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INTRODUCTION

Qil Pollution in the Ocean. A General Overview

Sources of Hydrocarbons in the
Marine Environment

Public¢ concern over the increasing pollution by
petroleum hydrocarbons in the marine environment has grown
as its visible effects~-0il films and tar balls in surface
waters, soiling of beaches, etc.--have in turn increased and
received wider mass-media coverage. However, there is not a
corresponding increase in the volume or quality of the
information available to assess the long-term éffects that
petroleum compounds can cause in marine ecosystems. Consider
the following to get an idea dgﬂfhe magnitude cof the
problem: it has been estimated that the total input of
petroleum hydrocarbons to the oceans is six million metric
tons per year (Thacher and Meith, 1978). Of these, about two
million metric tons are due to problems related to the
transportation ¢of petroleum by sea, an amount that was
predicted to increase to six million metric tons by 1980

(Thacher and Meith, 1978).

There are three major sources of petroleum hydrocarbons
in the oceans {Thdcher and Meith, 1978; Farrington et al,

1976; Farrington and Meyer, 1975): 1l)man-generated

compounds; mainly crude o0il and refined products;

2)gecochemically originated hydrocarbons; such as those from




seepages through the sea floor and diagenesis of organic

matter; 3}biosynthetic hydrocarbons; which are the metabolic

products of marine organisms. From nbw on, the first two
classes of petroleum hydrocarbons will be referred to as

either "petroleum hydrocarbons" or "crude oils."

In assessing the environmental impact of o©il pollution
it is necessary to differentiate.between petroleum and
biosynthetic hydrocarbons, but due to the extreme complexity
of crude oils {Farrington et al., 1976) it is wvery difficult
to do éo. At least some general guidelines are available
(Farrington et al., 1976; Farrington and Meyer, 1975): a)
the n-alkane fraction of crude oils is a 50-50% mixture of
odd and even numbers of carbon atom chains, whereas
biosynthetic hydrocafbons always contain chains with an odd
number of cafbon atoms; b} alkeneéagre generally absent in
crude oils, but they are often a major portion of the
hydrocarbons found in marine organisms; ¢} crude oils
contain a complex mixture of cycloalkanes, polycyclic

aromatic hydrocarbons (PAH'S), as well as heterocyclic

compounds, none of which have been found in marine -

organisms.

Physical States of Hydrocarbons
in Seawater

Hydrocarbon molecules in water can be found in any of
the following forms (Thacher and Meith, 1978; Shaw, 1977):
1) Dissolved, in the thermodynamic sense.(in 1975, the

National Academy of Science estimated the amount of




dissolved petroleum in the oceans at 400 million tons.); 2)
Colloids, defined aé aggregates of less than one um in
diameter (no estimates of the amounts of hydrocarbons
present in this form are available, but Shaw (1977)
estimates that the amount of colloidal hydrocarbons should
greatly exceed that of hydrocarbons in solution.); 3)Tar
Balls. These are defined as particles bigger than one um.
Butler (1975) estimated the amount of tar present in surface
waters in 1975 at 0.7 million tons. The total amount of
petroleum hydrocarbons in the oceans was estimated to be
14,000 million tons in 1976 (Thacher and Meith, 1978).

Environmental Pathways for Hzgfocarbon
Loss in the Ocean

Once petroleum hydrocarbons enter the marine
environment several pathways for the loss of hydrocarbons

are possible (Thacher and Meith, 1978;): Evaporation.

McAuliffe (1977) and McAuliffe et al, (1980) have presented
experimental evidence, from intentional oil spills, that low
molecular weight hydrocarboﬁs (i.e. up to 12 carbon atoms)
evaporate very fast, with the result that this fraction was
no longer detectable in surface waters after two days.
Harrison et al., (1975) predicted that the evaporation of
aromatic hydrocarbons would be 100 times faster than
dissolutioh, and that the rate of evaporation for alkanes
would be 10,000 times faster than that for dissolution.
Regnier (1975) and Mackay et ai. (1975) measured the rate
constants of evaporation of n-alkanes, the results ranging

from 3.44 ¥ 1073 min™! for n-Cy, to 4.00 X 107> min~! for n-

TR




C18 at 20°C. More recently, Atlas et al. (1981) measured the
mass transfer coefficient for high molecular weight
compounds and compared their results with theoretical

models, finding good agreement.

Emulsification. There is evidence (Shaw, 1977) that
colloidal—size hydrocarbon particles are formed under
turbulent mixing conditions in the ocean. McAuliffe et al,
(1L980) have also reported that the addition of emulsifiers

speeds up the physical weathering of oil.

Sedimentation. Sorption of petroleum hydrocarbons on

sediments can accelerate deposition on the sea floor (Means
et al., 1980), where biodegradation is slower due to the
lack of oxygen. The loss of volatile components can increase
the density of an o0il enough tgﬁproduce sedimentation
{(Mcauliffe, 1977). Another mechanism that can speed up the
rate of sedimentation is by ingestion and incorporation into

fecal pellets by marine copepods (Prahl and Carpenter,

1979), this being the major route of removal in some areas.

Microbial Degradation. More than 90 species of bacteria have

been identified which can metabolize many constituents of
oils {Thacher and Meith, 1978). Some organisms will grow at
the expense of aromatic hydrocarbons, whereas others will
grow only if an additional substrate 1is present, a
phenomenon called cooxidation ({(Gibson, 1977). The usual
route is to oxidize the aromatic hydrocarbon to a cis-

dihydrodiol, and from there to form the ortho-dihydroxy




derivatives (catechols), the last step being the enzymatic
cleavage of the aromatic ring (Gibson, 1977; Lehr et al.,

1980). At least three species of the genus Pseudomonas can

oxidize naphthalene (Jeffrey et al., 1975), and some species

of the genera Flavobacterium and Beijerinckia c¢an oxidize

phenanthrene, anthracene, and benzo(a)pyrene (Gibson, 1977).

Oxidation. The photo-oxidation of polynuclear aromatic
hydrocarbons in agueous systems has been reported (Zepp and
Schlotzhauer, 1979; Korfmacher et al., 1979; Katz et al.,
1979). The photoreactivity of PAH's in aqueous solutions has
been reported to be 10 to 100 times higher in agqueous
sclutions than in organic solvents (Zepp and Schlotzhauer,
1979). The necessity of the preseﬁce of oxygen“is still open
to discussion (Katz et'alq 1979). From simulation studies
of natural conditions it was reported that the photo-
oxidation of PAH's adsorbed on sediments 1s four times
higher than for dissolved PAH's (Korfmacher et al., 1979)
and that the rate of photo-degradation decreases
logarithmically with increasing depth (Zeép and

Schlotzhauer, 1979).

Biological Incorporation. It is a well known fact that

aquatic organisms accumulate organic pollutants from their
environment. This is c¢alled "bioconcentration™ (Albers,
1980; Hinga et al, 1980). If it is assumed that the biotic
phase is approcaching thermodynamic equilibrium with its

medium, then it is posible to correlate the potential




bioccncentration (i.e. the total biotic accumulation under
ideal conditions) of organic compounds to their physical
properties (Dexter and Pavlou, 1978 and 1978a; Chiou et al.,
1977). These studies were done following a method developed
by Neely et al. (1974), which correlates the potential
bioconcentration to the partition coefficient (defined as
the dimensionless ratio of the solubility in l-oc¢tanol to
that in water) of the ¢compound. Mackay (1982} extended the
method by developing a cone-constant correlation between
aquecus solubility to bioconcentration. The correlation
holds for bioconcentration in the range 10 to 106. These
methods have been applied to bioconcentration in marine
organisms in artificial ecosystems (Hinga et al, 1980),
rainbow trout (Dexter and Pavlou; 1978a; Chioulet al, 1%977),
fathead minnow (Southwofth et al,, 1980), marine zooplank£on
(Clayton et al., 1977), organisms in estuaries (Pavlou and
Dexter, 1979), freshwater fishes {Mackay, 1982), and even in

marine bird eggs (Albers, 1980).

Solution., The solubilities in seawater of both low and high

molecular weight n—alkanes as well as those of some aromatic
hydrocarbons have been measured (Sutton and Calder, 1974;
Eganhouse and Calder, 1976). In general it has been found
that the solubilities of hydrocarbons in seawater are 60 to
70% of that in pure water. Several attempts have been made
to relate the solubility of a hydrocarbon to physical
parameters (Shaw, 1977), 1like molar volume (Bohon and

Clausen, 1951; McAuliffe, 1966), the number of carbon or




hydrogen atoms in the hydrocarbon molecule (Tanford, 1980),
and the size of the cavity in the solvent holding the
hydrocarbon solute {Hermann, 1972;

Harris et al., 1873;

Reynolds et al., 1974}. Only a couple of workers have
studied the influence of one hydrocarbon solute upon the
solubility of another one (Eganhouse and Calder, 1976;
Mackay, 1978) and the effect of dissolved organic matter
upon the solubility of hydrocarbons in seawater (Boehm and

Quinn, 1973).

Dissolved hydrocarbons aré important from a practical
point of view; they are the most readily available to marine
organisms and therefore the most likely to have toxic
effects (Hutchinson et al., 1980). This is especially true
of the polynuclear aromatic hydrocarbons (Collier et al.,

ot

1980) .

From a theoretical point of view, solubility data can
provide information about the structure of liquid water and
aqueous solutions (Frank and Evans,

1945; Nemethy and

Scheraga, 1962; Shineda, 1977)., On the other hand,
solubility can be related to partition coefficients,
allowing the calculation of potential bioconcentration

{Hansch et al., 1968; Banerjee et al., 1980; Mackay, 1982).

These aspects will be further elaborated in the next

two sections.
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Water as a Solvent

Ligquid water shows several anomalies when compared to
similar compounds (like the hydrides of the group VI
elements): its very high melting and boiling points, the
increase of density on melting, the density minimum at 4°c,
the large molar heat capacity, and the minimum of the
viscosity as a function of pressure at about 1000 atm, to
name just a few (Franks, 1972; Dahl and Andersen, 1983;

Stanley and Batten, 1969).

As a solvent, water has also an anomalous behavior in
solution, especially when the solute is nonpolar in which
case a positive change .in Gibbs free energy, and a negative
enthalpy change are observed (E%idt, 1983). There is
universal agreement that the anomalous properties of water
are due to its ability to form up to four strong,
directional hydrogen bonds, with tetrahedral symmetry around
the central oxygen atom (Frank, 1972). This high degree of
association is thought to be the cause of the abnormal

properties of water.

Any attempt to rationalize or to predict the solubility
of nonelectrolytes in general, and of petroleum hydrocarbons
in particular, should be based upon a thoréugh knowledge of
the structure of water. Following Eisenberg and Kauzménn
(1969), we will refer to "structure" as being the "relative

positions and motions of the moleculeg", averaged over times
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that are longer than the hindered translational mode at 200
em~1 {(about 2 X 10713 s), but shorter than the dielectric
relaxation time (about 10711 s).. In this way, we will be
talking about the vibratioconally-averaged structure, or "v-

structure" of liquid water.

There are two general types of models of ligquid water:
the mixture models postulate that liguid water is a mixture
of several different "species", namely monomeric and
polymeric water molecules in different degrees of
association. On the other hand, continuum models consider
that all the liquid water in a container consists of one

giant "molecule" whose hydrogen-bonded structure gets more

and more distorted as the temperature increases.

Theoretical Models of Ligquid Water'

a)Mixture Models.

The first step in relating the degree of structure of
water to its properties as a solvent was given by Frank and
Evans (1945}). They explained the entropy decrease upon
dissolving a nonpolar solute by assuming that an 'iceberg'
forms around a solute, leading to a more ordered state.
Later on, Nemethy and Scheraga (1962 and 1962a), in the
first of a long series of papers, proposed that liquid water
is a mixture of moclecules with five different c¢oordination
numbers, ranging from zero (monomeric water) up to four. The
ﬁater molecules whose coordination number is different from

zero are considered to be forming ice-like clusters. Since
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the clusters are formed and destroyed continously, they are
called "fliékering clusters"., The concept of "flickering
clusters™ was developed by Frank and Wen (Nemethy and
Scheraga, 1962), but Nemethy and Scheraga were the first to
develop a statistical mechanical analysis of the model. They
were able to formulate a canonical partition function, and
from that to calculate the number and size of the clusters
as a function of temperature. The thermodynamic functions
(Helmholtz free energy, internal energy, entropy, and heat
capacity at constant volume) were calculated from the

partition function in the usual way.

Nemethy and Scheraga (1962) considered that the
strﬁcture of dilute solutions of nonelectrclytes is basicaly
the same as above, with the main difference being that "the
enerxgy levels and hence the distriﬁﬁtion of water molecules
in the water layer next to tﬁe hydrocarbon are shifted due
to the different interactions between the water and
hvdrocarbon molecules" (Nemethy and Scheraga, 1962). They
assumed that the probability of finding a cluster is higher
in the vicinity of a solute than in the bulk of pure water.
The calculated values of the thermodynamic functions of
solution for nonelectrolytes are in good agreement with the

experimental values.

Several improvements have been made to the model
(Hagler, Scheraga, and Nemethy, 1972 and 1973; Lentz, Hagler
and Scheraga, 1974; Scheraga, 1977 and 1982), like using

better expressions for the partition function, taking into
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account the cooperativity of hydrogen bonds, etc. Curiously,
as the model was improved they concluded more and more that
the results are inconsistent with a mixture model (see

below).

Another Contribution to mixture models was made by Ben
Naim (1965), who assumed that liquid water is a mixture of
two kinds of molecules in chemical equilibrium with each
other: monomeric water molecules (P molecules}, and water
molecules tetrahedrally bonded to other water molecules to

form spherical clusters (C molecules). The equilibrium is

where n is the number of water molecules in the cluster. The
presence of a nonelectrolyte shifts the equilibrium to the
left, that is to a more ordered state. In this model any
partial molecular quantity Eg can be divided in two parts:

*

E, = E

[ S+ Eg .l.-oo...-..-no..--n..-nc(l)

where E;is the static contribution arising from the
equilibrium between C and P, and Elis the relaxation term,
which arises from the shift in the equilibrium between C and
P. The difference between Ben Naim's model and the other
models discussed before is that it does not place any
constraints on the position of the new order induced by the

presence of the nonelectrolyte, that is, the more structured
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form does not have to surround the solute molecule totally
as Frank and Evans (1945) postulated, or even partially
surround it, as is the case with Nemethy and Scheraga's
(1962) model. Another difference is that Ben Naim does not
assume the formation of a new kind of structure due to the
presence of the solute (as is the case with Frank and Evans'
"icebergs"), because he merely postulates a shift in an

already existing equilibrium.

