) 

AC;,., = +7:\ (35) 

As: = tick’ (26) 

where Q, X, and Y stand for the Born functions given b) 
Eqns. (8)-( 10). It follows that Eqns. ( 13)-( 17) reduce to 

I 2 

+ T-O i--)1 
a3(P - Pr) t a4 In 

= A@ + c, ( T - 7;) - ~‘2 

1 __ 
i )) 

* + I 

T, - 0 
+ u,(P- Pr) + u2 In - 

i ) * + P, 

+ (g+z)( a3(P-Pr)+u41n(&$)) 

+ w,(TYriv TrYr,.~r- (&mm I) 

+ ($- I))* C30) 

Values of W, for neutral organic aqueous species obtained 

by regression of experimental data or generated from cor- 
relation algorithms (see below) are negative and consistent 

with non-zero effective charges (&,). The effective charge is 
a manifestation of the disruptive effect of these neutral mol- 
ecules on the electrostatic forces of attraction among the sol- 

vent dipoles at high temperatures and pressures. The presence 
of volatile neutral molecules causes repulsion of the HZ0 
dipoles, which results in negative values of r,, and we,, (SHOCK 

et al.. 1989). Dissolved noble gases are among the most vol- 

atile inorganic aqueous species. Among organic aqueous spe- 
cies. the hydrocarbon gases are among the most volatile. In 
both cases, W, is negative for each of the dissolved gases. Re- 
pulsion and disruption of the electrostatic forces of attraction 

among the solvent dipoles by neutral organic aqueous species 
at high temperatures and pressures increases (and hence w,. 
becomes more negative) with increasing length of the carbon 
chain and/or addition of functional groups (see below). 

REGRESSION OF EXPERIMENTAL PARTIAI. 
MOLAL PROPERTIES 

In accord with extrapolations of the partial molal properties 
of inorganic electrolytes to infinite dilution by HELGESON et 

al. ( I98 I ), TANGER and HELGESON ( 1988 ). and SHOCK and 
HELGESON ( 1988), the Hiickel equation was used in the 

present study to extrapolate to infinite dilution the apparent 
molal heat capacities and volumes of aqueous electrolytes 
consisting of inorganic cations and organic ligands. The 
Hiickel equation for a completely dissociated electrolyte is 
given by 

where T5.r stands for the mean ionic activity coefficient of 
the kth electrolyte, A, and B, represent the Debye-Htickel 
coefficients (see below), dk refers to the ion size parameter, 
!I?,~ denotes an electrolyte-dependent extended term coeffi- 
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cient, T, designates the mole fraction to molality conversion 
factor given by 

I’? = -log (I + 0.0180153 mk), (33) 

and fstands for the effective ionic strength defined by 

F-i C ZfWlj, (34) 
i 

where mk and Wtj represent the modalities of the subscripted 
electrolyte and ion, respectively. A, and B, in Bqn. (32) can 
be expressed as 

” = 2.302585( 1000)‘j2( t/W)“’ 

= 1.824829238 x 106p’j2 

(cT)~/' (35) 

and 

50.29158649 x 108p’/’ 

(ET)“2 (36) 

where x = 3.14159265, k denotes Boltzman’s constant 
( 1.38054 X lOMu’ erg K-l), and p and c stand for the density 
and dielectric constant of HzO, respectively. 

Taking account of Eqns. (32) and (33), together with the 
relation between the apparent molal property ofa single elec- 
trolyte solution (I&) and the corresponding partial molal 
property of the solute given by 

(37) 

permits us to write 

and 

where 

where vj,k again denotes the stoichiometric number of moles 
of the jth ion in one mole of the kth single electrolyte, vk 
= II vj,k, i?:k represents a partial molal property of the aqueous 

electrolyte defined by 

az 
a” g---g PT1 ( 1. (41) 

and 

A<; = -2(2.303)RTA,, (42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

bv,l, - 2(2.303)RT (491 

bJ,p2(2.303)R[2T(f$+ T2($+-)f]. (50) 

and 

I u* a*~--- 
A 3’ 

where 

and 

11 f 1 + dkB,l”2. 

(51) 

(52) 

(53) 

(54) 

(55) 

Rearrangement of Eqns. (38) and (39) yields the following 
difference functions (pE,k) for the kth efectrolyte ( HELGESON 
et al., 1981) 

vkbk kf = q+-...-L 
4 

and 

+ ‘h(2AHBti - AGBJT)~* W~A,(BH)~~* _ 
2.303RT" 2.303RT' 

(56) 



which can be used to extrapolate experimental values of 0, 
and &P to infinite dilution. Values of I,, and it,, c;ilculated 

from Eqns. (56) and (57) using experimental data for aqueous 
electrolytes consisting of inorganic cations and organic anions 

are plotted against ionic strength in Fig. 3. Corresponding 

plots of &, against molality are shown for neutral organic 
aqueous species in Fig. 4. The latter plots wcrc gcncratcd 
from Eqns. (56) and ( 57) after replacing iwith ~11 and setting 

the Debye-Htickel terms to zero for the neutral spccics. The 

resulting expressions are consistent with I,, +, . ,,, c)J~,,. 
and modihed regular solution theory ( HF.I.G~SOT\~ et al.. 198 I ) 
for the short-range interaction of neutral organic spccics with 
solvent dipoles. It can be seen in Figs. 3 and 3 that for the 

most part the distribution of the experimental data repre- 
sented by the symbols is closely consistent with the linear 

curves drawn through the data. The intercepts of the curves 
shown in Figs. 3 and 4 correspond to the standard partial 
molal volumes and heat capacities of the electrolytes and 

neutral species given in Tables I and 2. Values of I;” and 

i;“, reported in the literature for other organic aqueous species 
over a range of temperature are also shown in these tables, 
It should perhaps be noted that the slopes of the cm yes for 

each electrolyte in Figs. 3 and 4 exhibit a smootn distrtburit~n 
with temperature. 

Values of w, for the organic anions in the electrolytes shown 
in Fig. 3 were calculated in the present study from values of 

.s’:’ by taking account of the charge-dependent correlations 
among these variables described hy SHO(X ci itI. i 10%) ). 
which are reproduced in Fig. C” The curves in Fig,. I arc 
consistent with 

where 

0, = - IS 14.4.j‘” -t /j, L 5x ! 

6 38 

zi 40 

"2 39 

0 38 

; 37 

Q 38 

37 

where cyz is equal to 72, I4 I. 2 1 1, and 286 for monovalent. 
divalent. trivalent, and tetravalent ions, respectively. Values 

of W, for anions calculated from Eqn. ( 58) were used together 
with values of wI for cations (SHOCK and HELGESON. 1988 ) 
to calculate values of wk from WA = 1 u,,h:w, for electrolytes. 

” - 

80 

I I 

FIG. 3. PV and PJ (Eqns. 56 and 57) as functions of stoichiometric ionic strength at various temperatures and I bar 
for the aqueous electrolytes with organic anions identified in the Appendix. The symbols represent data taken from 
ACKERMANN and SCHREINER ( 1958 ), ALLRED and W~~LLEY ( 198 I ), and SOHNEL et al. ( 1984) 
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m m m 

FIG. 4. c#+ and bcP as functions of molality at various temperatures and 1 bar for aqueous formic, acetic, and 
propanoic acids (see Appendix). The symbols represent experimental data taken from ACKERMANN and SCHREINER 
( 1958) and ALLRED and WOOLLEY f 198 I ). 

These Born coefficients were used in turn to calculate values 

of Avz and AC”,, for the electrolytes from Eqns. (5) and 
(6). Values of the standard partial molal volumes and heat 

capacities of solvation were then used to evaluate the first 
identity in Eqns. ( 13) and ( 14) using the values of Y” and 
i;“, taken from Tables 1 and 2 to calculate the values of 
AFt and A(?‘Fn shown as symbols in the regression plots in 
Fig. 6. The regression curves in these plots are discussed below. 

