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Abstract—Potential influences on the distribution of alkylphenols in oilfield waters include simple
partitioning between oil, water, and solid phases, generation of alkylphenols during kerogen maturation
in source rocks, and reactions at the oil-water interface in the oil reservoir. Assessment of whether
reactions at the oil-water interface influence phenol distributions in basinal aqueous waters requires
thermodynamic properties of the aqueous alkylphenols. In this study we have calculated standard partial
molal thermodynamic properties of aqueous phenol and cresols at 25°C and estimated standard partial
molal thermodynamic properties of aqueous xylenols at 25°C. These thermodynamic properties ( Gibbs
free energy, enthalpy, entropy, heat capacity, and volume) together with estimated coefficients for the
revised Helgeson-Kirkham-Flowers (HKF) equations of state allow prediction of thermodynamic proper-
ties of reactions involving these species at high temperatures and pressures. Computed logarithmic
equilibrium constants (log K) for hydration reactions involving alkylphenol are in close agreement with
log K values calculated from published experimental data (Dohnal and Fenclova, 1995). Resulting
thermodynamic properties may be used together with analytical results, to assess whether metastable
equilibrium is a major influence on the abundance and distribution of alkylphenols in petroleum and

associated water.
1. INTRODUCTION

Alkylphenols and low molecular weight aromatic hydrocar-
bons (benzene, toluene, ethylbenzene, and xylenes: BTEX)
are common constituents of both petroleum and associated
formation waters in sedimentary basins (Coggleshall and
Hanson, 1956; Zarella et al., 1967; Collins, 1975; Somerville
et al., 1987; Fisher and Boles, 1990; Stephenson, 1992; Tib-
bets et al., 1992; MacLeod et al., 1993; Taylor, 1994; loppolo-
Armonios et al., 1995; Dale et al., 1995; Taylor et al., 1997,
Dale, 1997). The distributions of alkylphenols in coexisting
petroleum and water have distinct characteristics (Dale et
al., 1995; Dale, 1997): The water phase is enriched in phenol
and the cresols compared to petroleum which is enriched
with higher alkylphenol homologues. Such distributions sug-
gest that the relative abundance of alkylphenols in petroleum
and water are controlled by a basic geochemical process.
One potential control is partition equilibrium between the
petroleum and water phases (MacLeod et al., 1993). A sec-
ond possibility, suggested by McCollom et al. (1995), is
that the relative ratios of aromatic compounds such as ben-
zene and phenol in oilfield waters are controlled by chemical
reactions involving metastable equilibrium. Helgeson et al.
(1993) postulated that the production of carboxylic acids
and carboxylate anions in oilfield waters is due to hydrolysis
reactions at the oil-water interface. An implication of the
Helgeson et al. (1993) suggestion is that the destruction of
petroleum in sedimentary basins may be influenced by reac-
tion with water, rather than the thermal cracking of higher
molecular weight compounds ( Tissot and Welte, 1984 ).
An assessment of whether metastable equilibrium plays a
decisive role in influencing the distribution of alkylphenols
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in oils and coexisting waters requires the thermodynamic
properties (Gibbs free energy, enthalpy, entropy, heat capac-
ity, and volume ) of the aqueous species at 25°C. These ther-
modynamic properties, together with estimated coefficients
for the revised Helgeson-Kirkham-Flowers (HKF) equation
of state for aqueous alkylphenols, allows prediction of ther-
modynamic properties of reactions involving these species
at high temperatures and pressures. This paper describes the
calculation and estimation of the thermodynamic properties
of aqueous alkylphenols. In a subsequent contribution, the
results reported here will be combined with (1) analytical
data for North Sea petroleums and formation waters and (2)
laboratory determined petroleum-water partition coefficients
to determine the importance of both partition and chemical
reaction on the occurrence of alkylphenols and BTEX in
oilfield waters.