Frank and Evans (1945) were the first to propose an
increase in the degree of structu?e of water molecules
around a nonpolar solute as an explanation for the entropy
decrease when the solute is dissoclved., The currently
accepted view 1is that the 1$w solubilitﬁ' of nonpolar
compounds is due to tﬁe increasegyﬁtructure they introduce
in the solvent. However, a group of workers have proposed
the opposite explanation, namely, that the "icebergs" arcund
a nonpolar solute promote the solubility of such compounds
These authors (Shinoda, 1977 and 1978; Hvidt, 1983, 1983a).
Hvidt (1983) consider the dissolution of a nonpolar molecule
as a two step process: l)the mixing of the components, which
is considered similar to the formation of a "regular"
solution, and ﬁ)the structural relaxgation to the equilibrium
state, considered to be a hydrophobic solvation. The
"chemical” equation describing this pocess is (Hvidt, 1983):

R-+nH20 -=R(H2O)n ersseanscessen ()
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where R is a nonpelar solute, and R(H2O)n is the.solute
surrounded by a solvation sphere of n molecules. The change
in the free energy of the dissolution can be given as the
sum of two terms |

AG=AG’ +AGSO].V o-----------oo.-(B)

mix

where G is the change in the Gibbs free energy for the

mix

formation of a regular solution, and G is the free

solv
energy change when n moles of water are transferred from
pure water to the solvation spheres of one mole of nonpolar
solutes. For methane and ethane, Hvidt (1983) estimates

G to be -2.7 and -2.0 kJ molé—l, respecti?ély. It can be

solv
concluded, then, that the formatipn of a clathrate~like
structure around a nonpolar solute increases the sclubility

of the solute.

b)Continuum Models

Continuum models of liguid water consider all the water
molecules in a container to be. tetrahedrally bonded by
hydrogen bonds, forming a single unit. The effect of
temperature is not to break the ice-like clusters, as in the
mixture models, but rather to distort the tetrahedral bond

angles away from their normal value of 109°,

A continuum model of water was first proposed by Bernal
and Fowler (1933) in their classical work. They were the

first ones to propose a continuous, disordered network of

il

L

i3
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tetrahedrally bonded molecules as a model for the structure
of water. In his sequel to this work, Pople (1951) estimated
the average distortion of the hydrogen bonds by assuming
that the orientation of two water molecules depends only on
the energy required to bend the hydrogen bond between them.
This energy was approximated by a hydrogen bond binding
force constant, Kg which depends only on the hydrogen bond
angle @. This model can account for the temperature
dependence of the static dielectric constant, and for the

observed oxygen-oxygen palr correlation function.

Recently, a new continuum model hés been developed,
namely, the Random Network Model (RNM) (Rice and Sceats,
1981; Sceats and Rice, 1982). Thé main difference between
the RNM and Pople's model is theTgeparatioﬁ of the time
scales for the various classes éf molecular motions in
liquid water. For the v~structure of water they propose a
continous distorted hydrogen bond network, which has the
following characteristics (Rice and Sceats, 1981): a) the
intermolecular separation is essehtially constant, and
centered about the value in a crystalline phase; b) the
bonding is irregular, so that there are different odd- angd
even-numbered rings in the network; and c) the distribution
of values for the hydrogen bond angle has a nonzero width.
Sceats and Rice {1982) introduced a Random Network Potential
(RNP}, which depends only on the average oxygen-oxygen
separation and the deviation of the hydrogen bond from

linearity. The RNP incorporates several gquantum mechanical
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corrections, such as the dependence of the zero-point enérgy
on the hydrogen bonding, and the proper weighting of thermal

motions.

The RNM is an intermediate stage theory, in the sense
that it does not start with a given water-water
intermolecular interaction potential, éredicting all the
properties of the ligquid from such a potential. Instead, the
_intermolecular potential is replaced by a potential due to
the whole hydrogen bonded network, the RNP. The effective
water-water interaction potential, the molecular motions,
and other properties are expressed only as functions of the
distribution of intermolecular distances and distortions of
the hydrogen bonds. Propertieé such as thé temperature
dependence of the width cof the Raman peaks for ice Ih (the
form of ice stable at one atmosphere and temperatures lower
than 273 K), liguid water and D,0; the 0-0-0 angle
distribution functions, oxygen-oxygen pair correlation
functions, and the thermodynamic functions are all well

predicted by the RNM.

¢)The Current View, A Consensus.

Over the vears a consensus appears to have been reached
among the different positions. As Nemethy, Peer and Scheraga
(1981) wrote in a recent review paper:

"The overall structure consists of extensive
three dimensional random networks of mostly

nonlinearly hydrogen-bonded molecules. The
local structure tends to be tetrahedral. This

HRTEN
|
|
|
|
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description is similar to Pople's model of

liguid water and its recent extension in the
random network model of Sceats et al. These
results rule out any model of water wherein

a small number of species that consist of a
specific number of water molecules with fixed
intermolecular geometries are assumed to
exist; two-state interstitial models specially are
not realistic."

Computer simulation techniques, employing either Monte

Carlo or molecular dynamics simulations, have shown that the

inclusion of a nonpolar solute increases the order of the

water molecules surrounding it, forming a clathrate-like 5
structure (Nemethy, Peer and Scheraga, 1981; Scheraga,
1982). The number of nearest neighbors has also been shown

to increase, from 5 for a water molecule in the pure liquid,

to 15 for a nonpolar solute of the same size (Rapaport and

Scheraga,

solute does not imply the presence
around the solute, as Nemethy, Peer and Scheraga (1981)

point out:

The

solutions remains a point in dispute. Scheraga (1982) cites

several computer simulations of the potential of mean force

(defined
sclutes

Lennard

-Jones solutes, which shows two sgstable

1982), The ingcrease in structure around a nonpolar

)

of permanent structures

"This does not imply the presence of long-
lived or solid-like structures, but merely
a slightly increased correlation time and
lessened irregularity."

aggregation of nonpolar solutes in agqueous

as the solvent-induced pair potential between two

(Nemethy, Peer and Scheraga, 198l)) between two

configurations. One in which the two solutes are in contact,
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and one in which the two solutes are separated by one water
molecule. However, Rapaport and Scheraga (1982) made a very
long molecular dynamics simulation of four solute molecules
"dissolved" in 339 water molecules, lastiné for about 70 ps,
which showed no tendency for the solutes to aggregate, even

when they were placed together at the beginning of the run.

In the next chapter the effect of an electrolyte on the
activity coefficient of a dissolved nonpolar solute will be
discussed, as it is necessary to understand the solubility

of petroleum hydrocarbons in sea water.
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Solupbility in Electrolyte Solutions

The presence of an electrolyte changes the activity
coefficient of a dissolved nonelectrolyte, hence changing
its solubility. For many electrolyte-nonelectrolyte systems
the experimental results can be described by the empirical

Setchenov equation:
log £/£%=10g 89/5 = K Cg sevevernenansneennanns (4)

where f, 8, £. and S, are the. activity coefficient and

o

solubility of the nonelectrolyte in pure water and in an

agueous electrolyte solution, réépectively; Ca is the
concentration of the nonelecﬁrolte, and ks is the salting
constant, also called thé Setchenov parameter, If k. > 0 the
solubility of the nonelectrolyte decreases in the presence

of the electrolyte, and the process is referred to as

"salting-out". If ky < 0, then the solubility increases, and

the nonelectrolyte is said to be "salted-in".

It can be shown that equation (4) is a special case of

the following equation (Long and McDevit, 1951):
log £/£° = log 89/8 = kCq + ki (5-8%) ceviriirnnnnnna(5)

when both S and S© are small, even if ki is of the same
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order of magnitude as kg . For polar solutes the term
containing k; must be taken into account, even 1if eq. (4)
holds, because in such cases the experimentally measured kS

would not be the theoretically significant salting constant.

When results for different electrolytes, but for the
same nonelectrolyte are reviewed several generalizations can
be made (Long and McDevit, 1952; Gordon, 1975): a) the order e
of values for ks is constant, with very few inversions; b)
the single-ion contributions to kg are, to a very good

approximation additive; ¢) the contribution of the anions to R

kg becomes more negative with increasing ionic radius; 4)
the cationic contributions to kg do not follow either R
crystal or hydrated ion radii (these contributions are in
the order Na+>K+>Li+,Rbf>NHZ>C;>H+); and e) for organic ions

k

s becomes more negative with the presence of aromatic

rings, or with increasing chain length in aliphatic organic

ions. In general, it has been found that large ions with low

charge will "salt-in" a nonpelar nonelectrolyte; such is the
case of the tetraalkylammonium salts, the perchlorates, and

straight chain carboxylic acids.

Theoretical Models.

Many different models have been propcosed to predict the

magnitude of kg for any given pair of electrolyte =

nonelectrolyte cosclutes. In general, these models can be

-

divided into three categories: electrostatic, thermodynamic

and statistical mechanical. Since this review does not
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pretend to be exhaustive only a few examples in each

category will be discussed.

Electrostatic Models.

In general, electrostatic models of salting-out explain
the decrease of the solubility in terms of two different
processes (Bockris and Reddy, 1970). The first contribution
is due to the decrease in the number of "free" water
molecules left to dissolve the nonelectrolyte, because many
water molecules are tied up in the primary solvation shell

of the electrolyte. If n, is the number of water molecules

S
in the first hydration shell of the ion,then the number of

"free" molecules will be
Mg = 55.5 = Cqlly weeeensesnsnseenneens(6)
and the decrease in solubility will be given by

S = Sy = SgCeNg/55:5 ceruenenncaninanas(T)

o]

The second contribution arises from the secondary
hydration shell of the ion, and it is related to the work
done when one mole of water molecules around an ion are
replaced by one mcle of nonelectrolyte molecules. This
effect arises from the differences in the ion-~dipole, or
ion-induced dipole, interactions between the nonelectrolyte
and water. The decrease in the nonelectrolyte's solubility

due to this factor is given by:

S = S NC.[4T(Ze) @, -~ Cpe) /LO000EZKTEL] v vnenvnnnn. (8)
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where 7 and e are the charge on the ion and on the electron

respectivelynﬁw andcﬁn are the orientation polarizabilities

e
of water and nonelectrolyte, € is the dielectric constant of
water, k is Boltzmann's constant, and ry is the radius of

the primary solvation shell.

By combining equations 7 and 8 one obtains
So-S/S,=ngCg/55.5+NC, [4T(Ze) 2 (f,~cCpe) /1000 2KTryl .....(9)

Equation (9) correctly predicts salting-out for many
nonelectrolytes; however, the only possibility to predict
salting-in is when the the nonelectrolyte has a dipole
moment greater that that of water. Experimentally, salting-
in has been observed for many systems in which the
nonelectrolyte was nonpolar, and théfelectrolyte was big and
with a low charge. The only way out 1s to introduce a
correction term which takes into account dispersion forces
(instananeocus dipole—instantaneous dipole interactions,

which are attractive). This term is of the form

£dl&dne/zr6 -oo-oo.coolooi-ill.oolllot(10)

where oly; and oCy,o are the distortion polarizabilities of
the ion and nonelectrolyte, respectively. By taking into
account dispersion forces electrostatic theory predicts that
salting=~in will occur if dispersion forces overcome the ion-

dipole interactions, that is, 1if both the ion and the
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nonelectrolyte are big enough, so that the product di dne
is big (the distortion polarizability of a molecule is

roughly proportional to the cube of the molecular radius).

Electrostatic equations usually predict kg values that
are very similar for all 1:1 electrolytes, and salting-in if
> iﬁ,for all salts, which is not usually the case. The
theory has been criticized also as not being convincing
because the input parameters are very flexible {(Gordon,
1975). In the recent literature electrostatic theories of

salt effects have received very little attention.

Thermodynamic Models.

These models, developed in their original form by
McDevit and Long (1952), are baséd on the Tamman-Tait-Gibson
(T-T-G) eguation for électrolyte gglutions {Levendekkers,

1976) :
BPVP=0-4343X1C/(B+Pe+P)_X2 dvz/dP c-uc--l-llilcllnl-(ll)

where BP is the isothermal compressibility of water at an
applied pressure P, VP is the volume of the solution at
pressure P, X4 is the number of grams of water per gram of
solution, C is equal to 0.315 V., V, being the specific
volume of watef, B is a parameter related to the internal
pressure of liquid water,*#2 is the apparent specific volume
of the electrolyte in solution, and Py is the effective
pressure exerted by the electrolyte. The terms containingl#Z

are negligible at moderate pressures (P<1000 bar).

m
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The T-T-G model assumes that the properties of an
aqueous electrolyte are the same than those of pure water

under an additional pressure, P exerted by the

e
electrolyte. The T-T-G model has been succesfully applied to
the prediction of properties such as the refractive index
(Leyendekkers and Hunter, 1977 and 1977a), viscosity
(Leyendekkers, 1979), and the heat capacity {(Leyendekkers,

1980) of agqueous electrolyte solutions and seawater.

McDevit and Long (1952) assumed that the only

significant interaction in the process of dissolving a
nonelectrolyte is the work necessary to create a cavity in
the solvent, large encugh to accommodate the solute. The
nonideal work of transferring one mole of solute molecules

from pure water to an electrolyte'égiution is given by

....--...---....-o--.-..cc.-(12)

- o
W = ViPe

where Vg is the partial molar volume ©f the nonelectrolyte
solute. No other interaction, like solute-cavity interaction

is considered.

McDevit and Long (1952) derived a limiting equation for

k. by using a Taylor's expansion of the Helmholtz free

s

energy of the solution around Vg = n,Vy * NgVg, where Vg and

V.. are the molar volume of the pure ligquid salt and pure

W

water, respectively; n, and n_. are the number of moles of

W =)

water and salt. For very small concentrations of both salt
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and nonelectrolyte they found

k. =

o _ 0
s vi(vs Vs)/2-3BORT-¢--.-.o-oo-...-o-.o-t(13)

where Vg and Vg are the "liquid"™ volume and partial molar

volume of the salt, respectively; B, is the isothermal

C

compressibility of water; R and T have their usual meaning.