Neutral organic aqueous species 

Of the values of c$ for neutral organic aqueous species 
shown in Table 2, only those for C2H4(aqj, HCOOH,,,,, and 
CH3COOHc,, exhibit sufficient character in their temperature 
dist~bution to permit definitive retrieval of c, , c2 and w, for 
the species by regression of the values of c$ in the table with 
Eqns. (25), (28), and the first identity in Eqn. (14). The 
values of we,, generated in the regression calculations for these 
three species are plotted against s: in Fig. 7, together with 

values for neutral inorganic aqueous species taken from 

SHOCK et al. ( 1989). It can be seen in Fig. 7 that the symbol 
representing aqueous ethylene falls on the Iower curve, which 
is consistent with its high volatility. The equation of the lower 
curve in Fig. 7 can be expressed as 

%I = -1514.4s;. (60) 

In contrast to C2H4(;lqjr the two organic species with functional 
groups in Fig. 7 fall along the upper curve, which corresponds 

to the correlation of we,, and $’ for less volatile neutral in- 
organic aqueous species given by (SHOCK et al., 1989) 

%,J = - 15 14.4s; + 0.34 x 105. (61) 

The latter correlation curve was used in the absence of ex- 
perimental standard partial molal heat capacity data at high 
temperatures to predict values of w~,~ for alkylbenzenes and 
neutral organic aqueous species with functional groups. Es- 
timates of w,,, for the highly volatile hydrocarbons were made 
with the aid of the lower curve in Fig. 7. The values of W,,j 
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Table 1. Experimental standard partial molal volumes (?) 
of neutral organic aqueous species and aqueous electrolytes 
with organic anions at 1 bar and various temperatures. The 
various organic species shown below are identified in the 

NaCHsCOO (NH&G04 methanol 
T v.a T V.a I- 

T V.a 

10 37.81b 20 59.5d 1 38.02e 
25 39.34b 40 61.9d 20 38.05e 
25 39.4lC 60 62.2d 25 38.17f 
40 40.1 7b 80 62.0d 40 38.37’ 

50 38.58’ 
I- propanol 1 - butanol 2 - butanol 
T ?.a T +a T V.a 

I 

1 70.00c 0.5 85.9s 0.5 86.15s 8 

20 70.20’ 1 85.54e 1 85.86e 
25 70.70’ 5 86.08 5 86.2g 
40 70.80’ 20 85.77e 20 86.42e 
50 70.29’ 25 86.65g 25 86.75r 
2-propanol 25 86.6’ 25 86.62’ 
T 7.a 40 86.37= 40 87.63’ 
1 71.39e 40 87.6g 40 87.6& 1 

20 71.73e 50 86.72’ 50 88.44e 
25 71.90’ 

/ 

40 72.55’ 
50 73.1Be 

i 

a. Cm3 mol-‘. b. Allred and Woolley (1981). c. King 
(1969). d. Sdhnel et al. (1984). e. Friedman and Scheraga 
(1965). f. Hoiland (1986). g. Franks and Smith (1968a). 

ethanol 
T T.a 

I 54.66e 
20 54.97c 
25 58.05’ 
40 55.36e 
50 55.71e 
I -pentanol 

‘I- v.a 

1 lol.15p 
20 101.92e 
25 102.68’ 
40 102.91c 
50 103.52’ 
CHpCOOH 
T V.a 

10 50.60b 
25 52.0lb 
40 53.1 lb 

Appendix. 

estimated in this manner are consistent with high-tempera- 
ture/pressure experimental equilibrium constants reported 
in the literature for reactions involving these species (see 

below ) . 
Values of A vi and AC:,, for neutral organic aqueous spe- 

cies were computed in the present study from Eqns. (24) 
and (2.5) using the values of we,, generated in the manner 
described above. These solvation properties, together with 

-I I 
-100 -80 -60 -40 -20 0‘ 20 40 60 

s’ . . 
I 

CALhICk-‘K-I 

FIG. 5. Correlation of the conventional Born coefficients (w,) of a. Unless indicated otherwise, the values of CO, 
aqueous ions with their standard partial molal entropies (.$‘) at 25 “C given in this table were taken from Ackermann 
and 1 bar. The symbols represent values taken from SI-KKK and and Schreiner (1958). b. Cal mol-’ K-‘, c. 
HELGESON ( 1988). The curves are consistent with Eqn. (58 ). Allred and Woolley (198 1). 

the values of I;” and CT! m fables 1 and ? ‘were uscri tit 
calculate the values of AC;! and M”:., represented by the 
symbols in the regression plots shown in Fig S Taking dc- 
count of Eqns. ( 11 ) and ( 12 i. the slopes and ~ntcrcqx?. r-4 

11’: as a function of 1 /( 7‘ -~ (-1) and LCY(;:,, aii ;I function ibf 
I /( 7’ 0)’ in the regression plots shown iri i’igs. h :tnci 5 
correspond to g and l, and for I’ = i’., c’, and t _. icspecu~cl~. 
These equation of state parameters are listed in Tahlt 3 fOr 

both neutral organic aqueous species and or-ganic aqueou\ 
anions. 

CORRELATIONS AMONG NONSOLVATION EQUA’l’ION 
OF STATE PARAMETERS FOR AQt_JEOIJS 

ORGANIC MOLECULES 

It can be seen in Fig. 9 that the (r and At’: parameters 
generated above (which are listed in Table 3 ) for the organic 
anions CH$ZOO~ and C20i2 are consistent with those for 

Table 2. Experimental standard partial ntolal 
heat capacities (C’r) of neutral organic aqueous 
species and aqueous electrolytes with organic 
anions (see Appendix) at I bar and various 
temperaturesa 

L 

NaCHsCOO 

T c-b 

-P 

0 -10.0 
IO 7.3 
10 6.05’ 
20 13.2 
25 16.1’ 
30 16.2 
40 18.7 
40 20.4’ 
50 19.3 
60 19.2 
70 19.3 
80 19.5 
90 17.4 

100 16.3 
110 13.7 
120 11.4 

CHsCOOH 

T Cob 

10 4oP3 
10 38.29c 
20 40.7 
25 40.56’ 
30 40.3 
40 41.7 
40 41.28’ 
50 42.2 
60 43.2 
70 43.3 
80 43.7 
90 43.9 

100 43.1 
110 44.0 
120 44.7 

NaHCOO 

T (X-b 

0 -151; 
10 5.2 
20 -3.2 
30 3.: 
40 I .9 
50 --0.5 
60 0.9 
70 I.6 
80 2.3 
90 2.0 

100 1.8 
110 0.0 
120 -2.5 

HCOOH 

T Cob 

20 18:9 
30 19.1 
40 20.2 
50 21.9 
60 23.6 
70 24.9 
80 25.3 
90 25.4 

100 25.8 
110 26.3 
120 26.8 

SI 
4 

/ 
I 

/ 

I 

;1 
t 

l- 

__ _^. ____ 
NaCHrCHrCOO ______ 

T Cob 

-__.P_ 

0 19.3 
10 32.3 
20 38.0 
30 Jl I 
40 .43.6 
50 45.7 
60 45.7 
70 45.6 
80 -15.0 
90 42.5 

100 30.9 
110 38.6 
120 34.2 
130 17 I? 

--_ ~..._ 
CH,CHrCOOH 

T C-t: 
20----- 57.0 

30 56.7 
40 58.0 

50 58.5 
60 59.8 
70 60.4 

80 60.6 
90 60.7 

100 60.2 
110 60.4 
120 50.5 
130 60.3 
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FIG. 6. Graphic representation of Eqns. ( 11) and ( 12) for the 
nonsolvation contributions to the standard partial molal volumes 
(A PII) and heat capacities (AC!,,,) of the aqueous electrolytes with 
organic anions identified in the Appendix at various temperatures 
and PSAT. The symbols represent values calculated from experimental 
data taken from the references given in the caption of Fig. 3, but the 
linear curves correspond to regression values representing fits of Eqns. 
(ll)and(12)tothedata. 

3 

FIG. 7. Correlation of the effective Born coefficients (we,,) of neutral 
organic (see Appendix) and inorganic aqueous species with their 
standard partial modal entropies (??y) at 25°C and I bar. The curves 
drawn through the symbols were generated by SHOCK et al. ( 1989). 
They are based solely on regression of the data represented by the 
symbols for the inorganic species (see text). 

the inorganic ions in the figure and the correlation curve 

represented by (SHOCK and HELGESON, 1988) 

0 = l.llAv: + 1.8. (62) 

Equation (62) applies also to the upper Iinear curve in Fig. 
10, which represents neutral inorganic aqueous species as 

well as CzH4. In contrast, the values of u and AT< in Table 
3 for neutral organic aqueous alcohols are consistent with 
the lower linear curve in Fig. 10. The equation of the lower 

correlation curve in this figure can be expressed as 

CT = l.O12SAE, (63) 

FIG. 8. Graphic representation of Eqn. ( 1 I ) for the nonsolvation contribution to the standard partial molal volumes 
(Avz) of neutral organic aqueous species (see Appendix) at various temperatures and I bar. The symbols represent 
experimental data reported in the literature, but the curves correspond to fits of Eqn. ( I 1) to the data. 