2. THERMODYNAMIC PROPERTIES OF AQUEOUS
ALKYLPHENOLS AT 25°C

2.1. Introduction

Developments in theoretical geochemistry (e.g., Shock
and Helgeson, 1988, 1990; Shock et al., 1989, 1992; Schulte
and Shock, 1993; Shock, 1995) allow estimation of thermo-
dynamic properties of neutral aqueous species over wide
ranges of temperature and pressure. For aqueous organic
species, correlation methods incorporating the systematic be-
haviour of homologous groups have been used to estimate
thermodynamic parameters for species where experimental
data are not available (Shock and Helgeson, 1990; Schulte
and Shock, 1993; Shock, 1993, 1995). For example, Schulte
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and Shock (1993) showed a linear correlation between n,
the number of carbons in the alkyl chain of aqueous n-
aldehyde homologues, and the standard partial molal proper-
ties at 25°C and 1 bar. Shock and Helgeson (1990) found
similar relationships for carboxylic acids and many other
groups, including n-alkanes, n alkylbenzenes, and 1-amines.

In the case of alkylphenols these estimation procedures
cannot account for the various methyl substituents around
the phenyl ring. Therefore, we have used a different approach
to establish a set of thermodynamic properties and parame-
ters at 25°C. The approach used in this study is as follows:

Standard partial molal properties (standard partial molal
Gibbs free energy and enthalpy of formation, heat capacity,
and volume) for phenol, cresols, and xylenols in either the
gas, liquid, or solid state, together with solubility reaction
properties of alkylphenols were taken from the literature to

Table 1. Published experimental and calculated values of standard
partial molal properties of aqueous alkylphenols at 25°C and 1 bar.

AG? a AI'_'I;J a é; b Vc c
Phenol —12585¢ —36640° 75.3¢ 86.17¢
—12337° ~36650'
—12580°
—12251®
—12008"
—12215°
ortho cresol —11783¢ —45256™
—12006* —45717"
—12840'
meta cresol —122128 —44756"
—13876° —44414°
para cresol —12326% —44261" 91.8"
—12326* —44701°
—11620'
2,3 dimethylphenol ~110059
2,4 dimethylphenol —13081¢
2,5 dimethylphenol —118754
2,6 dimethylphenol —109734
3,4 dimethylphenol —122649
3,5 dimethylphenol —124599

(a) cal mol™'. (b) cal mol™' K. (c) cm® mol™'. (d) Shock and
Helgeson (1990). (e) Calculated from A(_}?(g) from Domalski and
Hearing (1993) and AG%-—., from Parsons et al. (1971). (f) Calcu-
lated from AGR,, from Stull et al. (1969) and AG3,-..q, from Parsons
et al. (1971). (g) Calculated from AG¥,, from Domalski and Hearing
(1993) and AGyg calculated from solubility data (Dohnal and
Fenclova, 1995). (h) Calculated from AGf, from Stull et al. (1969)
and AG.,q calculated from solubility data (Dohnal and Fenclova,
1995). (i) Calculated from AG¥,, from Domalski and Hearing (1993)
and AGf,.., from Parsons et al. (1971). (j) Calculated from
AHz, from Domalski and Hearing (1993) and AH,—.,q, from Parsons
et al. (1971). (k) Calculated from AGj,, from Domalski and Hearing
(1993) and AG -, from Parsons et al. (1972). (1) Calculated from
X&Gt,, from Stuil et al: (1969) and” AGog-. from Parsons et ai.
(1972). (m) Calculated from AHg,, from Andon et al. (1960) and
AH gy from Parsons et al. (1972). (n) Calculated from AHg,, from
Andon et al. (1960) and AH5, .., from Cabani et al. (1981). (o)
Calculated from AGR,, from Stull et al. (1969) and A(_;‘,’(gqaq) calcu-
lated from solubility data (Dohnal and Fenclova, 1995). (p) Calcu-
lated from AHj, from Domalski and Hearing (1993) and
ARy from Cabani et al. (1981). (q) Calculated from AGY,, and
AG?(M,‘) determined from solubility data (Varhanickova et al.,
1995). (r) Cabani et al. (1981).
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Fig. 1. Comparison of the logarithm of equilibrium constants (Log
K) for the hydration reaction, phenol (g) — phenol (aq), calculated
from experimental data (Dohnal and Fenclova, 1995) and those
computed using SUPCRT92 (Johnson et al., 1992) using thermody-
namic data for aqueous phenol at 25°C ( Shock and Helgeson, 1990).

derive standard partial molal properties of aqueous alkylphe-
nols.

Thermodynamic properties of aqueous phenolic species,
plus parameters for the revised Helgeson-Kirkham-Flowers
(HKF) equations of state, are used to determine equilibrium
constants at high temperatures and high pressures.