An equivalent expression for kg is

k. =

. o)
s 1lm Vi/2-3RT dPe/dCS ..---o--oooo--c-oc-no-n.{14)

Cg-»0

This equation contains explicitly the pressure exerted by

the electrolyte, P instead of the "liquid volume" of the

ef

salt, Vv

S* which is somewhat vagueljwdéfined.

Equations (13} and (14) correctly predict the relative

change of kg for different salts, and are in good
guantitative agreement for small nonelectrolytes, such as
0o, Hy, and the noble gases (Longrand McDevit, 1852). It
also correctly predicts salting-in for the five organic
salts for which Vg values are known (Gordon, 1975). However,
for larger nonelectrolytes such as benzene or naphthalene
the estimated values of kg are usually off by a factor of
two to three. McDevit and Long (1952} proposed that a
correction factor needs to be added to their equation, to
take into account the nonzero distance of closest approach

of the nonelectrclyte to the ions. This was attempted by
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Denc and Spink (1963), who estimated the correcticon factor
to be 0.3, finding good agreement for their measured values.
for tetralin, diphenylmethane and 2,4-diphenyl-2-methyl-2-

pentene in sodium sulphate sclutions.

Cross {(1975) modified the McDevit and Long's eguation
to take into account the change in the nonelectrolyte's
activity coefficient with respect to a change in the
concentraticn of salt,and corrected explicitly for the
nonzero distance of closest approach. His corrected equation

is

lim log £ = V§Cq (Vg=Vg)/2.3RIBI1-Cg (Vg-Vg) /21Ty / (xp+ry)

Nn_ - 0 R ’
~Tog (142X 1073 mg Mg) evenvenienennnna(15)

where mg and Mg are the molality and molecular weight of the

s

salt, ry is the average hydrated ionic radius, r, is the wvan

n
der Waals radius of the nonelectrolyte, Vg is the apparent
molar volume of the salt in a solution of molality m,, B is
the isothermal compressibility of the solution and N, is the
number ofmoles of nonelectrolyte. The other symbols have
been defined before. This equation has been very successful
in predicting the activity coefficient of nonpolar compounds
up to fairly high concentrations of salt {(up to 16 m in the
case of oxygen dissolved in KOH) (Cross, 1975), and even of

the polar alkyl acetates in solutions that wereup to 7 m in

electrolyte concentration (Cross and McTigue, 1976). In both
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cases, the agreement between measured and predicted wvalues

was excellent.

Recently Aveyard (1982) used a slightly different
approach, which resulted from his work on the salt effect
for alcohols (Avevard and Heselden, 1974 and 1975) by
assuming that the nonideal work of transfer W (eq. 12)

depends not on P but on the change of surface tension of

ar
the aqueous sclution when the salt is added. This means that
it has been aésumed that: a) the surface tension of a
microscopic cavity is the same as the macroscopic value, and
b} the solute-solvent interactions are the same in pure
water and in the aqueous electrolyte solution as assumed by
McDevit and Long (1952). Aveyard (1982) alsa assumed that

the work of transfer depends on the surface area of the

cavity, not on the volume, as McDevit and Long (1952) did.

after noting that in many cases the surface tension of

an electrolyte solution is a linear function of msms' where
® is the osmotic coefficient at molality mg, Aveyard

arrived at the following expression for ks:
ks= (TrN) 1/3(4-44Vi)2/3\) {ri_'i_r;:)@s/zo:s LR RN B R N BN B R I R ) (16)
is the number of ions per mole of salt, rﬁ is the

where

radius of the hydrated cation, r} is the crystallographic

X

cationic radius,and @S 18 the osmotic coefficient for a one

melal salt solution.
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Assuming that (ry =- ry) is equal to the molecular
diameter of the solvent, and that the pure solvent consists
of close-packed spherical molecules, then for an aqueous

solution of a 1:1 electrolyte equation (16) reduces to

kg = 3.86V1/3v2/3p . iiiiiiiiiiiiiie (1)

where V. is the molar volume of pure water. Agreement with = -
experiment was found to be very good for nonpolar compounds

ranging from methane to diphenyl, except for the salts

containing the sulphate anion, but if (rﬁ - r;) is assumed

to be 1.0 nm instead of 0.56 nm the agreement is excellent. S

In agreement with both egquations ({16) and (17), a
linear relation waghfound between Vz/i and ks' in contrast
to the McDevit-Long equation (13), which predicts a linear

relationship between V; and kg.

Scaled-Particle theory.

For a long time it has been considered that the
dissolution of a solute in a liguid is a two~step process:
1) the creation of a cavity in the solvent, large enough to
accommodate the solute, and 2) the introduction of a solute
molecule into the cavity, that is, the energy of interaction
of the solute with the cavity (Clever and Battino, 1975). At

present the best approach to calculate the free energy

change associated with these processes is the statistical

mechanical theory of Reiss (Clever and Battino, 1975
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Desrosier and Morel, 1981l), the Scaled Particle Theory

(SPT}).

SPT considers liquids as composed of particles with

spherical symmetry and hard cores repelling each other with
infinite force. The theory is based upon the properties of
the exact radial distribution function, and from that an —_—
approximate expression for the reversible work required to B B
add a spherical particle into a liquid composed of spherical SR
particles is derived. The particles are assumed to obey a
pairwise additive potential, and an additional particle on
obeying the same potential 1is introduced into the liquid by

the procedure of distance scaling {(Pierotti, 1976;  W,F_m

Desrosiers and Morel, 1981).

For dilute scolutions of gases 1t can be shown that

RT In Hy g = . + G + RT In RT/vf S G ¥ - 5

where €, and G; are the partial molar free energies for
cavity formation and interaction, respectively; V§ is the
pure solvent molar volume, and H, ; is the Henry's law e
coefficieént, Pierotti (1963, 1965, and 1976) applied SPT to
the solubility of gases in real liquids, and calculated the
molecular parameters of water that are needed in the
calculations (hard-sphere molecular diameter, work function,

and polarizability). These values are in good agreement with

the values calculated using other methods (Pierotti, 1976). *;;‘:%i
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For a complete compilation of all the necessary equations

see the review by Pierotti (1976).

Shoor and Gubbins (1969) applied SPT to the solubility

of gases in concentrated electrolyte solutions, and from

their results they found a general expression for kg. After L
assuming that the water-salt-nonelectrolyte system consists
of m components, and that the solvent is a mixture of m-1 e e

components they obtained
In Hy 5 = §S/kr + §§/kT + 1n (KT Ag) errennnnareeens(19) N

where dj is the number density of component j, 5? and Ejﬁ are f————— —

the free energies of creating a cavity in the electrolyte
solution and of intrpducing the solute in the cavity,

g

respectively.

Masterton and Lee {1970) extended the derivation of

Shoor and Gubbins (1969) to obtain a general expression for

k They obtained

S-

k =k +kb+kg "'-¢-l¢oooooooooocoov(20) _77__;

a

where k, is the contribution from the cavity formation, ky

is the term containing the solute-cavity interaction, and kg

is a statistical term which disappears when the solubility

1

is expressed in either mole liter * or Bunsen coefficients

(Masterton, 1975). Full expressions for all the terms in edq.

(20) are given in Appendix A. The term k, always leads to
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salting-out, and it increases as the molecular diameter of
the solute increases. It becomes smaller with increasing
temperature. The term k, always leads to salting-in, and its
magnitude decreases with increasing temperature. Masterton
(L975) recalculated equation (20) for seawater in the
temperature range from 0° to 40°C. At 25°C the calculated
values agree very well with the experimental values, but the
temperature coefficient is about half the experimental one.
For bigger solutes, such as cyclohexane and benzene the

agreement is not so good (Tien Chang et al., 1974).

A further elaboration to SPT is the "Perturbation
Theory" of Tiepel and Gubbins (1973). Full equations are
given in Appendix A. The main differences between the SPT

and perturbation theofy are that Tiepel and Gubbins do not

assume that g+ = el, where el is the internal energy
contribution to the solute-cavity interaction term; and that’
Tiepel and Gubbins (1973) assume that a real liquid behaves
as a hard sphere fluid only in the high-temperature limit,
so .that their theofy invoives an expansion around T = . The
agreement of the perturbation theory with experiment is
slightly better for big solutes than it is for SPT. However,
both theories have been criticized on the basis that
pairwise additivity seems unlikely in aqueous solutions, and
that the assumption of a random distribution of particles
breaks down for big solutes and for polar solutes (Cross,

1975). Another criticism is that the thermodynamic functions

for cavity formation are very sensitive to the solvent
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molecular diameter. A change of only 0.1 8 in the diameter
of water produces a 30% change in GC, which is well within
the differences of thé different estimates available

(Desrosier and Morel, 1981).
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OBJECTIVES.

From the discussion above, it can be seen that the
study of the solubility of hydrocarbons is very important
from both theoretical and practical points of view. A review
of the literature reveals that very little is known about
the solubility of hydrocarbons in seawater at 25°C and one
atmosphere and éven less is known at other temperatures or
pressures. Only two papers deal with solubilities in
seawater at temperatures other than 25°C, and then only for
a very limited range of ‘temperatures and salt
concentrations. The results of this review are summarized in

e

table I.

To the best of our knowledge only two papers so far
have dealt with the effect of pressure on Setchenov
parameters (Suzuki et al., 1974; Gerth, 1983), and neither
of them was done in seawater. All that is known about
Setchenov parameters in seawater is at 25°C and 1 atm, which
is equivalent to the specific conditions found in a very
shallow tropical sea while the average temperature and
pressure in the ocean are 5°C and 400 atm (the oceans'

average depth is 3,800m).

It is the purpose of this work to study the solubility of

naphthalene, the simplest polycyclic aromatic hydrocarbon as
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a function of the salt content and the temperature, in
ranges that span those likely to be found in natural
ecosystems. Another goal is to set up a high-pressure
generator, to study the effect of pressure on the solubility

of hydrocarbons.




Table I. Setchenov coefficients for hydrocarbons in sea
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water.
Compound temp. kg reference
Naphthalene 25°¢ 0.256 Gordon and
Thorne, 1967 i
Benzene a Brown and -
Wasik,1974 o
Toluene 0 - 20°%
Ethylbenzene S
Dodecane 0.22 Sutton and % SR
Calder,1974 ER
Tetradecane 0.25 2T
Hexadecane 0.68 o
Octadecane 25°¢ 0.95 T
Eicosane 0.68
Hexacosane 223
Toluene 0.206 Sutton and
Calder,1975
Ethylbenzene 0.224
o-Xylene 0.165
p~Xylene 0.192
Isopropylbenzene 0.258 i
1,2,4-Trimethylbenzene 0.239 ’
1,2,3-Trimethylbenzene 0.262
1,3,5~Trimethylbenzene 0.259
n=-Butylbenzene 0.306
s=Butylbenzene 0.235
t-Butylbenzene 0.198
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Compound temp. kg reference

Naphthalene 0.3031 Eganhouse and
Calder,1976

Biphenyl 25°¢ 0.4119

Phenanthrene 0.3871

Toluene 0.166 Rossi and
Thomas, 1981

Acenaphthene 25°% 0.238

Pyrene 0.319

————— o ———————— — o ——————————— " "} oy {—————— A T ————— > T ————— —

%the kg values change with temperature. A plot of k  as a
function of temperature is given in the Discussion.
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Solid polycyclic aromatic hydrocarbons were chosen
because they are the most toxic fraction of crude oils,
their metabolic products have been shown to be carcinogenic,
and because they present fewer complications due to colloid
formation, 6r to "accomodation" in the strﬁcture of the

solvent,




37

EXPERIMENTAL

Naphthalene was zone refined (James Hinton, Valparaiso,
FA}, phenanthrene and anthracene were scintillation grade
{(Eastman). The salts NaCl, XC1, CaC12'4H20, and Na,50, were
from Alpha (Ultra Pure grade). NaHCO5; and MgCl,*6H,0 were
from Baker (reagent grade). Hexane and pentane were obtained
from Malinckrodt (reagent grade), and methylene chloride was
supplied by Aldrich (Spectro Quality, Gold Label). 211 these
reagents were used as received, without further
purification. The ﬁater used:throughout Ehis workIWas
deionized and then distilled from an all glass still

(Corning model AG-2).

Natural seawater was IAPSO standard seawater (Institute
of QOcenographic Sciences, Surrey, England), which is used as
a salinity standard and therefore is provided with a very

accurate value of its salt content.

211 absorption spectra were recorded with a Cary 219
double-beam uv-vis spectrophotometer with a nominal slit of
0.5 nm. Matched one centimeter quartz cuvettes were used,
and a baseline was recorded by running a spectrum with
distilled water in both the reference and sample beams. The
temperature of the solutions was controlled by running water

and proepylene glycol from a thermoregulated bath (Lauda
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D8/25) through the cuvette holder.

In order to accomodate the high pressure cell (see
below), the cuvette holder was removed and replaced by a
custom made holder, that aligned the optical axis of the
high pressure cell with the sample beam of the instrument.
In the reference beam a block of plastic, painted black to
minimize stray light, was placed. This block of plastic had
é hole of the same diameter as the opening of the optical
axis of the cell. This was done to approximately match the
reference and sample light intensities, thus keeping the
baselines in a low range of absorbances. The whole sample
compartment was covered with a light tight wooden box,
painted black to minimize scattéred light. |

Luminescence measurements were done on a Perkin-Elmer
LS-5 spectrofluorimeter. One centimeter quartz fluorescence
cuvettes were used. The cell holder was kept at the same
temperature as the solution to be analized by circulating
water from a Lauda B-1 thermoregulator. A nominal slit of 3
nanometers was used for the excitation and emission
monochromators. The excitation and emission wavelengths for
phenanthrene and anthracene were 300, 365, 258, and 401

nanometers, respectively.

All temperature measurements were done with a digital

telethermometer (Bailey model BAT-12).

The electrolyte solutions were prepared gravimetically
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in the range 0 to 0.5 molal, except for the NaCl and KCl
solutions, for which the range was 0 to 1 molal. The
concentration of the electrolyte solutions are in the
molality scale {moles of solute per kilogram of solvent},
which is independent of both temperature and pressure;
therefore no corrections for volume changes are needed.
However, due to the method of measurement used here, it is
nécessary to correct the hydrocarbon concentration for
temperature and pressure induced volume changes, even if it
is expressed in the molal scale; The calibration plots were
done at 25°C, so if the same solution were to be measured at
a lower temperature or higher pressure, then more
hydrocarbon molecules would be: in the light path of the
instrument, leading to.an erroneously higher concentration

e

value.