Table 3. Summary of estimated and regression values ot 

tic together with equation of state parameters generated 
by regression of nonsolvation contributions to the stall- 
dard partial molal volumes and heat capacities of 
charged and neutral organic aqueous species identified in 
the Appendix as a function of temperature at I bar (WC 
text) 

i. 

i- 

i 

__ _._____ _...____~_-... .~._. 
Aqueous 

Species \” Av*, in jXlO~? 
_ _______ 
CH&OO- 40.5 44.0 46.43 1.83 

CLO;: 24.04 29.67 32.6 2.526 

CzH, 45.5 44.5 53.2 - 6.09 

CH,COOH 52.01 51.43 56.87 --3.79 
methanol 38.17 37.30 37.9 --0.4 
ethanol 55.08 54.06 54.65 - 0.535 
1 - propanol 70.70 69.01 70.5 I 15 
2 - propanol 71.90 70.58 12.55 --1.18 
1 -butanol 86.6 84.4 85.3 -0.68 
2 ~- butanol 86.62 84.65 87.05 I.375 
I -pentanol 102.68 99.91 101.9 1.5 ____ .____ _ 

Aqueous 

Species 

HCOO- 

CH&OO- 

CH,CHZCOO 

C>H, 
HCOOH 

CH,COOH 
CH3CH2COOH 

co P 

-22.0 
6.2 

30.9 
62.5 
19.0 
40.56 
56.0 

Cl c*xlO 4 
-- 

17.0 - 12.4 

26.3 -3.86 

52.3 -4.2 
39.1 9.7 
22.1924 -3.1 196 
40.8037 -0.9218 
54.313 -0.246 

aRegression values (see text). bEstimated from Eqn. (58) 

using the values of s0 given in Table 6 

90 

80 

70 

60 

50 

I 40 

i 30 

fl 20 
B IO 

b‘ o 

-10 

-20 

-30 

-40 

Av;,CM3 MOL-’ 

FIG. 9. Correlation of B for organic (see Appendix) and inorganic 
aqueous ions with their nonsolvation standard partial molal volumes 
(Avt) at 25°C and 1 bar. The symbols represent data taken from 
Table 3 and SHOCK and HELGESON ( 1988). The curve is consistent 
with Eqn. (62). 

Y I I- 

O 20 40 60 80 100 120 

A,“, CM3 MOL.’ 

0 

FIG. IO. Correlation of 0 for neutral organic (see Appendix ) and 
inorganic aqueous species with their nonsolvation standard partial 
moial volumes (Av:) at 25°C and I bar. The symbols represent data 
taken from Table 3 and SHOCK et al. ( 1989). The upper curve cor- 
responds to the correlation curve shown in Fig. 9 for aqueous ions. 
The correlation curve for the neutral organic aqueous species con- 
taining functional groups is consistent with Eqn. (63). 

which can be used to estimate values of u for neutral organic 
aqueous species that have functional groups for which no 

experimental data are available at temperatures other than 
35°C. Similarly, in the absence of experimental density data 
at elevated temperatures, values of c for organic aqueous 

ions and aqueous hydrocarbons can be estimated from Eqn. 
(62). 

Values of the c2 parameter for n-amino acids. 1 -alcohols, 
Z-ketones, and other organic aqueous molecules with func- 
tional groups were estimated in the present study with the 
aid of the correlation shown for the n-carboxylic acids in Fig. 

I I. The curve in this figure is consistent with 

(‘2 x IO -’ = 0.0676i’:J - 4.054, 164) 

‘C2, CAL K MOL-‘1 x lO-4 

FIG. 11. Correlation of c2 for neutral organic aqueous species (see 
Appendix) with their standard partial molal heat capacities (c:) at 
25°C and I bar. The symbols represent data taken from Table 3. 
The curve is consistent with Eqn. (64). 
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I I II 
I 

1’ 
C2H4-,e _ 

*L-n, _ 

T 
Y - x40- 

H2S-e;’ 

-!_I 
I 

s 

2 

NH3- 9/ 

Y”i / 

/ 

/ 

/ 

/ 

-30 ’ II I 1 

-20 -10 

(C2, CAL K ;OL-‘, x ;:-4 

20 -20 -10 0 IO 20 

k2, CAL K MOL-’ ) x I O-4 

FIG. 12. Correlation of cz for organic (see Appendix) and inorganic aqueous ions and neutral species with their 
standard partial molal heat capacities (c$) at 25°C and 1 bar. The symbols represent data taken from SHoCK and 
HELGESON ( 1988 ) and SHOCK et al. ( 1989). The curves are consistent with Eqn. (65 ). 

In contrast, the equation of the two curves in Fig. 12 is 

c2 X 1O-4 = 0.2037c: - 3.0346. (65) 

Note in Fig. 12 that the values of c2 and c$ for C2H4 are 
consistent with Eqn. (65 ) and the correlation curves for ions 

and neutral inorganic aqueous species. Consequently, Eqn. 
(65) was used to estimate values of c2 for organic anions, as 

well as those for neutral organic species that are devoid of 
functional groups. 

The values of v” and c”, for the neutral organic aqueous 
species listed in Tables 1 and 2 are plotted as symbols in Figs. 
13 and 14. The curves in these plots were generated in the 
present study from Eqns. (27) and (28) using equation of 
state parameters taken from Table 3. It can be seen in Figs. 

13 and 14 that the curves represent closely almost all of the 
experimental data, some of which exhibit considerable scatter 
at low temperatures. Although it can be seen in Figs. 1, 2, 

13, and 14 that only the experimental data for aqueous C2 H4 
extend to temperatures high enough to exhibit an increase 
toward cc at the critical point of H20, the calculations indicate 

that all the other neutral organic aqueous species behave in 
a similar fashion, which is consistent with the temperature 
dependence of experimental equilibrium constants for re- 
actions involving these species at high temperatures and PSAT. 

COMPARISON OF PREDICTED AND EXPERIMENTAL 
EQUILIBRIUM CONSTANTS AT HIGH 

TEMPERATURES AND PRESSURES 

Equilibrium constants (K) can be calculated from predicted 
apparent standard partial molal Gibbs free energies of for- 
mation ( AGo) by taking account of the relation 

- AGo 
log K = -_----L 

2.303RT 
(66) 

where Acv represents the standard partial molal Gibbs free 
energy of reaction defined by 

AC; - 2 &AC0 (67) 

where n^i,r corresponds to the reaction coefficient of the ith 

species in the reaction, which is positive for products and 
negative for reactants. Both experimental and independently 
predicted values of log K at high temperatures and PsA1. are 
shown in Fig. 15 for 

c2 HW Ft C2H4(aq) (68) 

HCOW,,, F? HCOO- + H+ (69) 

CHKOOH,,, F? CH3COO- + H+ (70) 

and 

CH3CH2COOHc,,, Ft CH3CH2COO- + H+. (71) 

The symbols in Fig. 15 represent experimental measurements, 
but the curves above and below 25°C correspond to values 

of log K computed independently in the present study from 
Eqns. ( 17), (3 1 ), (66), and (67) using equation of state pa- 
rameters and thermodynamic data taken from Tables 3 and 

6. It can be seen in Fig. 15 that in every case except one data 
point, the predicted curves fall within the uncertainty of the 
experimental measurements indicated by the sizes of the 
symbols. In contrast to the other curves and symbols for re- 
actions (68), (69), and (7 1) in Fig. 15, those for the disso- 

ciation of acetic acid (reaction 70) include experimental and 
independently predicted values of log K at pressures higher 
than PSAT. The close agreement of the predicted curves and 
experimental values of log K for this reaction at 1, 2, and 3 
kb validates the relative accuracy of the estimated values of 

a,, u2, u3, and a4 for both CH3COO- and CH,COOH,,,, in 
Table 6. These parameters were generated with the aid of the 

correlations of Av”, with a,, and u2 with u4 shown in Fig. 
16, which are apparently charge-independent. The curves in 
Fig. 16, which were used to estimate volumetric equation of 
state parameters for inorganic neutral aqueous species by 
SHOCK et al. ( 1989) are consistent with 

a, = 1.3684 X lO-*Av: + 0.1765, (72) 
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3 

FIG. 13. Standard partial molal volumes ( v”) of aqueous iso- and 
1 -alcohols (see Appendix ) as a function of temperature at PSAT. The 
symbols represent data taken from Table I ) but the curves were gen- 
erated from Eqn. (27) using parameters taken from Table 6. 

and 

u‘j = -4.134u2 - 27790. (73) 

The fact that the high-pressure/temperature predictions 
of log K for reaction ( 70) closely represent all of the exper- 
imental data represented by the symbols in Fig. 15, together 
with the fact that the curves were not generated by regression 
of the data strongly supports the validity and generality of 
the equations of state and the correlations shown in Figs. 9- 
12 and 16. The strategy used to estimate equation of state 
parameters for neutral organic aqueous species from values 
of so, 8’, and c$ at 2.5’C and 1 bar is summarized in Table 
4, and that for charged aqueous species is given in Table 8 
of Shock and Helgeson ( 1988). Procedures for calculating 
conventional and effective Born coefficients, as well as stan- 

dard partial molal solvation and nonsolvation properncs arc 

summarized at the top of Table 4. These procedures arc liti- 
lowed in the table by those for estimating equation of state 
parameters. Uncertainties attending such cstimatcs r3:1n bt_: 
minimized (SHOCK and HEKXSON, 1988) ~1‘ the estimates 

are made in the manner described in Table 4. in cases when 
values of &To, c?“,, and 17’ at X0<‘. and 1 bar arc ilot availablt. 

they can he estimated along with values of &;; and Ail:,’ pi 

the aqueous organic species is a strai~t-chain polymer. The 
standard partial molai properties of these specrcs at 2 5 “C and 
1 bar correlate closely with the number of ntoirs ot’car-bon 
atoms in the alkyl chain (see brlou 1. 