Computed equilibrium constants, for example, for hydra-
tion reactions such as

alkylphenol (g) — alkylphenol (aq) @8]

where (g) and (aq) represent the gas and aqueous phases,
respectively, are compared with experimentally determined
log K values.

Iterative adjustments are made to the standard partial
molal Gibbs free energy and standard partial molal entropy
of the aqueous species to match equilibrium constants calcu-
lated using SUPCRT92 (Johnson et al., 1992) with their
experimental counterparts (Dohnal and Fenclova, 1995).

2.1.1. Standard State Conventions

The standard state convention for aqueous neutral species
adopted in this study is one of unit activity of the species in
a hypothetical one molal solution referenced to infinite dilu-
tion at any pressure and temperature. The standard state for
H,O calls for unit activity of the pure liquid at all pressures
and temperatures. The gas standard state for the organic
species corresponds to unit fugacity of the hypothetical pure
ideal gas at 1 bar and any temperature.

2.2, Calculation of Thermodynamic Properties of
Aqueous Phenol and Cresols at 25°C

Table 1 summarises published experimental and calcu-
lated values of standard partial molal properties of aqueous
phenol and cresols. Although thermodynamic properties of
aqueous species are limited at 25°C and 1 bar (Shock and
Helgeson, 1990; Schulte and Shock, 1993; Shock, 1995),
sufficient experimental and predicted measurements exist to
allow estimation of the missing values of AH?, C;, and V°
for cresols and xylenols at 25°C (Table 1). Thermodynamic
properties of aqueous species at higher temperatures are even
more scarce than thermodynamic properties of aqueous spe-
cies at 25°C. However, a recent publication by Dohnal and
Fenclova (1995) reports the aqueous solubility of the low
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reaction (phenol (g) — phenol (aq), (3), and the source of
data for phenol (s), where (s) represents the solid phase, or
phenol (g).

AG? 4 for aqueous phenol is calculated from the disso-
lution reaction using Eqn. 4

2 -
1 - Phenol AG_?.s(a\q) = AG—?,S + ch‘?,solid (4)
a t+ + + + 1 =~o - . .

0 20 40 60 80 100 where AGY; is the standard Gibbs free energy of the dissolu-

Temperature (°C)

Fig. 2. Comparison of logarithm of equilibrium constants (Log
K) for the hydration reaction, phenol (g) — phenol (aq), calculated
from experimental data (Dohnal and Fenclova, 1995) and those
computed using SUPCRT92 (Johnson et al., 1992) using the thermo-
dynamic data for aqueous phenol at 25°C presented in Table 2.

molecular weight phenols, enabling calculation of logarith-
mic equilibrium constants (log K) for hydration reactions
involving phenol and cresols over a temperature range of
25-100°C.

Our aim is, therefore, to calculate standard partial molal
properties of aqueous alkylphenols at 25°C which can subse-
quently be used to predict equilibrium constants (log K)
of reactions involving aqueous phenol and cresols at high
temperatures and high pressures.

Shock and Helgeson (1990) reported predicted values of
the Gibbs free energy of formation (AG?) for aqueous phe-
nol. The value of AG} was calculated from standard partial
molal reaction properties given by Cabani et al. (1981 ) using
standard partial molal properties of gases taken from Stull
et al. (1969). However, Table 1 indicates that AG{ values
for aqueous phenol depend upon which standard Gibbs free
energy of reactions is used for either (1) the dissolution
reaction (phenol (s) — phenol (aq), (2) or the hydration

tion reaction 2 and AG$ . represents the standard Gibbs
free energy of formation of the solid alkylphenol. For the
hydration reaction, AG?%y,q for aqueous phenol is calcu-
lated using

AG—?,h(aq) = AGI?,h + AG?,gas (5)

where AG?, stands for the standard Gibbs free energy of
the hydration reaction 3, and AG? ., represents the standard
Gibbs free energy of formation of the gaseous alkylphenol.