Artificial seawater solutions were prepared following
the recipe given by Lyman and Fleming (1940). Only the six
most important electrolytes were used because, as shown by
Gordon and Thorne (1967}, the contributions of the other
salts to kg ié negligible. A stock solution with a salinity
of about 70 parts per thousand (ppt) was prepared (the
average salinity for oceanic waters is 35+2 ppt), and from
it dilutions were prepared with distilled water. Natural
seawater was prepared by gravimetic dilutions of natural
standard seawater with distilled water. Some samples of
standard seawater were irfadiated with ultraviolet light

from a medium-pressure mercury vapor lamp overnight in order
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to oxidize any dissolved organic matter that might have been

present.

One Atmosphere Work

In one part‘of the work the solubilities of naphthalene
in water and electrolyte solutions were determined by
équilibrating an excess of this aromatic compound in 100 ml
flasks containing the solvent under study. These flasks were
placed in a thermostaticly controlled water bath (Haake
model E52). Typically, the temperatures were 8, 15, 20, 25,
30, and 359C. Given that a reliable and consistent method
was needed to remove the excess undissolved naph?halene from
the saturated solutions, differént filtratioﬁ methods were
tested. A Hnown amouﬁt of naphthalene was dissolved in
methanol first to make sure that no crystals would be
An aliquot of the methanolic
solution was diluted in water in such a way that the final
concentration of methanol in water was less than 0.05% Q/V,
and the final concentration of naphthalene was about half
the saturation solubility. A 5 ml glass syringe was filled
with the solution to be analyzed, and fitting with different
filters placed at the tip of the syringe. In the case of
the glass wool filter, it was placed between the barrel of
the syringe and the needle. The concentration of naphthalene
in the filtrate was calculated from the absorﬁance at 276 nm

and the absortivity wvalue given by Gordon and Thorne (1967).

The results are given in Table II as the percent naphthalene
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that passed through the filter. The rest of the naphthalene
was probably adsorbed on the filter, or evaporated during
the filtration. Each value given is the average of at least
seven trials. Based on thése.results the glass wocecl filter

method was chosen.

In another parts of the work a different approach was
tried to obtain saturated solutions of hydrocarbons. In this
method, developed at the U.S. National Bureau of Standards
(Devoe et al., 1981; Wasik et al., 1983; May et al., 1983;
Tewari et_al., 1981; Tewari et al., 1982), the surface area
of contact between the hydrocarbon and the solvent is
greatly increased, thereby leading to decreased saturation
times., Typically, the hydrocarbén of interest is deposited
on 60-80 mesh glass béads (Alltech Associates) by adding 20
g ©of the beads to 200 ml of a 0.1% w/w solution of the
hydrocarbon in methylene chloride, and then evaporating the
solvent in a rotary evaporator. A 60 X 0.6 ¢m polypropylene
tube was filled with the dry beads and placed inside a one
meter water jaqket connected to a thermoregulated bath
(Lauda model B-1). For equilibration between 200 and 500 ml
of water at 50°C were pumped through the column using a
Bodine NSI-34RH pump. Then, water or seawater at the
appropliate temperature was pumped through the column. The
effiluent from the column was collected in a one centimeter
quartz cuvette, and the concentration of the hydrocarbon
measured by emission or absorption spectroscopy. Calibration

curves were done by emission spectroscopy for phenanthrene
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Table II. Comparison of several filters for transmission of
agqueous solutions of naphthalene.

filter efficiency®
Unfiltered 100.0 % E
Glass-wool 98.5 % _
Glass~fiber 97.9 % o
Needle filter (5)P ©97.8 % - ——
Millipore AH (0.45) 83.0 % ' - — =
Polycarbonate (1.0) | _ - 94.0 % -
Whatman 3 81.9 % "
Cellulose (0.45) 79.5 %

8referred to an unfiltered, unsaturated solution.

PrThe number in parenthesis refers to the nominal pore size
in microns. -
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and anthracene in water, These plots were linear up to

saturation. (See figures 1 and 2).°

High-Pressure Work

The high pressure work was done with a custom built
high pressure generator assembled according to our

specifications by the Stanford University machine shop.

A block diagram of the high pressure generator is shown
in figure (3}, It consists of an air driven high pressure
pump (Haaskel Eng. and Supply Co., model DHE-302), which
converts the compressed air input (about 30 psig) provided
by a one HP air compressor (Sears model 919-176210) into
high hydraulic pressure by means of a large area piston of
nominal ratio 302:1. The high-ﬁ?eSsure so obtained is
further increased by a 1;10 high pressure intensifier
(Haaskel model 15770-1). All connections between the
different components are made with seamless stainless steel
super pressure tubing (1/4 inch, rated at 100,000 psi)

provided by‘Aminco (Silver Springs, Maryland).

Non-rotating stem three-way cross valves (Aminco 44-
19155, 100,000 psi) (A, B, C and D in fig.: 3) were used to
separate different sections of the generator and the high
pressure cell. For the study of aqueous solutions the
pressure transmitting £luld was distilled water. However,
pentane and hexane were used in some other experiments.

Thus, with these wvalves shut, the optical high pressure cell




Figure 1

Calibration plot for phenanthrene in water, by emission

SpPectroscopy.
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Figure 2

Calibration plot for anthracene in water,
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by emission
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Figure 3
Block diagram of the high pressure generator. (1} is
the fluid reservoir; (2) is a filter; (3} pressure gauge;
(4) is a shut-off valve; (5) hi%h pressure puﬁb; (6} high-
pressure tubing; (7f three-way?gross valves; (8) high

pressure intensifier; (9) high pressure transducer.
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can be carried under pressure to the Cary 219

Spectrophotometer.

Pressures are measured with a pressure transducer
(Precision Sensors model 6550-100). A 9.8 V DC excitation
potential was applied to the high pressure transducer by a
custom built power supply. The output potential was measured
with Keithley 169 multimeter. The pressure was then
calculated from a calibration table provided by the
manufacturer. See table III. Since this component is
connected to the high pressure generator via a 60,000psi
rated coupler {Autoclave Engineers) the c¢ells can be used

safely to pressures up to 4 kilobars.

Typically, in a-high pressure experiment the air
compressor is started, taking it'ézré pressure of 30 to 40
psi. The air-liquid pump is started by opening its shut-off
valve. If valves A through C are closed and D is open, it 1is
possible to get an exit pressure of up to 9000 to 12,000 psi

by increasing the outlet pressure of the compressor, without

using the high pressure intensifier.

For higher pressures, it is necessary to use the
pressure intensifier, and make sure that the piston in the
intensifier is up. In order to raise the piston, valve B is
open and the other thee-way valves shut. This causes the
pressure to increase only in the lower arm of the generator,
pushing tﬁe piston up. Normally no more than seven strokes

of the pump are needed to take the piston up. Once the




Table III.

10,000
20,000
40,000
60,000
80,000

100,000

output

3.430 7

6.855
10.277
13.668

17.050

0.008

1.694
3.384
6.773
10.190
13.617

17.050

51

Calibration table for the high pressure
transducer, based on values obtained with
N.B.S.traceable laboratory standards.

{(mV)
increasing decreasing

i —— ————— A (ah Vo e Al —————————————————————— — " {———— {—— T — o Ty ot Sy S
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piston is up, valve B is shut and the high pressure cell is
connected to the outlet port of the generator. To increase
the pressure valves A and D are opened, thus allowing the
compressed water coming from the pump to get into the upper
arm of the generator. The compressed water in the upper arm
pushes the piston down, increasing the pressure in the lower
arm of the generator by a factor of ten, which in turn
increases the pressure in the high pressure cell through
valve D. Once the desired pressure has been reached, as
indicated by the reading in the multimeter, both valves D
and the one connected to the cell are ¢losed, and the cell
disconnected from the generator and taken to the

spectrophotometer.

To release the préssure the pump's shut-off valve must

R thl

be closed, and all the threefway-valves must be open. When
the pressure inside the generator is one atmosphere again,
as indicated by a reading of zero in the multimeter, valves
A through D are closed again and the generator is ready for

another experiment.

The high pressure optical cell is shown in Figure 4{
its outside dimensions are 5.69 c¢cm in diameter and 3.71 cm
high and it fits the sample compartment of the Cary 219
Spectrophotometer and the Perkin-Elmer LS-5
Spectrofluorimeter. The cell geometry is a modification of
the original design by Fichten (Rodriguez, 1978}, which

allows the use of the cell at low pressures without leaks.
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Several cells were built from this design at the Stanford
University machine shop, and were heat treated for hardness

to a Rockwell C scale value of 50-55.

The optical windows are 60° taper Lynde synthetic
sapphires (A) made by Union Carbide. The windows are 0.635
cm in diameter by 0.635 cm in length, ground optically flat
on both ends., Sapphires were ordered with a 3.81 x 1072 cm
radius on both edges to help prevent c¢racking under high
pressure. The sapphires are sitting on 'O' rings, and held
in place by two mushroom plugs (B), which in turn are
supported by thin packing rings made of copper, indium,
Teflon and brass (C), prevented from extruding by two small
beryllium-copper rings of triangﬁlar cross—seétiﬁn (D) which
rest against the-facé c;f a hardene_!dn__.;support ring of.the same
material. The support ring is held in place by a threaded
plug (E) with a 10° tapered aperture hole to minimize
shadowing; this plug can be screwed in, flush with the cell
body. The stem of the mushroom plug is backed up by this
threaded plug in case it should suffer "pinch off" from the

high pressures at the packing rings.

A three-way valve was attached to the high pressure
cell, thus allowing us to seal the contents of the cell

without pressure drops.

The light path of the high pressure cell is variable,
depending on how tight the threaded plugs are, therefore,

before each high pressure experiment it is necessary to
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Figure 4
Top and side cross sectional views of the high pressure
cell for absorption spectroscopy. (A) sapphire windows; (B)
mushroom plugs; (C) copper, indium, teflon and brass packing
rings; (D) beryllium-copper riﬂgs; (E) threédéd plug; (F}

stalnless steel jackef;,(G) Amingp_hgh pressure nut and

connecting tube;
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measure the one-atmosphere spectrum of naphthalene in both
a one centimeter quartz cuvette and the high pressure cell
to calculate the light path. Also, it is necessary to
subtract the baseline produced by the cell filled with
distilled water, because it produces a spectrum that cannot
be removed by the AUTOBASELINE mode of the Cary 219
Spectrophotometer. As mentioned above, this effect is
somewhat reduced by placing in the reference beam a block of

opaque plastic with a small diameter hole . See Figure 5.




Figure 5
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"Spectrum" produced by the high pressure cell filled

with distilled water.

(B) versus an opaque block of plastic.

(A) versus ailr in the reference beam;
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RESULTS

a)S8hake-Flask Method

The solubility of naphthalene in NaCl, KCl, MgCl,, and
Na,SO, by the shake-flask technique is given in Table IV in
the temperature range 8° to 30°C, and in CaCl, and NaHCO;
solutions in the range 8° to 35°C. The solubilities were
calculated from the absorbance at 276 nm and the
absorptivity value given by Gordon and Thorne (1967) of 4946
£ 36 kg/{mol ¢m). These values were corrected for
temperature induced volume changes by multiplying by a

correction factor R:
R=, D25/Dt ..-.‘c'_-’t"-'oq ------- .-...-.--..-(21)

where Dsg is the densitylof the electrolyte solution at
25°C, and Dy 1s the density at the experimental temperature
t. The densities for the NacCl, Na,80, and MgClz solutions as
a function of temperature were calculated from an equation
given by Lo Surdo et al. (1982), and the densities for
NaHCO,; were calculated from the equation given by Hershey et
al. (1983). These equations are of the form

T2 i Iplith) /2

103 (0-D") = ;21 35Z¢ Aig e ... {22)

where D and D* are the densities of the electrolyte solution

of molality m and the density of pure water, respectively;

59

LAl




60

Aij is the matrix containing the coefficients for the
equation, and t is the temperature in degrees Celsius. The

values of D* were calculated from

D* = 0.9998395 + 6.7914x10 ™ >t-

~9.0894x%107%t2 + 1.0171x10"7t3~1.2846x10 " 2t4+

+ 1.1592%10" 11> - 5.0125x107 146 ... .. e (23)

The estimated standard error of eq.(22) for the range 0 S e

molal to saturation in salt concentration, and 0 to 50°C in
temperature is less than 25 parts per million for all the R
salts studied (Lo Surdo et al., 1982). Since no high
accuracy density data are available for KC1 and CaCl,
solutions, the corréctions were taken to be the same as -
those for NaCl and MgClz, respectigely. This approximation
does not cause a large error, beéause, as can be seen from ‘%ﬁﬁféxﬁ

Table IV, the corrections are small. While this thesis was

being written, a paper containing density data for MgCl,
and CaCl, solutions, was published Ikono (1983). Ikono
shows that the difference in dénsity between a 0.5 m
solution of these electrolytes is less than 0.6 % in the =
range 15° to 45°C, and even smaller for more dilute

solutions, confirming our earlier assumption.

The corrected sclubility values were then converted to

the mole fraction scale by using the equation

X=S/(S+ms+mw) -Ooool-lcocooooool...oo(24)
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where X is the solubility in the mol fraction scale, S is

the solubility in moles per kilogram, and m. and m,, are the

S W
molalities of the electrolyte and water, respectively
{(Whitefield, 1979 ). Eq. (24) was modified, so that the

molality of water in water, m can be made temperature

wf

dependent:

M, = D*X1000/18.01534 +uveuenenrenenannenss(25)

where D" was calculated from eq. (22).

The uncertainties in the solubilities were estimated
assuming that the error in the aﬁsorbance meaéﬁrements is 1%
full scale (the commoni& accepted value of 0.5% was not used
because the Cary 219 was used in the AUTO BASELINE mode and
therefore the total uncertainty is twice 0.5%). This
uncertainty was propagated through all the calculations

using standard statistical techniques {(Bevington, 1967).