CORRELATION OF P”, e:, s‘“, AH;, AND AC; A’1 
25’C AND 1 BAR WITH THE ALKYI. <‘HAIN 

LENGTH OF ~-POI‘YMERS 

Various correlations have been proposed between the 
length of the alkyl chain in straight-chain polymers and their 
standard partial molal volumes, heat capacities. entropies. 
enthalpies, and Gibbs free energies of solution. hydration, 
and solubility, as well as pairwisc intera~ion parameters, 

specific viscosity. and other properties at 25°C and ! bar 
(DANIEL and COHN, 1936; ~N~SHITA et ai., 1958; ARNEl’T 

) ,__ T-_.-_-.__-._-~ 

7 
Y 45 

111 

840 

d 
u 
P.h 35 0 ACKERMANN R SCHRElNERtl9 
I” 

0 ALLRED 8 YVOOLLEYfi98lf 

3o0 
I 

25 50 75 KXI 125 150 

TEMPERATURE,% 

FIG. 14. Standard partial molal heat capacities (e$) of aqueous 
carboxylic acids ( see Appendix) as a function of temperature at PSAT. 
The symbols represent data taken from Table 2, but the curves were 
generated from Eqn. (28 ) using parameters taken from Table 6. 
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‘Table 4. Outline of the strategy used m the present study to 
minimize uncertainty in estimated equation of state parame- 
ters for neutral organic aqueous species (see text).a Neutral 
organic aqueous species with functional groups are designated 
by the column heading A, and those without functional groups 
are designated B. 
r-- -~ 

I 
Estimation Strategy I 

Parameter 
or Property Known 

/ to be Estimated Property to be Used I to be Calculated 
,___. .__!___ ._._..~ +_ ~~ ~.~ i 

A B 

al AV, I’ 
k- 

j (Case 2) A B / I 

63 62 1 

/ I Ac”,,, cI 12 Ci _ _ 

a. Corresponding estimates for charged aqueous species can 
be made using the strategy given in Table 8 of Shock and 

Helgeson (1988). b. Calculation of Av’, in cm’ mol ’ from 
Eqn. (24) using values of w, computed in the present study 
requires multiplication of the right side of Eqn. (24) by 

41.8393 cm3 bar calF’. c. Calculation of a2 in cal mol ’ and 

a3 in cal K mol-’ bar-’ from Eqns. (11) and (1lA) using 
values of (T and AS’, expressed in cm3 mol- ’ requires multi- 

plication of the latter properties by 0.0239 cal cm 3 bar ‘. 

and 1 bar are plotted in Figs. 17-2 I as functions of the number 
of moles of carbon atoms in the alkyl chain. It can be seen 
in these figures that for polymers in which the alkyd chain 
contains 2 or more (or in the case of AGj? of the alkynes and 
alkenes, and both AC; and AH/o of the amino acids, 3 or 
more) moles of carbon atoms, the linear curves shown in the 
figures are in close agreement with the experimental data 
represented by the symbols. The disagreement of the curves 
and symbols for carbon numbers 52 or 53 in Figs. 17-2 1 is 

discussed below. Note that the slopes of the curves in these 
figures are characteristic of the standard partial molal prop- 
erty, but independent of the type of functional group that 

20’ ‘i‘ ’ ’ ’ ’ ’ 1 ( 
0 I 2 3 4-- 5 6 7 8 ;>---::, 

NUMBER OF MOLES OF CARBON 

IN THE ALU; CHAIN 

RG, 17. Correlation of the standard partial modal volumes f 6’“) 
at 25°C and 1 bar of aqueous n-polymers (see Appendix) with the 
number of moles of carbon in the alkyl chain. The symbols represent 
experimental data taken from Table 6. The curves are consistent 
with Eqn. (76) and the slopes and intercepts given in Table 5. The 
dashed curve represents a tentative estimate for n-alkylbenzenes which 
is based solely on the value of I?” shown for toluenc (sate text). 

distinguishes the various polymers. These slopes are given in 

Table 5, together with the intercepts of the curves for each 

property and type of polymer. 
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FIG. 18. Correlation of the standard partial molal heat capacities 
(c$) at 25°C and 1 bar of aqueous n-polymers (see Appendix) with 
the number of moles of carbon in the alkyl chain. The symbols rep- 
resent experimental data taken from Table 6. The correlation curves 
are consistent with Eqn. (76) and the slopes and intercepts given in 
Table 5. 
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FIG. 19. Correlation of the standard partial molal entropies (so) 
at 25’C and 1 bar of aqueous n-polymers (see Appendix) with the 
number of moles ofcarbon in the alkyl chain. The symbols represent 
experimental data taken from Table 6. The correlation curves are 
consistent with Eqn. (76) and the slopes and intercepts given in Table 
5. The dashed curve represents a tentative estimate for carboxylic 
acids which is based solely on the value of so shown for acetic acid 
( see text ) 

It can be seen in Figs. 17-2 1 that in many cases the symbols 

representing the standard partial modal properties of species 
containing only one, or in certain cases two moles of carbon 
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FIG. 20. Correlation of the standard partial molal enthalpy of for- 
mation from the elements (AH;) at 25°C and 1 bar of aqueous n- 
polymers (see Appendix) with the number of moles of carbon in the 
alkyl chain. The symbols represent either experimental data shown 
in Table 6 or values taken from compilations by ABRAHAM ( 1984) 
and STULL et al. ( 1969). The curves are consistent with Eqn. (76) 
and the slopes and intercepts given in Table 5. 
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FIG. 2 1. Correlation of the standard partial molai Gibbs free energy 
of fo~ation from the elements (AC:) at 25°C and 1 bar of aqueous 
n-polymers (see Appendix) with the number of moles of carbon in 
the alkyl chain. The symbols represent either experimental data shown 
in Table 6 or values taken from compilations by ABRAHAM ( 1984) 
and STULL et al. ( 1969). The curves are consistent with Eqn. (76) 
and the slopes and intercepts given in Table 5. 

atoms are not consistent with the linear curves shown in the 

figures. These discrepancies are an expected consequence of 
structural differences in the positions of the methylene ( CH2) 
groups in the chain. For example, in a normal alkane, only 
the first and last CHz groups are linked between a hydrogen 
and a carbon atom. Ail the rest occur between carbon atoms. 
Similarly, the first CH2 group in alcohols with more than 
one such group is linked between a hydrogen and a carbon 

atom, but the last one occurs between a carbon and a hy- 
droxyl. The first step along the series of alcohols to form 
ethanol from methanol can be represented by 

II H H H 

I I I I 
H-C-OH+C= H-C-C-OH (74) 

I I I I 
H H H H 

(methanot) (ethanol) 

and the second from ethanol to propanol as 

H H H H 

I I I IBY 
H-C-C--OH + C = H-C-C-C-OH (75) 

I I I I I I 
H H H H H H 

( ethanol ) ( propanol ) 

which can be extended by successively adding more and more 
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Table 5. Summary of the siopes and intercepts of the correlations in Figs. 
17-21 between the standard partial molal properties of aqueous n-polymers 
identified in the Appendix and the number of moles of carbon in the alkyl 
chain at 25°C and I bar (Eqn. ?61 

Property 

Slope -:; -‘;-- 7y::~:;;--i- 
--_~~---~ ~_~ --_i--_- __. ._. _.-.. ___-c _.___ 

: 6.7 cal mol ’ K ’ _ 
-_- 

Group Intercepts 

n-Alkanes 
n-Alkylbenzenes 
I-Alcohols 
2-Ketones 
I -Amines 
n-Carboxylic Acids 
n-Carboxylate Anions 

12.8 47.0 19.6 
31.3 81.3 81.6 
23.2 19.0 22.6 
23.2 18.9 
20.0 14.4 26.8 
29.3 -2.4 20.0 

5.1 -36.2 8.0 _I-._ -- 

Property 

-__--- ,,,:::,,* Slope 

Group Intercepts 

n-Alkanes -7600 -13500 
1 -Alkenes 11900 
1 -Alkynes 42200 
n-Alkylbenzenes 28200 8600 
1 -Alcohols -47800 -58400 
Aldehydes - 36700 
2Xetones -44800 -45200 
I -Amines 1800 -12300 
n-Carboxylic Acids - 105000 
n-Carboxylate Anions - 105870 
n-Amino Acids -95400 -115500 
Methyl Alkanoates -97800 

CH2 groups between carbon atoms. These steps are more 
similar to one another than any of them are to the first step, 

which is manifested in Figs. 17-2 1 by the fact that the symbols 
representing methanol are not consistent with the linear 
trends of the other alcohols. Similar observations apply to 
the other polymer groups shown in these figures. 