Data for vapour-liquid equilibrium experiments (Dohnal
and Fenclova, 1995), given in terms of Henry’s Law Con-
stants (ky), can be converted to obtain equilibrium constant
values (K) for the hydration reaction (Shock et al., 1989)
using

K = 5551/ky for ky in bars, where 1 bar = 10° Pa  (6)

In the case of phenol itself, experimental equilibrium con-
stants can be compared with equilibrium constants for reac-
tion 3 predicted using the standard partial molal properties
and parameters within the revised HKF equations of state
reported by Shock and Helgeson (1990). This comparison
is shown in Fig. 1 and demonstrates that the shape of the
predicted curve of log K vs. temperature for the hydration
reaction 3 parallels the distribution of experimental data but
is offset by approximately 0.3 log units. This offset can be

Table 2. Summary of experimental, retrieved, and estimated standard partial molal thermodynamic properties and the parameters required
for high pressure and temperature calculations. (dmp = dimethylphenol).

AG?? AR Sor Gh Ve a*Xx 10 a® x 1072 as’ as x 107* ¢’ of X107 w? x 1070
Phenol  —12215% -36320" 455 742  86.17° 134599 23.7816 —0.7952 —3.7620 67.7515  2.3700 —0.2857
ocresol —12725' —45081™ 50.4' 102.8° 10049 154181 28.2184 -1.8079 —3.9454 89.9089  5.1956 —0.2532
mcresol —13890" —45560™ 52.7° 101.3° 1004° 154233 282298 -1.8101 —3.9459 88.8505  5.0474 —0.2380
pcresol  —11625' —44245™ 495 91.8 10047 154161 282174 —1.8159 —3.9454 81.0624  4.1088 —0.2592
23dmp -11005" —53849° 47.8' 123.1' 1144' 17.3144 325179 —2.7887 —4.1232 105.9743  7.2013 —0.2705
24dmp -—13081" -52675° 5877 117.8° 1144' 17.3388  32.5725 —2.7994 -4.1254 1024043 6.6776 —0.1982
25dmp —11875" —54420° 48.8° 129.1° 1144' 173166 325246 —2.7963 —4.1235 110.8307  7.7941 —0.2639
2,6 dmp —10973" -52445° 52.4' 118.8° 114.4' 173247 325408 —2.7930 —4.1241 102.8187  6.7764 —0.2400
34dmp —-12264" -54422° 50.1' 112.9° 1144' 173196 325292 -2.7906 —4.1237 97.9627  6.1935 —0.2552
3,5dmp —12459" —54945° 49.0' 121.3° 1144' 17.3171 325233 —-27885 —4.1234 104.6091 7.0234 —0.2625

(a) cal mol™". (b) cal mol™". (¢) cm® mol™". (d) cal mol™' bar™". (e) cal mol~' K~! bar™". (f) cal K mol~". (g) Calculated from AGg,, from
Domalski and Hearing (1993) and AGgs—.q from Parsons et al. (1971). (h) Calculated from AHY,, from Domalskl and Hearing (1993) and
AH . from Parsons et al., 1971. (i) Calculated from AH} and AG? in the table, together with S° of the elements from Cox et al. (1989),
value constrained to expenmenlal data (Dohnal and Fenclova, 1995). (j) Cabani et al. (1981). (k) Hgiland (1986). (1) Calculated from A
Gfy from Stull et al. (1969) and AGS,-.q from Parsons et al. (1972), value adjusted to fit experimental data (Dohnal and Fenclova, 1995).
(m) Calculated from AHj,, from Andon et al. (1960) and AHYy g from Cabani et al. (1981). (n) Calculated from AGE,, from Stull et al.
(1969) and AG3, g calculated from solubility data (Dohnal and Fenclova, 1995) value adjusted to fit experimental data (Dohnal and Fenclova,
1995). (o) Estimated value taken from SUPCRT92, constrained to fit experimental data (Dohnal and Fenclova, 1995). (p) Calculated based
upon the difference between standard partial molal volumes of benzene and toluene, and between benzene and phenol. (q) Assumed to equal
V for para-cresol. (r) Calculated from AGf, and AG%-,q determined from solubility data (Varhanickova et al., 1995). (s) Estimated values
taken by comparing increments between phenol and cresols. (t) Estimated from values given for phenol and para cresol.
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attributed to a difference in the value of AG? at 25°C calcu-
lated by Shock and Helgeson (1990) and the value of
AG? at 25°C experimentally determined by Dohnal and Fen-
clova (1995).