The solubilities were then fitted to the Setchenov

equation in its equivalent form

10gs=10g So-kscs ...-..-....---..--..(26)

by the least-squares method. The results are given in Table

V, along with the estimated standard errors for the fit, the
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estimated uncertainty in kgr, and the coefficient of
determination. The value of r? is used instead of r, because

2 ig an estimate of the fraction of the wvariance due to

r
random variations of the results. Table VI gives the
Setchenov parameters for each salt at 25°C, and literature
values when available. Considering that different techniques
were used, the agreement with the published values is very
good,

with the exception of KC1l, which seems too high

compared with the literature values.

The values for the Setchenov parameter for each salt
were used to calculate the salting-out of naphthalene in
seawater, by taking a weighed mean for the six salts at each
temperature, the mole fraction for each salt in . seawater as
given by Gordon and Thorne (1967) being the weights. The
values of the mole fraction for each salt are given in Table
V1, and the calculated valués for the Setchenov parameter
in seawater are given in table VIII along with the value
at 25°, for

obtained by Gordon and Thorne (1967)

comparison. The agreement with their value at 25°C is
excellent, This is the only one we can compare with, because

this work represents the first attempt to measure the

salting-out of naphthalene as a function of temperature.
The solubility wvalues were also fitted to the

integrated form of the van't Hoff equation

1log X = =AHP/2.303RT + C tevcscnnnnvaaneees(27)
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where AH® is the enthalpy change for the process: solid
naphthalene - aqueous naphﬁhalene, C is an integration
constant, and the other symbols have their usual meanings.
The results for this fit are given in Table IX along with
the estimated standard erroré of the fit, the uncertainty in
H®, and the coefficient of determination. The enthalpy
change for sclution in water is 25 kJ/mol, the average
values for the different electrolytes being 23 kd/mol for
NaCl, 25kJ/mol for KC1l, 25 kJ/mol for Mgclz, 22 kJ/mol for

caCl,, 25 kJ/mol for Na,S0,, and 25.5 kJ/mol for NaHCO.

The values for kg in Table V show no trend as a
function of temperature, with the exception of the results
for NaCl, which show a minimum around 25°C. However, the
results for NaCl and all the,othe;'iglts are the same within
the experimental uncertainty,,the-average values being 0.233
for NaCl, 0.216 for KC1l, 0.282 for MgCl,, 0.326 for CaCl,,
0.655 for Na,S504, and 0.276 for NéHCO3. The "shake-flask"
technique, because of its inherently large experimental
uncertainty, seems to indicate that the Setchenov parameters
for each salt are equal in the temperature range studied, a
result which appears arronecus in view of our subsequent

work.

The enthalpy change for the dissoclution of naphthalene
in the electrolyte scolutions shows no systematic trend, all
the values being the same within the experimental error.

However, the internal consistency of the data must be
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stressed, as shown both by the high wvalues for the
coefficient of determination (r2) for the Setchenov
parameter calculations and the enthalpy change calculations,
and by the very good agreement found with the kg value of

Gordon and Thorne (1967) at 25°cC.

The comparison of the values reported here for the
enthalpy change for the dissolution of naphthalene in water
with the values in the literature shows very good agreement,
May et al., (1983) recalculated some of the experimental
enthalpy change values reported in the literature, and
ocbtained values of 29.9 kd/mol for the data of Bohon and
Claussen (1951), 21.8 kJ/mol for the results of Schwartz,
(1977), and 23.8 kJ/mol from the results of Wauchope and
Getzen, (1972). These results compare well with the value‘of

25 kJ/mol obtained in this work.




Table 1IV.
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Solubility of naphthalene in aqueous
electrolyte sclutions, expressed in the
molal and mole fraction scale. S is the
uncorrected solubility, and Sa is the
solubility corrected for temperature-
induced volume changes. The values in
parenthesis. are the estimated
experimental errors.
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Table IV. Solubility of naphthalene in aqueous
electrolyte solutions, by the shake~flask
technigue.

o —— —— ——————————— ————— T 0 S T —— . —— ———— ) S} T T ——————— e i P —— — ——— = "

water _

35 3.78 3.79(0.05) 6.85(0.13) [
30 3.25 3.26(0.05) 5.88(0.12)

25 2.63 2.63(0.05) 4.75(0.11) %ﬁ;::g::
20 2.27 2.27(0.04) 4.10(0.11) E -

15 1.78 1.78(0.02) 3.22(0.06) -

8 1.54 1.53(0.02) 2.77(0.06) o

30 2.74 2.75(0.7G5) 4.95(0.12)

25 2.33 2.33(0.04) 4.19(0.11) i
20 2.02 2.02(0.02) 3.63(0.06)

15 1.68 1.68{0.02) 3.01(0.06) —
8 1.37 1.36(0.02) 2.45(0.06)

m=0.4055 ,

30 2.52 2.53(0.04) 4.53(0.11) S
25 2.16 2.16(0.04) 3.88(0.11) it
20 1.92 1.92(0.03) 3.44(0.06)

15 1.57 1.57(0.02) 2.81(0.06)

8 1.25 1.25(0.02) 2.24(0.06)
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£/ (%) sx10%4/ (mol/kq)

5ox10%/ (mo1/kg)

Mol Fractionxlo6

W . —— i — T T s Al ——————————— T T— T —————————————————————— " v - o

m=0.6043
30 2.21
25 1.90
20 1.63
i5 1.37
8 | 1.10
m=0.8395
30 1.94
25 1.71
20 1.45
15 1.23
8 0.971
m=1.029
30 1.83
25 - 1.56
20 1.37
15 1.11
8 0.876

KCl, m=0.2023

30 - 2.75
25 2.53
20 2.08

2.22(0.04)
1.90(0.01)
1.62(0.02)
1.37(0.02}

1.09(0.02)

1.94(0.03)
1.71¢0.02)
1.45(0.02)
1{22(0;62)

0.967(0.01)

1.84(0.02)
1.56(0.02)
1.37(0.02)
1.10(0.01)

0.872(0.01)

2.75(0.05)
2.52(0.04)

2.07(0.04)

3.97(0.11)
3.29(0.03)
2.90(0.006)
2.44(0.06)

1.95(0.04)

3.46(0.06)
3.05(0.06)
2.58(0.06)
2.17(0.06)

1.72{0.03)

3.26(0.06)
2.77(0.06)
2.42(0.06)
1.19(0.02)

1.54(0.03)

4,97(0.12)
4.55(0.11)

3.73(0.11)
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Table IV. Continued.

———————— —— ——— A} — ——— A ———————— 7l o ——— ——————— T T T A o ———— i o T — —

t/ (°C) Sx104/(mol/kg) Scx104/(mol/kg) Mol FractionxlO6

———————————— it A il ————— i W U S — ————— ] ] o ol T e e ol —————————— T oy S W S 0" T

15 1.67 1.67(0.02) 3.00(0.06)
8 1.33 1.32(0.02) 2.37(0.06)
m=0.4338 o
30 2.53 2.53(0.05) 4.55(0.11) - i
25 2.07 2.07(0.04) 3.71(0.11) —
20 1.74 1.74(0.02) 3.11(0.06) -
15 1.45 1.45(0.02) 2.59(0.06) -
8 1.15 1.15(0.02) 2.05(0.06) S
m=0.6196 -
30 2.30 2.30(0.04 4.12(0.11) -
25 2.05 2,05(0531j 3.66(0.11)
20 1.64 1.64(0.02) 2.92(0.06) S
15 1.35 1.35(0.02) 2.41(0.06) :
8 1.08 1.08(0.02) 1.92(0.05) ——
m=0.8348
30 2.11 2.11(0.04) 3.77(0.11) S
25 1.87 1.87(0.02) 3.32(0.06) -
20 1.51 1.51(0.02) 2.68(0.06)
15 1.24 1.24(0.02) 2.20(0.06)
m=1.030
30 1.88 1.88(0.02) 3.34(0.06)
25 1.53 1.53(0.02) 2.77(0.06)
20 1.39 1.38(0.02) 2.45(0.06) :
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. S A G S U T M S M S S (. T — T AP o ——— f———— - T — — T - — - - ————— "

t/ (°c)

sx104/ (mol/kq)

5.x104/ (mol/kg)

Mol FractionxlO4

T A e A e T e — T ———————————————— . —— T ——— T —— ] 7 A el o o g — iy ————

30
20
15

8

30
25
20

15

30
25
20

15

30

25

m=0.3174
2.67
2.19
1.81
1.51
1.23

m=0.4150

1.14(0.02)
0.901(0.01)

2.96(0.05)
2.07(0.04)
1.72(0.02)
1.35(0.02)
2.85(0.05)
2.26(0.04)
1.89(0.02)
1.60(0.02)

1.29(0.02)

2.67(0.05)
2.19(0.04)
1.81(0.02)
1.51(0.02)

1.22(0.02)

2.50(0.04)

2.02(0.04)

2.03(0..06)

1.59(0.03)

5.35(0.12)
3.73(0.11)
3.09(0.06)

2.43(0.06)

5.13(0.12)
4.08(0.11)
3.40(0.06)
2.88(0.0¢6)

2.32(0.06)

4.81(0.11)
3.93(0.11)
3.25(0.06)
2.70(0.06)

2.19(0.06)

4,49 (0.11)

3.62(0.11)

]
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Table IV. Continued.

—— G S S ——————— it ek U T ok R TS g S S S S T (T e VLR TV O A Bl S S S P S —

t/(°C) 8x10%/(mol/kg) S.x10%/(mol/kg) Mol Fractionx10®

n

20 1.77 1.77(0.02) 3.17(0.06) :

15 1.41 1.40(0.02) 2.51(0.06) el

8 1.15 1.14(0.02) 2.04(0.06) -
m=0.5219 ;

30 2.29 2.29(0.04) 4.11(0.11) -

25 1.83 1.83(0.02) 3.27(0.06) -

20 1.60 1.59(0.02) 2.85(0.06) :

15 1.29 1.29(0.02) 2.30(0.06)

8 1.06 e

CaCl,, m=0.07978

1.05(0.02)

g

4.00(0.07)

1.88(0.05)

35 3.99 7.23(0.17) . :
30 3.38 3.39(0.05) 6.12(0.12) 2

25 2.79 2.79(0.05) 15.03(0.12) -

20 2.45 2.45(0.04) 4.41(0.11)

15 2.03 2.03(0.04) 3.66(0.11)

8 1.72 1.72(0.02) 3.09(0.06) L

m=0.1696 o

35 3.81 3.82(0.05) 6.91(0.13)

30 3.21 3.21(0.05) 5.79(0.12)

25 . 2.60 2.60(0.05) 4.69(0.11)

20 2.39 2.39(0.04) 4.30(0.11)

15 1.94 1.93(0.04) 3.47(0.11)
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t/ (°C)

sx104/ (mol/kg)

Scx104/(mol/kg)

Mol Fractionxlo6

35
30
25
20

15

35
30
25
20

15

35
30
25
20

15

m=0.2905

2.37

2.07

1.74

1.47
m=0.4213

3.13

2.78

2.18

1.90

1.61

1.37
m=0.5401

3.96

1.65(0.02)

3.43(0.05)
2.93(0.05)
2.37(0.04)
2.07(0.04)
1.73(0.02)

1.46(0.02)

3.1410.05)
2.78(0.05)
2.18{0.04)
1.90(0.02)
1.60(0.02)
1.37(0.02)

3.97(0.07)
2.45(0.04)
2.04(0.04)
1.73(0.02}
1.44(0.03)

1.21(0.02)

2.97(0.06)

6.17(0.12)
5.27{0.12)
4.26(0.11)
3.71(0.11)
3.11(0.06)

2.62(0.06)

5.65(0.12)
4.,95(0.12)
3.91(0.11)
3.40(0.06)
2.87(0.086)

2.45(0.006)

7.13(0.17)
4.38(0.11)
3.65(0.11)
3.09(0.06)
2.58(0.06)

2.15(0.06)




ok il

Table IV. Continued.

72

t/ (°C)

Sx104/(mol/kg)

Scx10%/ (mol/kq)

Mol FractionxlOG.

————— A T S i TS S ————————— . T T T — — — T A S A s S . S TSy S G . - S - — — — — — ———— - -

30

25

20

15

30

25

20

15

30

25

20

15

30

25

20

15

Na2SO4 ,m=0 .1085

2.49

m=0.3072
2.05
1.69
1.41

2.49(0.04)
2.23(0.04)
1.87(0.02)
1.53{(0.02)

1.20(0.02)

2.19(0.04)
2.01{0.03)
1.74(0.02)
1,38(05355

1.09(0.02)

2.05(0.04)
1.69(0.02)
1.41(0.02)
1.14(0.02)

0.898(0.01)

1.52(0.02}
1.43(0.02)
1.19(0.02)

0.979(0.01)

4.50(0.11)
4.02(0.11)
3.36(0.06)
2.77{0.06)

2.15(0.06)

3.95(0.11)
3.49(0.04)
3.13(0.06)
2.47(0.06)

1.97(0.05)

3.69(0.11)
3.04(0.06)
2.53(0.06)
2.04(0.06)

1.61(0.03)

2.82(0.06)
2.56(0.02)
2.13(0.06)

1.75(0.03)
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Table IV. Continued.