Experimental data at 25°C and I bar are not available for 
many aqueous organic species of geochemical interest. Ac- 
cordingly, estimates of v”, CF. ??‘, A@, and AGT for straight- 
chain polymers for which no experimental data are available 
were made in the present study from the correlations shown 
in Figs. 17 through 21, which are consistent with 

g,O=kn+fi (76) 

in which n represents the number of moles of carbon atoms 
in the alkyl chain, and A and 6 correspond to the slopes and 
intercepts of the curves given in Table 5. The estimates are 
listed in Table 6, together with many of the experimental 
values depicted in Figs. 17 through 2 1. Corresponding equa- 
tion of state parameters for the species generated either by 
regression of experimental data or estimation from the al- 
gorithms summarized in Table 4 are also given in Table 6. 

which permits prediction of the thermodynamic properties 
of the species at temperatures from 0 to 1000°C and pressures 
from PSAT to 5 kb. Because the algorithms cited in Table 4 
are consistent with the correlations shown in Figs. 17-19, 

the respective equation of state coefficients for the species in 
each of the n-polymer groups in Table 6 also exhibit linear 
correlations with the number of moles of carbon atoms in 
the alkyl chain. 

PREDICTIONS OF EQUILIBRIUM CONSTANTS AND 
THE STANDARD PARTIAL MOLAL PROPERTIES OF 

ORGANIC AQUEOUS SPECIES AT HIGH 
TEMPERATURES AND PRESSURES 

The logarithms of equilibrium constants for hydrocarbon 
gas solubility reactions in aqueous solutions are shown in 
Fig. 22 as a function of temperature at PSAT. The symbols in 
this figure represent experimental data, but the curves were 
generated independently using Eqns. ( 3 1 ), ( 66), and (67 ). 
together with thermodynamic data and equation of state pa- 
rameters taken from Table 6. Note that the independently 
predicted values of log K for 

GUE
Highlight
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FIG. 22. Logarithms of the equilibrium constants for hydrocarbon (see Appendix) gas solubilities in water as a 
function of temperature at Ps,,r. The symbols represent experimental data reported in the literature, but the curves 
correspond to independent predictions generated from Eqns. ( 3 I ), (66), and (67 ) using equation of state parameters 
and thermodynamic data taken from Table 6. 

are in close agreement with their experimental counterparts 

at all temperatures, including those in excess of 300°C. The 
curves shown for log K as a function of temperature for the 
dissolution of ethane (C2Hs), propane ( C3H8), and butane 
(C4Hto) are also in close agreement with the more limited 
range of ex~~rnen~l data shown in the figure. The validity 
of the predictions for these gases at temperatures higher than 
those for which experimental data are available is not only 
supported by the agreement in Fig. 22 between the corre- 
sponding predictions of equilibrium constants for methane 
solubility and those measured experimentally, but also by 
similar agreement between inde~ndent predictions and ex- 
perimental equilibrium constants at high temperatures for 
reactions involving other dissolved gases (SHOCK et al., 1989). 

The close agreement between the predicted equilibrium 
constants and their experimental counterparts in Figs. 15 
and 22 suggests that reliable predictions of the standard partial 
molal properties of organic aqueous species can also be made 
for higher temperatures and pressures. Accordingly, Eqns. 
(13)-( 17) and (27)-(31) were used in the present study 
together with parameters and data taken from Table 6 to 
predict the standard partial molal properties of both charged 
and neutral organic aqueous species at supercritical pressures 
and temperatures. As examples, calculated standard partial 
molal volumes, heat capacities, and entropies, as well as the 
apparent standard partial molal enthalpies and Gibbs free 
energies of formation of aqueous methane ( CHacaqj), octane 
(CsH,x~q)), acetic acid ( CH,COOH (asj ) , acetate 
(CH$ZOO-), toluene (C6H5CH3), and glycine (CH2- 
NH$ZOOH) are shown in Figs. 23-27 as functions of tem- 
perature to 1000°C at pressures to 5 kb. 

It can be seen in Figs. 23-26 that v”, c?$, so, and Ai?’ at 
PSAT for the neutral organic aqueous species shown in the 
figures increase dramatically at high temperatures in the liquid 
phase region and approach co at the critical point of H20. 
In contrast, the corresponding properties of CH,COO- at 
PSAT in these figures decrease with increasing tem~rature in 
the liquid phase region at high temperatures and approach 
-cc at the critical point of H20. Curves representing AGo 
are depicted in Fig. 27 for the species shown in Figs. 23-26. 
It can be seen in Fig. 27 that the AGo values for all of the 
neutral organic aqueous species decrease monotonically with 
increasing temperature at all of the pressures shown in the 
figure. In contrast, the curves for CH3COOm and PSAT and 1 
kb in Fig. 27 exhibit minima at -200 and --SOO”C, respec- 
tively. The configurations of the curves for the neutral and 
charged organic aqueous species shown in Figs. 23-27 are 
typical of those exhibited by corresponding curves for other 
organic aqueous species. 

Predictive uncer~ainlies 

Uncertainties in predicted values of a’, c$, so, AGo, and 
AGo at PsAr for aqueous species at high temperatures and 
pressures have been assessed and discussed in detail elsewhere 
(SHOCK and HELGESON, 1988; SHOCK et al., 1989). Although 
considered in the context of inorganic aqueous species, these 
uncertainties apply also to their organic counterparts. 

As indicated in Table 4, values of the a3 and c, parameters 
can be estimated from expressions of the revised HKF equa- 
tions of state for f?‘O and c;, together with values of a,, az, 
u4. and c2. As a consequence, the unce~aint~es in these pa- 
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4ppendix at 25°C and 1 bat and the parameten required to calculate the corresponding properties at higher pressures and temperatures from Eqns 
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?IS?l!.i 

39.4852 
DU.01 75 
78.3142 
94.8858 

Ii I.‘)216 
i26.8936 
IEI 5815 
169.496:. 
69 Y366 
$4.9496 
13.7083 
Yl.l588 

108.4560 
125.8091 
143 16’0 

-.. 
C$Y j,j ’ ;a ,‘I - 

i0.47lr’r 0 .I / !4 

I4.QS2 I i) 4060 
19.4946 $1. SOS3 

24 24Oh i!.h& I 
28.1 715 :)7l!?i 
32 6536 0 XOI ! 
36 Y’2i i!.‘xlXh 
41 ?405 j 96h: 

‘) 3” (/ 4” 

140!5; tI.5558 
18.3335 U.b5?2 
22.6520 ;I. is87 
26.9704 0 8602 
31.2889 i).Yhlb 
35.60’3 ! 063 I 
7 !bli Ii 4543 

I I.I)7UY !) 5558 
16 3984 (I.65 72 
207168 ~il758? 
2s it3st ~0 $602 
?Y.?5?7 0 Yb47 
33.67 I 1 Ob31 

1 ‘?U’J u. I Y76 
: 8Y5i ir 3248 
4.09 I x 04142 

5 7345 0.5096 
7 I676 ii.bi I# 
8 f&07 u 7125 

100338 ij.Xl40 
I I 4hW 00154 

I? YOU! I ill69 
I .498b 0.1476 

0.I xl? 0.2037 
I 6447 1J.2869 
? OOi4 0.3702 
4 4OYS 0.4687 
5 7074 -1r.641 
7 ??I‘, 0.75iY 
4 128!) 0 754’1 
t 0363 mlJ.3536 