The magnitude of discrepancies between predicted and
experimental log X values in Fig. 1 depends upon the chosen
value of AGY,. Calculated values of AG$;.,, and
AG? ,uq) at 25°C for phenol vary by about 0.5 kcal mol ™'
(Table 1). Empirical fits of predicted values and experimen-
tal data suggest that more consistent results are obtained for
AG? ) of phenol using Eqn. 4 and data for AG? iq taken
from Domalski and Hearing (1993) and AG? for the solu-
tion reaction taken from Parsons et al. (1971). On this basis,
AG % 4q) computed from the solution reaction 2 was used to
represent the standard partial molal Gibbs free energy for
aqueous phenol. Figure 2 shows comparisons of experimen-
tal and equilibrium constants for the phenol hydration reac-
tion using thermodynamic parameters generated in this
study. The predicted equilibrium constants compare favoura-
bly with experimental data (Schreinemakers, 1900; Weller
et al.,. 1963; Abd-El-Bary et al., 1986; Dohnal and Fenclova,
1995). A similar procedure was adopted for the determina-
tion of AG %, for cresols.

Literature values for the apparent standard partial molal
enthalpy of aqueous phenols and cresols are shown in Table
1. Standard partial molal heat capacities for aqueous phenol
and para-cresol were obtained directly from Cabani et al.
(1981). Initially, it was assumed that the standard partial
heat capacity for aqueous meta and ortho-cresol were equal
to that of aqueous para-cresol. Iterative adjustments were
then made to the standard partial molal enthalpies and heat
capacities to constrain the log K values calculated with
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SUPCRT92 (Johnson et al., 1992) for the hydration reaction
1 to match the log K values for the same reaction determined
from experimental data reported by Dohnal and Fenclova
(1995). The final AA? values for aqueous cresols at 25°C
used in this study compare favourably with the values of
AH? for aqueous cresols at 25°C reported by Cabani et al.
(1981).

The only published value of the standard partial molal
volume of alkylphenols is for aqueous phenol (Hgiland,
1986). A value for para-cresol was estimated based upon
the difference (14.21 cm® mol ') between the standard par-
tial molal volumes of benzene (83.5 cm® mol ~!) and toluene
(97.71 cm® mol ') plus the difference (2.67 cm® mol ')
between standard partial molal volumes of benzene (83.5
cm® mol ') and phenol (86.17 cm® mol ') given in Shock
and Helgeson (1990). The total difference (16.88 cm’
mol ') was added to the literature value for benzene to
obtain a standard partial molal volume for para-cresol of
100.4 cm® mol ~'. Additionally it is assumed that the standard
partial molal volume of aqueous ortho and meta-cresol is
equal to that of para-cresol. Similar additive procedures to
determine thermodynamic properties, such as V° and Cj at
25°C of organic species (e.g., toluate ions and toluic acid)
have been described and used effectively by Shock (1995).

2.3. Calculation and Estimation of Thermodynamic
Properties of Aqueous Xylenols at 25°C

The limited amount of published experimental and calcu-
lated values of standard partial molal properties of aqueous
xylenols are listed in Table 1. It is possible, however, to
derive thermodynamic properties of aqueous xylenols at
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Fig. 3. Standard state thermodynamic properties of aqueous phenol as a function of temperature at P, and elevated
pressures. Properties estimated with the revised HKF equations of state together with data and parameters from

Table 2.
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25°C by using (1) experimental equilibrium constants for
hydration reactions involving xylenols (Dohnal and Fen-
clova, 1995); (2) calculated standard partial molal Gibbs
free energy values; and (3) initial estimates of standard par-
tial molal heat capacity, enthalpy, and volume for aqueous
xylenols at 25°C based on standard partial molal thermody-
namic- properties- at 25°C for aqueous phenol and cresels.
The standard partial molal Gibbs free energies for aqueous
xylenols (Table 1) were calculated using solubility data re-
ported by Varhanickova et al. (1995). Equilibrium constants
determined from the solubility data were used to calculate
AG?5 g for the xylenol (s) — xylenol (aq) reaction using
the expression AG; = —2.303RT log K where R represents
the gas constant (1.9872 cal mol ' K™') and T the tempera-
ture in Kelvin. Subsequently, using Eqn. 4, the calculated
AG? value and AG? .4 for the xylenols taken from Domal-
ski and Hearing (1993), we deduced the standard partial
molal Gibbs free energies of formation for the xylenols in
the aqueous phase at 25°C.