———————— v———————— T ] o W o T ——— ] — ] ————— — T ————— T—— . Sy T - T e . —— o ——

£/(°c) sx10%/ (mol/kg) Scx104/(mol/kg) Mol Fractionx10°

8 0.756 0.753(0.01) 1.35(0.03) |
m=0.5171 | !
30 1.39 1.39(0.02) 2.50(0.06) e
25 1.19 1.19(0.02) 2.13(0.06)
20 1.01 1.01(0.02) 1.80(0.05) e ——
15 0.842 0.839(0.01) 1.50(0.03) s
8 0.664 0.661(0.01) 1.18(0.03) -

NaHCO3,m=O.O982l

3.48(0.05)

35 3.47
30 3.01 3.01(0.85) 5.44(0.12) -
25 2.44 2.44(0.04) 4.40(0.11) Dy
20 2.05 2.05(0.02) 3.69(0.06) = i;;;
15 1.70 1.70(0.02) 3.05(0.06) —=
8 1.38 1.38(0.02) 2.48(0.06) B
m=0.1963
35 3.30 3.31(0.05) 5,98(0.12) A
30 2.84 2.84(0.05) 5.12(0.12) D
25 2.27 2.27(0.04) 4,09(0.11)
20 1.93 1.93(0.02) 3.46(0.06)
15 1.62 1.61(0.02) 2.90(0.06)
8 1.28 1.28(0.02) 2.29(0.06)

m=0.3163




t/ (°C)

Table IV. Continued

sx104/ (mol/kg)

S5cx10%/ (mol/kg)
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Mol Fractionxlo6

—  — T ——————— — ——— T, Y T G S e S S et Al W e kS L S N S S o e ) o e — — v kAP S ——

35
30
25
20

15

35
30
25
20

15

35
30
25
20

15

1.20
m=0.3967
2.93

2.45

m=0.5270

2.63

3.06(0.05)
2.60(0.04)
2.12(0.04)
1.79(0.02)
1.49(0.02)

1.20(0.02)

2.94(0.05)
2.451(0.04)
1.98(0.02)
1.69(0.02)
1.41(0.02)

1.14(0.02)

2.64(0.05)
2.32(0.04)
1.86(0.03)
1.60(0.02)
1.31(0.02)

1.07(0.02)

5.53(0.12)
4.68(0.11)
3.81(0.11)
3.22(0.06)
2.66(0.06)

2.15(0.06)

5.28(0.12)
£.41(0.11)
3.55(0.06)
3.02(0.06)
2.53(0.06)

2.03(0.06)

4.74(0.12)

4.15(0.11)
3.33(0.06)
2.86(0.06)
2.34(0.06)

1.91(0.04)




75

Table V. Setchenov prameters for the salting-out of
naphthalene in different electrolytes as a
function of temperature.

o ————— T T T T g o i P ot T ———————————————— ———_ Y ——————— . — ————

. — ———— e A —————— T ———————— — ] ——— Tty T ] T S o ——— . . TAD ——————— ———

20

15

KC1l
30
25
20

15

MgC12
30
25
20

15

CaCl2

35

0.229(0.013)
0.220(0.018)
0.227(0.021)
0.241(0.014)

0.247(0.086)

0.207(0.010)
0.258(0.031)
0.210(0.020)
0.200(0.012)

0.205(0.013)

0.277(0.019)
0.307{0.047)
0.254(0.033)
0.305(0.011)

0.269(0.017)

0.325(0.022)

3-9
12.0
11.4

12.9

0.9899
0.9811
0.9742
0.9896

0.99%64

0.9935

0.9713
0.9728
0.9893

0.9915

0.9862
0.9562
0.9531
0.9962

0.9886

0.92910
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Table V. Continued.

t/(°C) kg/ (kg/mol) (Std. Error)2x10° r?
30 0.303(0.024) 8.0 0.9814
25 0.304(0.012) 1.8 0.9957
20 0.352(0.027) 9.9 0.9828 :

15 0.330(0.012) 2.1 0.9958 S
8 0.341(0.025) 8.7 0.9839 o
Na,50, R
30 0.630(0.064) 45.3 0.9696 ; -

25 0.655(0.028) 8.6 0.9945

20 0.681(0.035) 13.4 0.9921

15 0.653(0.013) 1.8 " 0.9989 -

8 0.657(0.024) 6.1 . 0.9961
NaHCO, i

35 10.286(0.014) 2.2 0.9928 =
30 0.283(0.014) 2.3 0.9923 EE—
25 0.286(0.013) 1.9 0.9937

20 0.264(0.014) 2.1 0.9919 s
15 0.276(0.007) 0.5 0.9981 —

8 0.263(0.014) 2.3 0.9%11

v —————————— Tt W D o ———— —— ————————— T Tt U} o} —————————— . T AT oy T —— " .
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Table VI. Literature values for the Setchenov
parameters of naphthalene at 25°C.

Salt This Work Gordon and Thorne? M. PaulP Vesala®
NaCl 0.220 0.220 0.260 —---—-
KC1l 0.258 : 0.186 . 0.204- 0.207
Na,50, 0.655 - 0.696 0.716 = ====-
MgC1, 0.307 ©0.301 0 2T emeee meeee
CaCl, - 0.303 0.322 ——————————
NaHCO4 0.286 0.319 0 @ memee-= mm———

——— —— T — i i ——— — T ———— T ————— T A} S o Sl o B o o o S S ———— ————————— . -

2Gordon, J.E. and Thorne, R.L., (1967).
Ppaul, M., (1952).

Cvesala, A. and Lonnberg, B., (1980).
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Table VII, Mole fractions of the six most important
constituents of seawater.

Salt Mole Fraction® .
NaCl 0.79914
MgC1, 0.10407
Na,50, 0.05476
cacl, - =0,01976
KC1 ' 0.01771 -
NaHCO; 0.00456 :

& maken from Gordon and Thorne, (1967). R




Table VIII.

25

20

15

———————————————— ——— T — —— A D W S ——————————————— vy A Sruy S Ay —— ————— —
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Setchenov parameters for the salting-out of
naphthalene in seawater as a function of
temperature, calculated as the weighted
mean of the six salts. '

—————————————————— —— A . Y — _ ———————————— " —

Ayalue calculated by Gordon and Thorne, (1967},
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Table IX.Enthalpy change for the process solid
naphthalene-aqueous naphthalene at 25°C.

i ———————————— T T i o o —— P il —— ——— . ——— . ——————— [ o o T ——————— ————

molality AH®/ (kI/mol) (Std. Error)?x10® 2
0 25.1(5.2) 34.9 0.9877 :
NaCl
0.1955 | 22.7(3.4) 4.1 0.9979 e
0.4055 22.8(3.8) 6.5 0.9966 -
0.6043 22.6(3.6) 5.3 0.9972 —
0.8395 22.9(3.0) 2.5 0.9987 ;
1.029 24.6(4.5) 12.6 0.9943 i
KC1 | T
0.2023 25.0(5.3) 244 " 0.9895
0.4338 24.6(4.1) e 8.2 0.9966 N
0.6196 25.5(4.8) 15.8 0.9934 - -
0.8348 26.6(5.7) 13.0 0.9919
1.030 23.4(4.5) 12.0 0.9941 ——
M9012
0.1085 25.4(3.5) 4.1 0.9987
0.2043 25.2(5.4) 25.7 0.9891 SRR
0.3174 25.4(4.9) 17.0 0.9929 _
0.4150 25.4(5.0) 19.3 0.9919

0.5219 25.0(5.3i 23.1 0.9900
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Table IX. Continued.

—— ————————— Tt W P - ——————————————— — . o~ T ——— —— o T fyht  —a  —  rwr bid Spt —e ———

v ———————————————— - U P I S ——————— ——— — —— S T T T S - S T ———— i

molality AH®/ (kJ/mol) {std. Error)2x105 r?

caCl, :
0.07978 21.4(5.5) 27.0 0.9842 f
0.1696 21.3(5.7) 32.6 0.9809 1
0.2905 23.2(4.8) 25.8 0.9894 o
0.4213 23.1(5.4) 40.9 0.9831 -
0.5401 23.1(4.7) 15.1 0.9923 :___;__
Na,S0, -
0.1085 24.4(4.2) 9.2 0.9958 o
0.1934 22.9(5.3) 24.6 0.9874 -
0.3072 26.9(3.9) 6.9 0.9974 .
0.4215 24.5(4.8) <1644 0.9926 -
0.5171 24.3(2.1) 0.6 0.9997 .
NaHCO4
0.09821 - 25.5(4.1) 14.2 0.9951
0.1963 25.9(3.9) 11.7 0.9961
0.3163 25.5(4.0) 12.8 0.9956

0.3967 25.6(4.4) 17.3 0.9941

0.5270 24.9(4.2) 15.1 0.9946
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b)Generator Column Method.

The solubility measurements of naphthalene in water and
seawater obtained with the column generator were similarly
corrected for temperature induced volume changes. The

density of seawater as a function of temperature and

salinity was calculated from the equation given by Wang and'

Millero (1973):
Vo = 1.000027/(1+8,1073) cuvuvninnnevnn... (28)

where Vg, is the specific volume of seawater, and Sy is

where the coefficients are functions of both temperature and
salinity. The solubilities were transformed to the mole
fraction scale using the same equations given above. The
results given in Table X are the averages ofrat least three

experimental determinations.

The solubilities were fitted to the Setchenov equation,
and the results are given in Table XI. The electrolyte
concentration in seawater was calculated taking advantage of
the well known fact that the proportion between the major
constituents of seawater 1is constant, irrespective of what

the salinity is. If the major constituents are present in
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constant proportions, then a weighted average molecular
weight can be calculated for "seasalt". This value will
depend upon the recipe used to mimic the composition of
natural seawater (Leyendekkers, 1976). For the recipe used
in this work the weighted average molecular weight has a
value of 68.0811 g/"mole". Once this value is known, the
"molality" of seasalt can be calculated from (Leyendekkers,

1576)
mg = S/ (Mg (1-8/1000)) .vevvnnnceneernneass(30)

where mg is the "molality" of seasalt, S is the salinity in
parts per thousand, and M, is the "molecular weight" of
sea salt.

As the results obtained with the generator column are
considered to be of higher accuracy, the Clarke and Glew

equation

R 1nX = -AG%/s +4H®(1/8§ -1/T) + Acg(G/T—l + 1In(T/8)) ..({(31)

(where 8is a reference temperature (298.15 K) and the other
symbols have their usual thermodynamic meanings) was used to
calculate the thermodynamic functions for the process solid

hydrocarbon-aquecus hydrocarbon (Clarke and Glew, 1966; May

et al., 1983; Blandamer et al., 1982). In contrast to the

integrated van't Hoff equation, the equation proposed by

Clarke and Glew does not assume the change in heat capacity
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to be equal to zero in the temperature range of interest.
Also, this equation has the advantage that the adjustable
coefficients are not correlated, and that the adjustable

parameters are the desired thermodynamic functions.

The solubilities of naphthalene were fitted to the
Clarke and Glew equation by a multivariable linear least-
squares fit program from the Statistical Package for the
Social Sciences (SPSS) (Version H, Release 9.l). The results
are given in Table XII, along with the values obtained by

May et al., (1983).

From the results in Table XII it can be seen that the
more positive value (less favorable) for the_Gibbs free
energy of dissolution of naphthalene in”seawater, as
compared to the value in pure watex, is due entirely to an
entropic contribution. From the discussion in the
introduction, these results seem to indicate that the solute

creates less order in seawater than it does in pure water.

As can be seen from the results given in Tables XI and
XI1II, the accuracy of the generator column method is better
than that obtained with Ehe "shake-flask"” technique. The
estimated uncertainties for the Setchenov parameter are much
smaller; the same is true for the errors in the
thermodynamic functions, as can be seen from Table XII,
where the solubility wvalues obtained with the "shake-flask"
method were also fitted to the Clarke and Glew equation. The

error in the Gibbs free energy is five times smaller for the
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data obtained using the generator column, and the error in
the enthalpy change is ten times smaller. The agreement with

the thefmodynamic functions calculated by May et al.,

(1983), who also used the Generator Column Method, is

excellent. Furthermore, the error in the thermodynamic
functions is smaller for the results obtained in this work,

probably due to the more extended temperature range used.

Using the Generator Column Method, the Setchenov
parameters as a function of temperature show a minimum
around 25°C, as can be seen froﬁ Figure (6). This result was
unexpected because minima of the salting-out coefficient
have been reported only for gases at temperatures higher
than 100°C (Clever and Holland, 1968}, but never around room
temperature. This result made it desirable to have values
for the salting-out of éthe; arbzgtic hydrocarbons as a

function of temperature in order to ascertain that the

behavior shown by naphthalene was not anomalous.
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Table X. Solubility of naphthalene in water and seawater by
the generator column method.

water i
43.7 5.35 5.38(0.07) 9.79(0.19) é”
34.6 3.77 3.78(0.05) 6.85(0.13) .
24.8 2.59 2.59{0.05) 4.67(0.11) )
13.5 1.69 1.68(0.02) 3.03(0.06) R
3.5 1.18 1.18(0.02) 2.12(0.06) —
seawater, m=0.2679 f
43.6 4,52 4.55(0.05) 8.23(0.13) o
34.7 3.22 3.23(0.05) 5.82(0.13) T T
24.8 2.20 2.20f0.04) 5-96(0.11)
13.2 1.41 1.41(0.42) 2.53(0.06) .
3.5 1.00 1.00(0.02) 1.79(0.0%) = o
m=0.3587
43.7 4.29 4.32(0.07) 7.80(0.18)
34.6 3.03 3.05(0.05) 5.48(0.12)
24.8 2.10 2.10(0.04) 3.77(0.11)
13.2 1.35 1.34(0.02) 2.41{0.05} :
3.5 0.953 0.981(0.01) 1.70(0.03) R
m=0.5329
43.6 3.89 3.92(0.05) 7.06(0.13)
34.6 2.79 2.80(0.05) 5.03(0.12)
24.8 1.91 1.91(0.03) 3.43(0.06)
13.2 1.23 1.23(0.02) 2.20(0.06)
3.5 0.857 0.854(0.01) 1.52(0.03)
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Table XI. Setchenov parameters for the salting-out of
naphthalene in sea water as a function of
temperature.

. T e T S S W T g G A T S S S N T N R N SR TR W R A R N S S S A S T S S N R S S —

S ——— T ———— - —— T ———— i ———— o o o T —— T — o ——— . 7 ) ——

t/(°C) kg/ (kg/mol)
43.6 0.267(0.007)
34-6 00254(00009}‘
24,8 0.252(0.,007)
13.2 0.262(0.014)

3.5 0.270(0.003)

0.9988
0.5969
0.9993
0.9947

0.9998

——— T ————— T ———— " —————— 7. ——————— ] ————— ) ———— T ————— i —————— ———— —
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Setchenov parameter for the salting-out of naphthalene in
seawater as a function of temperature.
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Table XII. Thermodynamic functions for the process solid
naphthalene~agqueous naphthalene.

water 30.41(0.019)  28.4(0.1) -2.01 10.26(0.02)
water? 30.55(0.032) 28.6(1.3) . -1.95 " 0.31(0.17)
waterP 30.32(0.094)  27.57(1.19) »r2.75 ~0.29(0.40)
seawater 31.16(0.014)  28.4(0.09) -2.76 0.19(0.02)

T ———— T ] o T S Ay T Yl T ) 4 W S S S S e ol T W N SN S ok S S S S e o o S S S S o T ———

dcalculated from the experimental results of May et al., (1983},

Pcalculated with the results obtained in this work using the

"shake-flask" technique.
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In order to compare with the wvalues obtainéd with
naphthalene, the sclubilities of anthracene and phenanthrene

in natural seawater were measured using the Generator

- Column technique. The concentrations were calculated from a

calibration plot of the fluorescence of these compounds. The
solubility of phenanthrene in water is approximately 100
times less than that of naphthalene, and the solubility of
anthracene is about 1000 times less than the solubility of
naphthalene. This low solubility makes the use of absorption
spectroscopy very difficult, so the more sensitive technique
of emission spectroscopy was chosen. The calibration plot
was calculated by a weighted linear least-squares program
(program L/B, written by Dr. Richard P. Dodge), the weights
being the instrumental uncertainties. The resulting

B

equations are:

[A] = I - 0.31451(0.057)/2.9584x107(8.83X105) seesas(32)

for anthracene, where Ie is the measured fluorescence
intensity, and the other numbers are the intercept and slope
of the calibration plot and their estimated uncertainties.