--0 1534 ‘I.3324 
I 38111 IO.4217 

I.8142 -ii.SlLb 
4.24’3 -!!.62Ol 
5.6X04 07216 
7,]3j O,s:?l 

a Cal molV’. b. Cal mol-’ Km’. c. Cm” mol I. d. Cal mol ’ bar ‘. e. Cal K mol ’ bar-‘. f. Cal K mol ‘. g. Calculated from the values of&, and s 
g~ren in the table usmg values of s* of the elements taken from Wagman et al. (1982). h. Calculated from standard partial moial reactmn propenies gwen 
by Olofsson et al. f 1985) using standard partial molal properties of gases taken from the Thermo. Res. Cent. Hydrocar. Proj. (1982). I. Masterton (f954). 1 
Calculated from Eqn. (76) using parameters taken from Table 5. k. Calculated from standard partial n&al reaction propertrea given by Abraham (1984) 
usmg standard panzal molal properties of gases taken from the Tbermo. Res. Cent. Hydrocar. Pro. (1982). I. Calculated from standard partial molal reaction 
properties gwen by Dee and Gill (1984) using standard panial molal propenies of gases taken from Stull et al. (1969). m. Biggerstaff (1986). n Calculated 
from Eqn. (76) usmg slopes taken from Table 5 and the experimental values of cep and P’ of ethylene to constrain the intercepts (20. I al mole’Km ’ and 
13.9 cm’mol-‘. respectwely). p. Calculated from the values of A??‘, and s’ given in the table using values of 8’ of the elements taken from Wagman et al. 
( 1982). q. Calculated from standard partial molal reaction properties given by Abraham (1984) using standard partial molal properties of gases taken from 
Stull et al. (1969). r. Calculated from Eqn. (76) usmg the slope given in Table 5 and the experimental value of s’ of propene to constrain the intercept (16 6 
ral mol-‘K-‘1. s. Calculated from standard partial molal reaction propenzes given by Cabani et al. (1981) using standard partial molal properties of gases 
taken from Stuli et al. (1969). t. Calculated from the values of AZ* i and LIE*, given in the table using values of s- of the elements taken from Wagman et 

rameters reflect directly the uncertainties in v0 and c-iop at 
25” and 1 bar, which are estimated to be - t2 cm3 mol-’ 
and of the order of +2 cal mol.“’ K -I, respectively (SHOCK 
and WELGESON, 1988 ) . In general, uncertainties in calculated 
values of 8’ and c:! arising from uncertainties in values of 
a4 and c2 that were estimated from the correlations shown 
in Figs. 9-12 and 16 decrease with increasing temperature 
and pressure (SHOCK and HELGESON. 1988). Those for v* 

decrease from +O.O.S cm3 mol- ’ at 25°C and I bar to &l 
X 10m3 cm3 mol-’ at 1000°C and 5 kb. The corresponding 
uncertainties in calculated values of cJ’$ decrease from M.5 
cal mol-’ K-’ at 25°C and 5 kb to lt6 X 1O-4 cat mol -* K-’ 
at 1000°C and 5 kb. Un~~ai~ties in calculated values of 
CT”, arising from uncertainties in estimated values of cz are 
independent of pressure, but decrease with increasing tem- 
perature from t4 cal mol-’ K-- ’ at 25‘C to ~~0.2 cal mol.-’ 
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(t3)- 17) and (29)-(33). Except where noted other&se, rhe values of al, 82, aj, a+ ci, ~2, and o, shown below were estimated using the swaregy shown in 
Table 4 (see textF? 

-... 

935 

SpeCl.3 

-- 

formic acid 
aceuc acid 
propanorc acid 
buIano>c acid 
pentanmc acid 
hmanolc acrd 
heptanolc acid 
octanor acld 
formatc 
acewe 
propanoate 
butanoate 
pentanoaw 
hexanoate 
heptanoare 
oCls”oate 
methanamlne 
eihananimc 
1 - propanamine 
1 ~bu~anamine 
I -pentanaminr 
I - hrxanamme 
I -!veptanamme 
t -octanam,ne 

gtyCl”C 

alanine 
48.444 
vahlle 
leucme 
lbOtCUCme 
serl”e 
threonlne 
aspartlc acid 
glulamxc acid 
asparagine 
glulammf 
phen~latanine 
tr?ptophan 
tyrosl”c 
methmnmc 

AC) say SotI Cob 
P 

i?nc aPxl0 a;x10-2 a: a:xlO-* cv c$x10~4 ,:x 10-j 
. 
-88982.~ -101680.” 38.986 19.0” 34.69’ 6.3957 
-9476O.ss ~1161OO.P 42.70 
- 93430,s 12247O.q 49.q 
-91190,s -1279504 56. IJ 
- 892 t 0.8 - 133690,s 62.81 
-8708O.s - 139290.9 69.5’ 
-XSt50.s - 145080.4 76.2’ 
-83400,s - 151050.’ 82.9 
- 83862 u -101680.” 21.7i 
-8X270.88 -116i80.~ 20.6hh 
-8677OU 12263O.J’ 26.5u 
.- 846 IO.” - 127930.” )I.#’ 
- 82600.” -134410.” 38.3’1 
--80450.” - 13989Q.L 45.F 
-78390.’ 145560.’ 52.N 
- 76340.’ -151230.’ 58.7’ 

SO4O.Q - 16320.Q 30.54 
6300.q -23830.Q 33.6” 
7010.4 30680.4 40.84 
9410.9 -362 IO.9 47.2q 

12800.’ -40650.” 53.9 
14860,s -46320.” 60.2’ 
I69 10,s -51990.’ 66.9 
18960,s -57660.’ 73.e 

-88618.9s - 122846,s 37.8488 
88800.” - 132 130.” 40.0’ 

-87120s -138180? 46.7” 
-8S300.ss -147300” 42.6’ 
-X2000.1* ~t51070.” 5l.S 
--82200.” 150900.~’ 52.8’ 
I22 t 00.5’ - I70800.” 46.5’ 

- I2oooo.s -179100”” 53.2”” 
- I72400.” -226370.” 54.8’ 
- 173000.55 -232000.cC 70s 
- 128650,s 18666O.PQ 55.2PP 
- i 26600.‘1 - 192330 “” 6t.9’ 

-49500.‘5 - t 10080.“” 52.9’ 
-26900.” -97800.” 36.6’ 
-87300 Is - t 574OO.“S 45.5’ 

- 120200.55 - t 77600.” 65.7’ 

40.56” 
56.0” 
8O.S” 

t 03.3” 
125.2’ 
146.4’ 
167.6’ 
-2Z.OR 

6.2’ 
30.9s 
44.9’ 
78%’ 

I oo.“i 
t 12.2’ 
133.4 
37.ou 
56% 
78.” 

101.” 
123.” 
144.” 
162.X’ 
I84.oi 

9.4= 
33.En 
53.1” 
72.2= 
95.1= 
91.6” 
28.1n 
50.2m 
30.4” 
42.3m 
29.9m 
44.7v 
9t.Brr 
t 00.4”r 
71.F 
7o.m 

4.6630 
52.01’8 8.8031 12.4572 

67.9x= 10.9213 13.7115 
84.61’ 13.1708 18.2050 

I00.5’a t 5.3109 22.4858 
l16.5SBa 17.4729 26.8090 
132.Y 19.5938 31.0465 
14X.1’ 21.7216 35.2971 
26. I gkk 5.7842w 6.3405” 
40. SC 7.752Sw 8.6996w 
S4.YS’d[ 9.699Zw 15.9517~ 
70.3” 1 I .7724- 20.9657w 
86.31uL t 3.9304” 26.23 t 9w 

102.21” 16.0700” 31.4589w 
t 18.t) 18.2787” 36.8480w 
t 34.q 20.4065” 42.0436w 
41.8Eaa 7.4547 6.7824 
58.61’ 9.728 I 11.3257 
74.15” II.8178 15.5013 
89.80aa 13.9266 19.7205 

t 05.7s’ t 6.0701 24.0048 
12t.6’a 18.2115 28.2822 
137.6aa 20.3667 32.592 I 
153.2’ 22.4671 36.7896 
43.2Sr 7.6046 7.0825 
60.45= 9.9472 II.7629 
76.F’ 12.1092 16.0862 
90.79” 14.0856 20,0343 

t 07.57~ 16.3362 24.5312 
lOS.4F 16.0395 23.9414 
60.62K 9.9372 II.7454 
76.86”r 12.1251 16.1194 
7 t .79”r Il.4232 14.7124 
X9.36’T 13.7471 19.3606 
77.1Sw 12.1587 16.1812 
94.36” 14.4753 20.8173 

121.92= 18.2927 28.4440 
144.0” 21.3975 34.6481 
I 23.rr 18.4784 28.8127 
105.3” 15.9529 23.7688 

10.7209 
3.5477 

11.4582 
11.8362 
12.1803 
12.5312 
12.8851 
13.2410 
3.2606w 
7.5825w 

-0.5003~ 
-2.4947w 
-4.5589* 
-6.6186W 
-8.728Sw 

~lO.7711~ 
10.8884 
11.265 I 
II.6113 
Il.9476 
12.30l0 
12.661 I 
13.0098 
13.3574 
IO.91 19 
11.3023 
il.6529 
I I .9842 
12.3587 
12.3010 
Il.2943 
t 1.6532 
II.5470 
11.9216 
11.6715 
12.0386 
12.6752 
13.1912 
12.7114 
12.2862 