Initial standard partial molal enthalpies for aqueous xylen-
ols were predicted by comparing enthalpy differences be-
tween phenol and cresols to estimate the contribution of the
methyl group. For example the AH?,, for 2,4 dimethylphe-
nol was estimated from the enthalpy differences between
phenol and para-cresol (—7925 cal mol ~') and between phe-
nol and ortho-cresol (—8761 cal mol ™'). These differences
were added to the standard partial molal enthalpy for phenol
(—36320 cal mol ') to give an initial value for the standard
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partial molal enthalpy of 2,4 dimethylphenol of —53006
cal mol .

Initial partial molal heat capacity values for the xylenols
were estimated by adding 16.5 cal mol~' to the value of
para-cresol, to account for the addition of a methyl group to
the phenyl ring. The increment was based on the difference
between the literature values of phenol and para-cresol (Ca-
bani et al., 1981) shown in Table 1. Values for the standard
partial molal volume for aqueous xylenols were estimated
by adding 14 cm’ mol™' to the value estimated for para-
cresol, as described previously. Iterative adjustments were
made to the standard partial molal heat capacities and enthal-
pies at 25°C to match the log K values calculated with
SUPCRT92 (Johnson et al., 1992) for the hydration reaction
1 between 0 and 160°C with corresponding log K values
determined from data in Dohnal and Fenclova (1995) at
25°C and higher temperatures.

3. ESTIMATION OF THERMODYNAMIC PROPERTIES
OF AQUEOUS ALKYLPHENOLS AT HIGHER
TEMPERATURES AND PRESSURES

The standard state partial molal properties of aqueous
alkylphenols at 25°C and 1 bar from Table 2 were used
to obtain parameters for the revised Helgeson-Kirkham-
Flowers (HKF) equations of state (Helgeson et al., 1981;
Tanger and Helgeson, 1988; Shock et al., 1992) using the
correlation algorithm proposed by Shock and Helgeson
(1988, 1990). The equation of state coefficients a,, a,,

@ Dohnal et al.,, 1985

5 @ Dohnal etal., 1995 4 @ Dohnal et al,, 1995
4 ~——This Study 4 == This Study 3 .
« ¥ « ~—— This Study
3 3 2
32 g g4
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Fig. 4. Comparison of the logarithmic equilibrium constants (Log K) for the hydration reaction, alkylphenol (g) —

alkylphenol (aq), calculated from experimental data (Doh
SUPCRT92 (Johnson et al., 1992) using the thermodynami
Table 2.

nal and Fenclova, 1995) and those computed using
c data for aqueous alkylphenols at 25°C presented in
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Table 3. Logarithms of equilibrium constants (Log K) for the hydration reaction, alkylphenol (g) — alkylphe-
nol (aq), at pressures and temperatures of geochemical interest (dmp = dimethylphenol).