The equation for phenanthrene is:

[Ph] = Ip - 0.007631(0.013)/1.9258x10° (1.4x10%) .....(33)

The results were processed in the same manner described

above for naphthalene. The solubility values are given in

!%

[N )
i
|
I
|
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Tables XIII and XIV. The calculated Setchenov coefficients
for both compounds as a function of temperature are given in
Tables XV and XVI and are shown in Figures (7) and (8). The
thermodynamic functions for the process solid hydrocarbon-

aqueous hydrocarbon are given in Tables XVII and XVIII.

The solubility of phenanthrene 9.92x10"8 at 25°C is in
very good agreement with the value obtained by May et al.,
(1983) of 9.65x10~8, but the solubility of anthracene of
7.98x10~9 is higher than their wvalue of 3.82x10° 2. The
agreement of the calculated thermodynamic functions is very
good in the case of the Gibbs free energy change for both
phenanthrene and anthracene, but the values for the enthalpy
change are so different that ‘the entropy -term for the
dissolution of phenanthrene becomes negative (-0.67 kJ/mol),

while the value reported by May éf-ai.,(l983) is positive:

- +3.28 kJ/mol.

As can be seen from Tables XV and XVI, and Figures (7)
and {8), the Setchenov parameters for the salting-out of
these compounds in seawater show a minimum also, but at a
lower temperature in the case o¢of anthracene. These results

are consistent with the minimum obtained with naphthalene.
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Table XIII. Solubility of anthracene in natural
seawater by the generator column method.

- o e ———————— —— T —— Y ] S GRS it s S — . S T e PP T S e —— —— ————— T ———————

t/(°C) sx107/(mol/kg) S.x107/(mol/kg) Mol Fractionx10’
water i
5,0 1.51 1.51(0.05) 2.73(0.14)
13.1 2.15 2.15(0.03) 3.88(0.09) :
25,1 4.42 4.42(0.06) 7.98(0.14)
34.9 8.04 8.07(0.09) 14.6(0.20)
44.3 14.8 14.9(0.02) 26.9(0.38) ;
m=0.2013
5.0 1.38 1.38(0.03) 2.48(0.01)
13.0 1.98 1.97(0.04) 3.59(0.09) -
25.1 4.04 4.04(0.05) 7.27(0.10)
34.9 7.66 7.69(0.09) 13.8(0.3)
44.0 12.9 13.0(0.2) 23.5(0.5)
m=0.3261 L
13.0 1.71 1.71(0.03) 3,07(0.07) i
25.5 3.66 3.66(0.05) 6.57(0.10) ——
34.8 6.78 6.80(0.07) 12.2(0.20)
44.0 10.3 10.3(0.11) 18.58(0.30)
m=0.5328
5.0 1.14 1.14(0.04) 2.04(0.09) —
13.1 1.70 1.69(0.03) 3.03(0.07)
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Table XIII. Continued.

£(°c)  sx107/(mol/kg) S.x107/(mol/kg) Mol Fractionx10’

T T Y S - — ———— A il e R A - P N e S S A SR P St i S i B A g S S T A S —————

24.9 3.33 3.33(0.05) 5.96(0.10)
35.0 6.00 6.02(0.09) 10.8(0.20)
44.0 10.7 10.8(0.20) 19.3(0.60)

——— e ) —— — i — T S — e S S SN S S 08t S S e b e SN GED SN L R A AR SLS SN S G A S




t/ (°C)

Table XIV. Solubility of phenanthrene in natural

seawater by the generator column method.

——— —— ——— T S S ———— — A 0 S e i S A S ol A T S S S S S e AT O S S g ——

sx10%/ (mol/kg)

5ox108/ (mo1/kg)

Mol Fractionx108

34.7

43.6

13.8
24.9
34.8

43.6

m=0.1658
3.08

5.77

1.84(0.02)
3.35(0.02)
5.49(0.07)
10.1 (0.2)

16.6 (0.1}

1.27(0.0%) |
2.60(0.03)
5.04(0.06)
8.94(0.08)

13.6 (0.10)

3.07(0.003)
5.77{(0.009)

16.5 (0.17)

3.31(0.04)
6.04(0.05)
9.92(0.2)
18.3 (0.4)

30.1 (0.2)

2.27(0.03)
4.64(0.07)
9.01{(0.2)
16.1 {0.2)

24.6 (0.03)

5.52(0.007)
10.4 (0.002}

29.8 (0.04}

- v ——————————— Y o ok — i — — ——————— T ————— Tt S, {0 o i ——————— T — —— — - ——— —
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Table‘ﬁz.Setchehov parameters fdrijmasalting-out of
anthracene in natural seawater.

o ———— i ——— ———— . ——— ] — —————— —— . T T —— — T o  —————————— " —— ————

t/ (°C) kg/ (kg/mol) std. Error?x10° r2
5 0.239(0.004) 2.2 ©0.9973
13 0.202(0.004) 0.2 0.9997 -
25 . 0.244(0.020) : 4.7 0.9896 '
34.9 0.245(0.008) 0.8 0.9990 :

44 0.268(0.010) 1.6 0.9985

———— — - T ——— ——— T - —————— ——— T . ——— — i T S A S S S k- v T A S S T ) S ————
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Table XVI. Setchenov parameters for the salting-out of

\
—— okl St e i k) U S S o sl A P T o b S et A PV T Sk e T e e i S L S e sl O S e

24.9

ek T — T T T i Al T T —— A VT T . T ———— — Y ———— " — — T —— T —— = e — ———

phenanthrene in natural seawater.

T ———— it S T — ———— - p———— — o T ————— g ——— i} U ———— A ————— T ————

0.300
0.213(0.007)
0.0784
0.104

0.174(0.04)
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Figure 7

Setchenov parameter for the salting-out of anthracene in
seawater as a function of temperature.
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Figure 8

Setchenov parameter for the salting-out of phenanthrene in
seawater as a function of temperature.
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seawater 40.17(0.08) 42.47(0.50) -2.30

Table XVII. Thermodynamic functions for the process
solid phenanthrene-aqueous phenanthrene.

—— . ————————— . S S . S S S S Sy S A A SRS R e A e G e W W S ——————

solution 4G/ (kJ/mol) AH{(kJ/mol) TAS/(kJ/mol),ACp(kJ/mol K)

—— — ————— T T . — ——————— T ——————— " " A fir o o W= e i —— — —— —————————— ——————

water 39.83(0.19) 40.50(1.26)  =0.67 10.44(0.20)

water? 39.98(0.03) 36.70(1.90) . 3.28 0.29(0.21)

-0.018(0.08)

. A  —— B W T S T S — — i W R NN Y PSS N SEN N AR T AR A St W S G S S S S S e ———————— -

@May et al., (1983).




Table XVIII. Thermcdynamic functions for the process
solid anthracene-agqueous anthracene.

——— ——— ————— . Yt S T ——— . Ay St S S - t VM WA Sy M i g e T T ———— — —— —— o A T —— " —

solution AG/ (kJ/mol) AH/{kJ/mol) TAS/ {(kJ/mol) ACP/(kJ/molK)

e e ———— ——— A S far T S S 8 i W S S A SAN S SR G T S S S A S S P e s —

water 46.28(0.11) 44.03(0.70) ~2.25 0.71(0.12)
waterd 47.69(0.02) 47.2 (1.5) -0.49 0.41(0.18)
seawater 46.96(0.04) 43.13(0.28)  =-3.83 0.61{0.05)

@values of May et al., (1983).
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~ Cc)High pressure results.

The experimental method used in this work assumes that
the solubility of the solute will decrease with an increase
in pressure., In cases where there is an increase in the
solubility of the solute this method cannot be used because
there is no more solid solute available to be dissolved. In
that case what would be observed is a constant solubility as
a function of pressure. Previous work has shown that the
solubility of naphthalene decreases in aqueous solutions

upon compression (Suzuki et al., 1974; Rodriguez, 1979).

Given that the high pressure transducer is not
connected directly to the cptical cell it is necessary to
relate the pressure in the high pressure generator, (as
measured with the pfesé"rertrahgzﬁcer) with the actual
pressure inside the cell. One way of doing this is by
studying the shift in the absorption spectrum of a
hydrocarbon molecule dissolved in a nonpolar solvent, such
as pentane. It is a well known fact that the dielectric
constant of the solvent affects the spectra af dissolved
molecules; and that increasing the pressure changes the

dielectric constant of the sclvent, thus shifting the

position of the absorption bands of the solute.

Robertson and'co—workers {1957), studied the effect of
applied pressure on the absorption spectra of aromatic
hydrocarbons dissolved in pentane, finding a linear

relationship between the shift of the maxima and the
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dielectric constant of the solvent. Therefore it is possible
to determine the actual pressure of the sample if the

magnhitude of the shift is known.

The lLa band of anthracene dissolved in n-pentane at
374 nm was selected for comparison with Robertson's values.
A typical example of the pressure-induced red shift in the
absorption spectra is shown in Figure (9). If Robertson's
value of 161 for the ratio 41/4¢ {(where 1 is the wavelength
an@ € is the dielectric constant), is considered to be
correct, then the change in the dielectric constant of n-
pentane can be calculated from the observed shifts of the
1La transition of anthracene. The dielectric constant of n-
pentane as a function of preséure have beéh measured by
Danforth (1931), and,fherefore measurements of pressure-

induced spectral shifts can be used to compute the actual

pressure exerted on the sample.

Qur results show that at pressures between 2500 and
3500 atm the readings of the pressure transducer were on the
average 15% higher than the actual pressure in the high

pressure optical cell.

For the measurement of solubility, a saturated aqueous
solution of naphthalene was placed inside the high pressure
cell, and the pressure increased. The cell was taken to the
spectrophotometer and readings of the absorbance were
automatically taken every fifteen minutes, until a constant

value was obtained. Typical results are shown in Figures

{
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(10) and (11}). Figure {(10) shows the absorption spectrum of
a saturated solution of naphthalene in water at 25°C, at one
atmosphere and 1771 atm. Figure (11) shows the absorbance
of a solution of naphthalene as a function of time. In
general, the higher the pressure the faster equilibrium was
reached. Most runs took from two to three days to
equilibrate. Table XX gives the experimental result for the
solubility of naphthalene in water as a function of pressure
at 25°C. The solubility of naphthalene decreases with
pressure. However, no precise values could be obtained. This
problem, and the long equilibration times made impractical
the determination of Setchenov parameters as a function of

pressure in a reasonable time.




B,

Figure 9

107

Pressure-induced red shift of the absorption spectrum
of anthracene in n-pentane. A, spectrum at one atmosphere;

spectrum at 2300 atm.
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Figure 10

Absorption spectrum of naphthalene in water at: A,
atmosphere and B, 1771 atmospheres.
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Table XIX. Solubility of naphthalene in water as a
function of pressure at room temperature.

————— o T bk . P AL S S - vy W L ———— i, ————— T ——— T ——— T o o . T o o i

Pressure/atm Solubility x 104/(mole/kg)
334 S 0.735(0.02)
535 . 1.59(0.04)
1503 7 1.92(0.05)

1771 1.56(0.04)

S —— ——— G Ty W G NS A iy . ————— ———— T e S R AT bt T AL S ——— ——— ————— ———




Figure 11 . i;;ﬁggf

Absorbance of naphthalene in water as a function of
time.
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DISCUSSION

The solubility of naphthalene in water and in aqueous

electrolyte solutions behaved as expected. The solubility of

naphthalene decreases in the presence of all the salts
studied in this work, that is, naphthalene was salted-out at
all the temperatures investigated. This was expected from
the results reported previously in the literature at 25°C
for naphthalene and other hydrocarbons, which were also
salted-out by these salts and sea salt. The solubility of
naphthalene increased with incregsing tempera?ure in all the
electrolyte solutions studied. The solubility of naphthalene
as a function of temperature had bé&én inﬁestigated in water
only, but there wére no théoretical reasons to expect a
different behavior in seawater, or in the other electrolyte

solutions.

The thermodynamic functions for the ﬁrocess: solid
hydrocarbon=-agqueous hydrocarbon presented in this work are
in good agreement with.the values reported in the
literature. The eﬁtropy change reported here is always
negative, ih agreement with the values reported by May et
al.e, (1983), except for the positive value for the entropy
change of solution for phenanthrene reported by them. For

the three hydrocarbons studied in this work the Gibbs free

energy change on going from water to seawater is positive, a

I
!
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result to be expected from the lower sclubility of these
hydrocarbons in seawater with respect to pure water. This
change is due to a negative entropy term which, considering
that the initial state is the hydrocarbon dissolved in pure
- water, means that the hydrocarbon sblute induces less
ordering in seawater than it does in water. This effect
might be due to the electrostriction caused by the ions
dissolved in seawater. The major ionic components of
seawater are knowh to "break" thé structure of water by
forming strongly attached primary hydration shells. This
effect can explain the decreased order created by the

aromatic solute in seawater, as compared with water. The

disruption of the structure ofjwater causeg by the ions -

makes it more difficult for the nonpolar solute to form its

P

own hydration shell.

Although minima have been reported for the salting-out
of gases at temperatures above room temperature (Clever and
Holland, 1968; Masterton, 1975b), the unexpected result of
the presencé of a minimum for the salting-out of aromatics
below room temperature, makes it necessary examine the
theoretical models to find cut if the minimum c¢an be

predicted.