-2.9717 
-3.2939 
-3.3457 
-3.5315 
-3.7085 
-3.8872 
-4.0624 
-4.2381 
-3.0410” 
-3.1385” 
-3.4363”’ 
- 3.6456” 
- 3.8633” 
-4.0794w 
-4.3022w 
-4.5170~ 
-3.0593 
-3.2471 
-3.4197 
-3.5941 
-3.7713 
-3.9481 
-4.1263 
-4.2998 
-3.0717 
-3.2652 
-3.4439 
-3.6071 
-3.7930 
-3.7686 
- 3.2645 
-3.4453 
-3.3871 
-. 3.5793 
-3.4478 
-3.6395 
- 3.9548 
-4.tt 13 
-3.9700 
-3.7615 

22.1924” -3.1196’ -0.3442a 
40.8037* -0.92 18a -0.2337* 
54.3lF -0.246’ -0.4ff 
72.98S3 I .3878 -0.5096 
91.7285 2.9291 -0.61 IO 

109.6753 4.409s -0.7125 
127.0284 5.8426 -0.8140 
144.3812 7.2758 -0.Yl54 
17.0s -12.4R 1.3003R 
26.3’ -3.86’ l.3182R 
S2.JR -4.2’ 1.22?@ 
42.8123 6.0300 I.1469 
62.0175 13.0170 1.0496 
73.4573 17.3354 0.9427 
79.6770 19.8205 0.8417 
91.1664 24. I390 0.7402 
39.0324 -1.5527 -0.1219 
55.6799 -0.2142 -0.1688 
72.9633 I.2188 -a,2779 
91.9109 2.7736 -0.3748 

t t 0.0099 4.2608 -0.4702 
127.1903 5.6804 -0.5717 
142.4729 6.95 I3 -0.6731 
159.8259 8.3844 -0.7746 
14.1998 -3.4185 -0.2330 
34.9465 - I .7690 -0.2658 
50.6605 -0.4643 -0.3672 
67.7090 0.8267 -0.3051 
86.2214 2.3748 -0.4399 
83.0208 2. t 382 -0.4596 
29.1225 -2.1543 -0.3642 
47.2520 -0.6604 -0.4657 
29.9488 - 1.9989 -0.4899 
38.0235 -1.1944 -0.7276 
29.4616 -2.0327 -0.4959 
41.2938 - 1.0322 -0.5974 
83.1794 2.1517 -0.461 I 
92.8723 2.7330 -0.2143 
66.7005 0.7794 -0.3490 
62.5883 0.6780 -0.6550 

al. (I 982). u. Cabam et al. (I 981). v. Theoretical value taken from Pierotti (I 965). 
expertmenIal values of S’. fsp, 

w. Calculated from Eqn. (76) using slopes given in Table 5 and the 
and v0 of ethyne to constrain the intercepls (16.6 cal mot-‘K-l, 10.6 cat mol.‘K-‘, and 17.7 cm’mol-‘. respectively). x. 

Makhatadze and Privatov ( 1988). y. Gill el al. f 1976). z. Jolicoeur and Lacroix ( 1976). aa. H0iland ( 19863. bb. Hill and Where (1974). cc. Calculated from 
Eqn. (76) using the slope given in Table 5 and the enpenmenlal value of cep of 2-butanone to consrrain the inrercept (-4.4 cal mot-‘K~‘). dd. Calculated 
from Eqn. (76) wng rhe slope given in Table 5 and the experimenrat value of s’ of alanine to constrain the intercept (19.9 cal mole’Km’). ee. Calculated 
from Eqn. (76) usmg the slope given m Table 5 and the experimental value of AH*, of aspanic acid lo constrain the intercept (-203690 cal mol-‘). ff. 
Regrewon values taken from Table 3. gg. Wagman et al. (1982). hh. Retrieved by fitting log K data as a function of remperature (see text) using the value 
of s* of the acetlc acid molecule given above. ii. Allred and Woolley (1981). jj. Calculated from the standard partial molal dissociation properties reponed 
by Larson and Hepler (I 969) using rhe standard panial molal properties of the neurral acid molecules given above. kk. Calculated from the values of v- for 
sodium salts given by H&land (1986) using the value of v* for Nat adopted by Shock and Helgeson (1988). Il. Calorimetric value taken from Spink and 
Wadso (1975). mm, Cohn el al. (1934). nn. Calculared from the standard partial m&al reaction properties reported by Prasad and Ahluwalia (1976) using 
standard paniat molat prownles of pure amino acids taken from Vomalski (1972). pp. Calculated from Eqn. (76) ustng the slope given in Table 5 and an 
mtercep( (- 163980 cat mot-‘) constramed by the value given in ihe table for glutamine. qq. a-ammobulyric acid. rr. Jolicoeur et al. (1986). ss. Hutchens 
(I 976). tt. Calculated from standard parual molal reaction properties given by Hutchens (1976) using values of the corresponding properties of the pure 
ammo acids taken from Vomalski (1972). uu. Calculated from Eqn. (76) usmg the slope given in Table 5 and the experimental value of 5’ of swine 10 con- 
~tram the mtercept (26.4 cal mot-‘K-‘). w. Estimated using the strategy shown in Table 8 of Shock and Helgeson (1988). ww. If values of o are given for 
the species m Table 3, !he strategy used to estimate a, corresponds to Case I in Table 4. Otherwise, a, was estjmated using Case 2 in Table 4. 

K-’ at 1000°C. Uncertainties in calculated values of ?’ 
caused by uncertainties in the a2 parameter are independent 
of temperature and decrease from j-O.78 cm3 mol.-’ at 1 bar 
to +0.27 cm 3 mol-’ at 5 kb, but the uncertainty introduced 
by estimated values of 0, is 22.1 cm3 mol-’ regardless of 
tem~rature and pressure. 

Uncertainties in calculated values of so, AA’, and AGo 
arising from uncertainties in estimated values of the a4 pa- 
rameter also decrease with increasing temperature and pres- 

sure. Over the range 25°C and 1 kb to 1000°C and 5 kb 
these uncertainties decrease from 20.01 to ?2 X 10m4 cal 
mol.-’ K-’ for go, +5 to kO.5 cal mol.-’ for AI?‘, and - +I0 
to rt2 cal mol-’ for AGo. In contrast, uncertainties in the cz 
parameter cause increasing uncertainties in calculated values 
of 9, AI?‘, and AGo at elevated temperatures, reaching kO.45 
cal mol-’ K-’ at fOOT and -to.7 cal mol-’ K-’ at 1000°C 
for so, 2150 cal mol-’ at 100°C and rt226 cal mol.“ at 
1000°C for AI?‘, and - +50 cal mol-’ at 100°C and rt940 



1, 1. Shock and 1-I. ( . Welgeson 

TEMPEb?AT”RL r rruPFnar~lnr.*c 

FIG. 23. Standard partial molal volumes ( r’“) of aqueous methane, 
octane, acetic acid, acetate, toluene, and glycine (see Appendix) in 
Hz0 as functions of temperature in the liquid phase region at PSAT 
and constant pressure (labeled in kb) calculated from Eqn. ( 27) using 
equation of state parameters taken from Table 6. 

FIG. 25. Standard partial molal entropies (so) of aqueous methane, 
octane, acetic acid, acetate, toiuene, and gfycine (see Appendix) in 
Hz0 as functions of temperature in the liquid phase region at PSAT 
and constant pressure (labeled in kb) calculated from Eqn. (29) using 
equation of state parameters and thermodynamic data taken from 
Table 6. 

RG. 24. Standard partial molal heat capacities ( cI?$) of aqueous 
methane, octane, acetic acid, acetate, toluene, and glycine (see Ap- 
pendix) in Hz0 as functions of temperature in the liquid phase region 
at PSAT and constant pressure (labeled in kb) calculated from E$n. 
(28) using equation of state parameters taken from Table 6. 

FIG. 26. Apparent standard partial molal enthalpies of formation 
(Al?‘) of aqueous methane, octane, acetic acid, acetate, toluene, and 
gfycine (see Appendix) in HZ0 as functions of temperature in the 
liquid phase region at PSAT and constant pressure (labeled in kb) 
caiculated from Eqn. (30) using equation of state parameters and 
thermodynamic data taken from Table 6. 
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FIG. 27. Apparent standard partial molal Gibbs free energies of 
formation (L@) of aqueous methane, octane, acetic acid, acetate, 
toluene, and glycine (see Appendix) in HZ0 as functions of temper- 
ature in the liquid phase region at I& and constant pressure (labeled 
in kb) calculated from Eqn. (3 i ) using equation of state parameters 
and thermodynamic data taken from Table 6. 

cal mol-’ at 1000°C for AGo. Uncertainties in the al and a2 
parameters cause increasing uncertainties in calculated values 
of Aso and AGo with increasing pressure. Those in AHo 
resulting from uncertainties in a, vary from Lt25 cal mol-’ 
at 500 bars to +-250 cal mol-’ at 5 kb and those arising from 
uncertainties in a2 vary from 216 cal mol-’ at I kb to 252 
cal mol --’ at 5 kb. Uncertainties in estimated aI and a2 values 
cause maximum unce~aint~es in calculated values of AC0 at 
5 kb, which correspond to 5250 and t 18 cal moi-‘, respec- 
tively. A more extensive discussion of uncertainties arising 
from the correlation algorithms for the nonsolvation equation 
of state parameters can be found in SHOCK and HELGESON 
(1988). 