80°C 90°C 100°C 110°C 120°C 130°C 140°C 150°C 160°C
200 bars
phenol 1.55 1.38 1.22 1.08 0.95 0.83 0.73 0.63 0.54
o-cresol 1.09 0.92 0.76 0.63 0.51 0.40 0.30 0.22 0.15
m-cresol 1.38 1.22 1.07 0.94 0.82 0.72 0.63 0.55 0.48
p-cresol 1.35 1.17 1.01 0.86 0.73 0.61 0.50 0.41 0.32
2,3-dmp 1.10 091 0.74 0.60 0.47 0.36 0.26 0.17 0.09
2,4-dmp 0.94 0.77 0.63 0.50 0.39 0.29 0.21 0.13 0.07
2,5-dmp 0.94 0.76 0.60 0.45 0.33 0.22 0.13 0.05 -0.02
2,6-dmp 0.58 0.41 0.27 0.14 0.03 -0.07 -0.16 —-0.24 -0.30
3,4-dmp 1.40 1.20 1.02 0.86 0.72 0.59 0.47 0.37 0.28
3,5-dmp 1.27 1.08 0.91 0.76 0.63 0.52 041 0.33 0.25
350 bars
phenol 1.36 1.19 1.04 0.90 0.77 0.66 0.56 0.46 0.38
o-cresol 0.86 0.70 0.55 0.42 0.30 0.20 0.11 0.03 -0.04
m-cresol 1.16 1.00 0.86 0.73 0.62 0.52 0.44 0.36 0.30
p-cresol 1.12 0.95 0.79 0.65 0.52 0.41 0.31 0.22 0.13
2,3-dmp 0.84 0.66 0.50 0.36 0.24 0.13 0.03 —0.05 -0.12
2,4-dmp 0.68 0.52 0.38 0.26 0.16 0.06 -0.02 -0.09 -0.15
2,5-dmp 0.69 0.51 0.35 0.22 0.10 -0.01 -0.10 -0.17 —-0.24
2,6-dmp- 0:33- 8:17 0:03- —0:16- 21 -0:30- —0:38& -0:45 —0:51
3,4-dmp 1.14 0.95 0.78 0.62 0.43 0.36 0.25 0.15 0.07
3,5-dmp 1.01 0.83 0.67 0.52 0.40 0.29 0.19 0.11 0.03
500 bars
phenol 1.17 1.01 0.86 0.72 0.60 0.49 0.39 0.30 0.22
o-cresol 0.64 048 0.34 0.21 0.10 0.00 —0.16 -0.16 —-0.23
m-cresol’ 0.94 0.78 .64 0.52 0.42 0.32 0.17 0.17 0.11
p-cresol 0.90 0.73 0.58 0.44 0.32 0.21 0.03 0.03 —0.05
2,3-dmp 0.59 042 0.26 0.13 0.01 -0.10 -0.27 -0.27 -0.33
2,4-dmp 0.43 0.28 0.15 0.03 -0.07 -0.16 —-0.30 -0.30 -0.36
2,5-dmp 0.44 0.26 0.11 —-0.02 -0.13 -0.23 -0.39 -0.39 -0.45
2,6-dmp 0.08 -0.08 —-0.21 -0.33 —0.44 —-0.52 -0.67 —-0.67 -0.72
3,4-dmp 0.89 0.70 0.54 0.39 0.26 0.14 -0.06 —-0.06 -0.14
3,5-dmp 0.76 0.58 0.43 0.29 0.17 0.07 —0.11 -0.11 —0.18

a3, a4, €1, ¢, and w, are estimated from values for Cj, 5°,
and V° for the aqueous species (Shock and Helgeson,
1990). The resulting parameters are also listed in Table
2. These data and parameters were used with the revised
HKF equations of state to calculate the standard partial
molal state properties of aqueous alkylphenols at elevated
temperatures and pressures, using SUPCRT92 (Johnson
et al.,, 1992). To demonstrate the predicted behaviour,
values for the standard partial molal entropy (5°), stan-
dard partial molal heat capacity (C;) and standard partial
molal volume (V°), as well as values for the apparent
standard partial molal enthalpy (AH?) and Gibbs free en-
ergy. of formation. (AG2). for aqueous. phenol are. shown.
as functions of temperature and pressure in Fig. 3. Figure
3 demonstrates the greater pressure dependence for some
parameters at supercritical conditions, as opposed to sub-
critical conditions. For example, Fig. 3¢ shows that at
temperatures up to 350°C, the 1 kbar and 2 kbar curves
for the standard partial molal entropy are similar. At tem-
peratures above 350°C, the isobars deviate from each
other.

Figures 2 and 4 show comparisons of experimental and
predicted equilibrium constants for the hydration reaction 1
of phenol, cresols, and the xylenols. Computed equilibrium
constants are determined using the thermodynamic proper-
ties and parameters for aqueous alkylphenols (Table 2) and
for gaseous alkylphenols (Appendix) together with the
revised HKF equations of state and calculated using
SUPCRT92 (Johnson et al., 1992). Experimental equilib-
rium constants are calculated using Eqn. 2 and experimental
Henry’s Law constants (Dohnal and Fenclova, 1995).

Uncertainties in predicted values V°, C;, §°, and AH? at
P, for aqueous species at high temperatures and pressures
have been.assessed and-discussed.-in detail elsewhere (Sheek
and Helgeson, 1988; Shock et al., 1989). Although consid-
ered in the context of inorganic aqueous species, these uncer-
tainties apply also to their organic counterparts (Shock and
Helgeson, 1990). Estimating uncertainties in log K values
at elevated temperatures and pressures is difficult (Sverjen-
sky et al., 1997). Shock and Helgeson (1988) have reported
that the combined uncertainties in estimated equation of state
parameters could lead to uncertainties in Gibbs Free Energies