Estimated values of we,, for neutral species generally have 
an associated uncertainty of -5000 cal mol“, which causes 
increasing uncertainties in calculated standard partial molal 
properties with increasing temperature in the vicinity of the 
critical point of HzO. At other pressures and temperatures, 
uncertainties arising from estimates of we,, are generally less 
than those caused by the nonsolvation equation of state pa- 
rameters (STOCK et al., 1989). As an example, unce~ainties 
m w,, result in co~esponding unce~ainties in AGo of k2.6 
cat mol - ’ at 25°C and 1 kb and 5328 cal mol-’ at 500°C 
and 1 kb. 

CONCLUDING REMARKS 

Calculation of high-temperature/pressure equilibrium 
constants and other thermodynamic properties of reactions 
involving organic aqueous species of geochemical interest 
can be carried out for a large number of equilibria using the 

thermodynamic data and equation of state parameters given 
in Table 6. These reactions include the solubilities of hydro- 
carbon gases, liquids, and solids, as well as those for solubility 
reactions of amino acids and the dissociation of metal-organic 
complexes and carboxylic acids in hydrothermal solutions. 
Other applications of the equations, parameters, and data 
discussed above include oxidation and reduction of organic 
and inorganic aqueous species and their influence on mineral 
stabilities and the hydrothermal transport of petroleum 
(HELGESON and SHOCK, 1988), calculation of speciation 
among organic aqueous species related to metastable states 
of chemical ~uilib~um in diagenetic processes (SHOCK, 
1988, 1989a) and during aqueous alteration on meteorite 
parent bodies (SHOCK and SCHULTE, 1990), and identifi- 
cation of geochemical constraints on the abiotic synthesis of 
organic compounds in hydrothermal systems (SHOCK, 
1989b). The revised HKF equations of state and their ex- 
tension to 5 kb and 1000°C have been incorporated in a 
revised version of the computer program SUPCRT, which 
is available together with a new data file including thermo- 
dynamic data and equation of state parameters for all of the 
organic species listed in Table 6, as well as those for the in- 
organic species considered previously (SHOCK and HELGE- 
SON, 1988; SHOCK et al., 1989 f . The revised program can be 
obtained from the Laboratory of Theoretical Geochemistry 
(othenvise known as Prediction Central) at the University 
of California, Berkeley. 
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APPENDIX 
NomenclPtare, Composition, and Structures of tbe Organtc Aqueous Species Considered in the Present Study 

Group 

Electrolytes 

n-Alkanes 

hukenes 

LAlkynes 

n-Alkylbenezenes 

I-Akohob 

iso.Alcohols 

ZKetones 

iodium formate 
x&urn acetate 
iodium propanoate 
ammonium oxalate 

metllane 
ethane 
m-e 
R-butane 
a-pentaae 
R-he!Lane 
R-beptane 
m*ctane 

ethylene 
I-propene 
l-butene 
I-pentene 
I-hexene 
I-heptene 
I *ortene 

ethyne 
l-propyne 
I-butyne 
t-pentyne 
l.hexyne 
I-heptyne 
I-octyne 

benzene 
toluene 
ethylbenzene 
n-propyI~~e 
n-butylbenzene 
n-pentylbenzene 
n-hexytbenzene 
n.heptylbenzene 
n.octylbewne 

uMhaI&Ol 
ethanol 
1.propanol 
1.butanol 
I-piltZ&ItOl 
t-hexanol 
I-heptanol 
I-octanol 

iso-propanol 
iWJ-butaII01 

acetone 
2.butanone 
2.pentanone 
2-hexanoae 
2-m 
24ctmwK 

Chemical 
Formula 

NaHCOO 
NaCH3COO 
NaCii3CHzCOO 
(NH4WzO4 

C*& 
C3& 
C4Ht0 
CSHIZ 
Cd114 
C?HW 
CsHl8 

CnH2. 
CZIL 
C3H6 
CrHa 

%:: 

C7&4 
QH16 

CnHtn-2 
CzH2 
C3H4 
C4H6 

cSH8 
CsH10 

C7Hl2 
G3H14 

C.H2.+20 
CH30H 
CzHsOH 
C3H7OH 
C4H#H 
CSH~IOH 
CsHtJOH 
C7H1sOH 
CeHt70H 

(CH3)2CH(Ctt2)“OE 
(CH3MHOH 
(CH3)zCHCHz~H 

CnHz.0 
ClHnO 
C&O 

gi;$ 
C7H140 
CgH16O 

inmple Structural Formula 
-...-- 

NH;‘)% - {ON,,, 

O-! o- 

Ii H H H 

H H H H 

In-butane) 

H H H 

H L 1: L&/H 
-1-1-1 lH 

H H H 

fl-butene) 

H 1 !-C=C H 
-A-,: - - 

(l.butynef 

H 

\ iH 
c=c 

f 
H H H H 

\ I t f 

H-C c-L&L- 

\\ /r A/#,! 

j-H 

c-c 
n H 

/ \ 
H H (n-butyibenzena) 

H H H H 

H t& !Y-&-k OH 
-1-1 1 I-- 

H H H H 

(I-butanol) 

H H H 
I I I 

H-C - C- C- OH 

t!l H-+-H !I 

H 
(iso-butanol) 

H H 0 H 

H--&-&-!--~-H 

(2-butamine) 
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Nomenclature, Composition, and Structures of the Organic Aqueous Species Considered in the Present Study (Cont’d.) 

Group 

n-Carboxylic Acids 

n-Carboxybrte Antons 

l.Amines 

Aldehydes 

Methyl Alkanoates 
(Esters) 

n-Amino Acids 

Name 

formic 
acetic 

butkoie 

hexanoic 
or 

octanoic 

fortnate 
acetate 
propanoate 
butanoate 
pentanoate 
hexanoate 

octanoate 

methanamine 
ethanamine 
1-propanamine 
1-butanamine 
I-pentanamine 
1-hexanamine 
1-heptanamine 
titer 

formaldehyde 
acetatdehyde 
propanal 
butanal 
pentand 
hexanal 
heptaatd 
oetanal 

methyl formate 
methvl acetate 
moth)1 propanoate 
methvl butanoate 
methil pentanoate 
methyl hexauoate 
methyl heptanoate 
methyl oetanoate 

glycine 
alanine 
a-aminobutyric acid 
vatine 
leucine 
isoteueine 
wine 
threonine 
aspartic acid 
glutamic acid 
asparagine 
glutomine 
phenylalanhte 
trrptopaan 
tyrosine 
methiontne 

Chemical 
Formula 

CnHZnOZ 
HCOOH 
CH3COOH 
C2HQX3H 
CJHlCOOH 
Wf9cOOH 
CsH11COOH 
C6H13COOH 
C7Hr3COOH 

GH2u.102- 
HCOO- 
CH3COO- 
C2HfCOO- 
C3&COO- 
C4H9COO- 
CsH11COO- 
CgHl3COO- 
C7H15COO- 

CnHzn+3N 
CH3NH2 
CzHsNHz 
C3H7NHt 
C4HoNH2 
CsH11NH2 
C6Hl3m2 
C7HlDHz 
cf&7m2 

CaH2nO 
CH20 
CzH40 
CJHSO 
GHsO 
CSHlOO 
C6H120 
C7H140 
c&f160 

CnHzn-1OzCH3 
CH02CH3 
C2H3OzCH3 
C3H3OzCH3 
C4H702CH3 
CsHoOzCH3 
~6HllOZ~H3 
C7H1302CH3 
CtdflSOZCH3 

CzHsNOz 
CJWNOZ 
WbNOz 
WQiNOz 
GsW3No2 
CaHi3Noz 
C3WNO3 
WWO3 
C4H7NO4 
CsH9NO4 
c4m203 
CSHlfl203 
CeHllNot 
CuHnNzO2 
C9HliNO3 
CsHtlWS 

Sample Structural Formula 

(butanoic acid) 

HHH 0 

H H H H 

I I I I 
H H H N 

H/ ‘H 

HHH 0 

(butanat) 

H li H 0 

(glycine) 

*R represents an ambxo acid side-chain 
whtch consists of a normal or branched 
slkyl group or an aromatk group witr 
wociated -COOH, -NHs,=O, or other 
hntcttonat groups. 