We have shown before (Gold and Rodriguez, 1983) that

the Tamman-Tait-Gibson (TTG) model can be used to predict

the salting-out of gases in seawater. In order to use the

TTG model it‘is necessary to know the value of dP./dmg as a
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function of temperature. The effective pressures exerted by
seasalt as a function of both seasalt concentration and

temperature were calculated from (Leyendekkers, 1977):
BPVP=0.4343%7 (0.315V,) / (BL#P*P) eevrennnnerannna. (34)

where BP is the isothermal compressibility at pressure P, VP
and V., are the volume of the solution at pressure P and the
volume of pure water at atmospheric pressure, and Xy is the
number of grams of water per‘gram of solution. The other

terms have been defined before.

The values of BP and VP for seawater in the range 0 to
40 ppt of salinity, and 0 to:40°C in temperature were
calculated from the high pressure equation of state of

Millero et al (1980): - R

K = PvP/ (vO-vP} = k° + aP + BP? ....... v (35)
where v° and vP are the specific volumes at zero and P
applied pressure, and K is the second degree secant modulus
(K°=1/B_). The parameters K°, A, and B are given by

kK = kS + as + bs3/2 ..l (36)

= A+ c8 +dS3/2 e (3T)

B
|

W

B = BW + 88 s it ecresescscessrssassanaas .« (38)




where S is the salinity, the coefficients K, A, and B, for
pure water are polynomial functions of the temperature, and
the coefficients a to e are functions of the temperature.
The values of P, were calculated from 0 to 40 ppt every 5
ppt for every five degrees temperature from 0° to 40°C using
the computer program "Seawater", listed in the appendix. The
results wefe then fitted to a polynomial in the
concentration at every temperature, using a modified version
of the program "Nth Order Regresion" (Poole and Borchers,

1981):

casesssasa(39)
so that the term

lim 4P, /dmg
m, =-==>0

s
is just b. Then the b values were fitted to a polynomial in

the tempefature, the result being:

lim P /dm =485.916-6.3129t+0.099051t2-6.3853x10™4t> ..(40)
m.==>0
1=

with a standard error of one part per thousand. This
equation was used to calculate the kg values predicted by
the TTG model as a function of temperature. The results are

shown in Figure (12). The temperature dependence of the




118

predicted values for kS is of the same form as that of the
gases dissolved in seawater (Gold and Rodriguez, 1983), the
predicted temperature coefficient being better than the
values predicted by the scaled particle theory. However, in
the case of naphthalene the TTG model predicts values for kg
which are bigger than the experimental values by a factor of
three (see Table XIX}, and it does not predict the presence

of a minimum around 25°cC.

The values for kS predicted by the Scaled Particle
Theory were calculated from the equations given by Masterton
(1975) and,K listed in the Appendix. This equations are
written for ks in the ionic strength scale, so the values
from Table X were recalculated using the equation

(Leyendekkers, 1976):
IW= 0-019948/(1_8/1000) --.oo-uoootoo--o(4l)

where 8 is the salinity in parts per thousand.

The calculation of kg from ky and kg requires the
knowledge of the Lennard-Jones parameters for the solutes.
These parameters, which to the best of our knowledge have
not been published for naphthalene, were calculated using
two approaches. The first approach uses an empirical
relationship between the critical properties ¢f a compound
and the Lennard-=Jones constants (Stiel and Thodos, 1%62; Sen

Tee, Gotoh, and Stewart, 1966):

AT
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Figure 12

Comparison of the experimental values for the Setchenov
parameter of naphthalene in seawater as a function of
temperature, with the values predicted by the Tamman-Tait-
Gibson and the Surface Tension models.




[ HE
i ; i
| : Nﬁ.
| I f
. i A

L Y ! [1iH

120

(Do) SJNIDUSdWIS |
0G ov 013

[
I AN IR S Col 7

Oc¢c

“
:_:w '

dX3

1S

-]

¢O

90

oud/B¥) sy

Q




121
E/k=6503 Tc Zé8‘/5 Ol.t-ll.......--..l..(42)

and

1 = 0.812 (T/Po)™13/3 L.l (43)

where Te is the critical temperature, P. 1s the critical

c
pressure,and Z. is the critical compressibility (=P V,/Tq).
The critical constants for naphthalene were taken from the
compilations by Kudchadker et al., (1978) and Dreisbach,
(1955). Using this method, the work function was calculated
to be 394.1 K, and the intermolecular distance as 6.89 K.
The calculéted value for ks using these parameters is 0.546
kg/mol, which is three times higher than the experimental

e

result of 0.186 kg/mol.

In the second approach the work function was calculated

using the Mavroyvannis-Stephen equation (Balon et al., 1983):
€/x = 2.28x10"8@3/2p1/2,06) | .......(44)

where < is the molecular polarizability, E is the total
number of electrons, and ¢ is the intermolecular distance.
The molecular polarizability (17.48%x1072%4 cm3) was taken

from the compilation by Miller and Savchik (1979), and the

intermolecular distance was taken to be equal to the.

crystallographic diameter (Balon et al., 1983), which was

calculated from the bond lengths and angles determined from
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X-ray diffraction by Ponomarev et al. (1976), and Sellers
and Boggs,.(1981). The calculated value forEl/k is 169.3 K,
which compares well with the value calculated by Balon et
al., (1983) for l-naphthol of 123.3 K. The value for  is
6.58x10"8 cm. The calculated values for kg, using these
parameters are in better agreement with the experimental
values than the values calculated using the first set of
parameters, as can be seen from Table XIX. The results for
Kar kp and kg as a function of temperature were fitted to a

polynomial in the temperature
ky,=-0.2062-0.002417t+3.6023x107°£2-3.1179x10™ "t ...... (45)

k,=0.61402-0.0037816t+6.6317x1078£2-6.3879x1077t> ..... (46)

ek

Kk =0.35378-0.0013407t+2.9163x10"5¢2-3.1246x1077¢3  .....(47)

with a standard error smaller than 3x1073. These polynomials
are shown in Figure (13) , and the predicted value of kg is
compared with the experimental value in Figure (14). It can
be seen that this model dodes not predict the minimum in kg
as a function of temperature, but the magnitude of the
predicted wvalues is in better agreement with the

experimental values than those predicted by the TTG model.

The Surface Tension model was also used to predict the

values of kg as a function of temperature. The osmotic

coefficients of seawater with a seasalt concentration equal




to one molal as a function of temperature were calculated

from the equation given by Millero (1976):
1-0 = 2.3038AL/2(¢/3)+BI+CI37/24D12 ... iiiuieeenn.. (48)

where A, B, C, D and ¢ are temperature-dependent parameters.
The values obtained were fitted to a polynomial in the

temperature:
kg=2.4864x1073x (0.10589+7.8373x1077t~8.0991x10""t2) ... (49)

These results are compared with the experimental values in
Table XIX and Figure {12). The best quantitative agreement

with the experimental results is obtained with this model.

The temperature ccefficient éélcﬁlated from each model
is compared to the experimental values in Table ¥IX. All the
models, except for the Surface Tension model, predict a
negative temperature coefficient at 25°C, in agreement with
experiment. The failure of the Surface Tension model to
predict the sign of the temperature coefficient should not
be considered a drawback of the model because the reference
temperature was chosen to be 25°C, just before the minimum
in the kg vs. temperature curve, when kg is decreasing. If
the reference temperature had been higher than 25°C, then
the experimental value would have been positive, in

agreement with the Surface Tension model, but not with

TIREL LI




Figure 13

Setchenov parameter, kgs and its contributions ka and
kb' for naphthalene in seawabter as a function of
temperature, as predicted by the Scaled Particle Theory.
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Figure 14

Comparison of the experimeﬁtal value of the Setchenov
parameter as a function of temperature, with the wvalue
predicted by the Scaled Particle Theory.
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either the Scaled Particle Theory or the Tamman-Tait-Gibson

model.

From the predicted values for kg by the different
models, it seems that the main interaction in the process of
dissolving a hydrocarbon molecule is the creation of a
cavity in the solvent. The good agreement of the Surface
Tension model, which does not assume any interaction between
the hydrocarbon and the cavity surrounding it, with our
experimental values points in that diréction. It also
implies that the SPT model overestimates the contribution to
kg due to the creation of the cavity in the solvent,
probably due to the assumption that the intermolecular
potentials in liquid water are additive. The TTG model
predicts values that are about three times higher than the
experimental results, a result that™has been observed before
for other big molecules, and it is due to the negiect in the

original model of the distance of closest approach between

the solute and the ions in the solution.

The results presented here for anthracene and
phenanthrene confirm that the observed minimum in the
Setchenov parameter for naphthalene in seawater is not an
anomalous behavior. This was further confirmed when the
results given by Brown and Wasik, (1973}, for the soclubility
of benzene and toluene in water and artificial seawater were
used to calculate the Setchencv parameters for these
compounds in the range from 0° to 20°9C. the results are

shown in Figure (15}). A minimum is clearly visible around

=
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10°c.

The values for the solubilities of naphthalene under
pressu?e are calculated under the assumption that the
absorptivity coefficient of the aromatic in water is
pressure-independent. Two other authors have reported
solubilities of aqueous naphthalene at 25°C undef pressure.
Suzuki et al., (1974) obtained their values by removing the
solutions from the high pressure cell for external analyéis
via ultraviolet spectroscopy at one atmosphere. Rodriguez
(1978) analized his solutions by measuring the absorbance of
all the solutions 15 minutes after compression. As expected,
the pressure dependence of the solubility is higher in
Suzuki's experiment. This work répresents the"first attempt
to reach "true" equilibrium by fqligwing the absorption of

the compressed solution as a function of time.

The lack of precision of the results is probabkly the
result of adsorption of the unsolubilized naphthalene on the
sapphire windows of the high pressure optical cell. This
effect made it necessary to clean with ethanol the surface

of the windows in contact with the solution.
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Table XX. Experimental and predicted values for the
Setchenov parameter and its temperature
coefficient for naphthalene in sea water

at 259 c.
Experimental T-T-G SPT ST
kg 0.252 0.836  ——=—= 0.267
0.186%2  —mme- 0.333 ===
dkg/dt  -4.2x107% ~9.1x1073  —weee 9.4x1078
-3.2x107%  emeee -4.7x1074 ————
a

recalculated using the ionic strength scale.




Figure 15

Setchenov parameters for benzene and toluene in

seawater as a function of temperature,
values given by Brown and Wasik, 1973.

calculated from the
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CONCLUSIONS

A comparison of the two methods used to measure

solubilities in this work shows that, for work at one

atmosphere, the Column Generator method is better. No

changes could be found for the values of kg as a function of
temperature using the "Shake-Flask" method, and all the
values were measured to be the same within experimental

2 calculated for the

error. Although the values for r
Setchenov equation, and for the van't Hoff equation, are
guite high, the "Shake-Flask" technique gives higher
standard errors for the fit. On Fhe other hand, the results
obtained with the Generator Célumn method”are much less
écattered, as indicated‘for the lowerAunéertaintiés obtained

when both the Setchenov and Clarke-Glew equations were

fitted to these results.

A minimum was found for the Setchenov éarameter, kg
for the salting-out of naphthalene in seawater as a function
of tempefature. This result was supported when a minimum was
also found for the salting-out as a function of temperature
of anthracene and phenanthrene. Further confirmation was
obtained when the Setchenov parameters for benzene and
toluene iq seawater were calculated from published
solubllities, and a minimum was similarly found. Thus, it

can be concluded that the simplest aromatic hydrocarbons

show a minimum in the salting-out as a function of

133




temperature.

The transference of the hydroéarbon solute, from water
to seawater at 25°C, was found to be mostly an entropy-
driven process. At the temperature of the the minimum the
enthalpy change for the transfer of one mole of solute from
water to seawater must be zero, so at this temperature the
Gibbs free energy change of transfer is entirely the result

of an entropic contribution.

Of the three theoretical models used in this work, none
predicts the presence of a minimum. However, the Surface
Tension model is in good agreement with the experimental
values‘over the temperature range investigated. This means
that the mainfprocesé in dissol&ing a hydrocarbén solute 1is
the creation of a cavity, large engugh to hold the solute.
The interaction of a polynuclear aromatic hydrocarbon sclute
with the cavity 1s negligible. The Scaled Particle Theory
~and the Tamman-Tait-Gibson model tend to overestimate the
contribution due to the formaticon of the cavity in the
solvent.-The T-T-G model fails for big molecules because in
its original form it does not take into account the ndn-zero
distance of closest approach between the nonpolar soclute and
the ions. The SPT model gives a poor correlation probably
due to the non-additivity of the intermolecular potential in
liquid water, which is not considered in the model. Another
problem is that this model requires the input of molecular
parameters for which a wide range of values, or methods to

calculate them, are available in the literature,




Although the main objective of this work, i.e. to set
up a high pressure system, was accomplished, measurement of
solubilities were complicated by the adsorption of excess
hydrocarbon. Furthermore, the long time required for
equilibration made it impractical to measure Setchenov
parameters as a function of pressure. In general we can say

that the solubility of naphthalene decreases upon

-compression, but the values were not precise.

For future work, 1t can be suggested: a) that the
sapphire windows be siliconized, to minimize adsorption of
the unsolubilized solute and, b) to connect the high
pressure transducer directly to the high pressure optical
cell, so that the pressure inside the c¢ell can be measured
directly. Also, the design of a thé¥mostated jacket for the
high pressure cell is desifable. This would allow the
measurement of the solubilities as a function of both

temperature and pressure,

For work at one atmosphere, the study of the
alkylbenzenes is suggested. The partial molar volume of the
simplest alkylbenzenes in aqueous solutions has been
measured at 25°C, as well as the enthalpy change of solution
at the same temperature. These measurements can be repeated
in the temperature range where these compounds show a
minimum in the Setchenovnparameter. Therefore, independent
measurements would be available for all parameters needed in

the theoretical models.
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APPENDIX A

Scaled Particle Theory

The expressions for ka, kb' and k., for 1:1 electrolytes

g
are (Masterton and Pei Lee, 1970):

ky = 2.15x1020 (¢3+¢3) -2.47x1074p+o¢ (6.45x1020 (¢d+cd) +
+1.34x1028 (¢ 34¢3)-4.23x10%8) + ¢ (6.45x102% (¢y+7y) +

+4.01x1028 (¢Z+¢%) +1.32x10%8 (¢4 3) -4.17x10%2) ... (A1)

kp = -1.85x104 (& /1)1 2(c3/ 42}/ 4 (g v o33 ra 3
/423 4 ey +0 )37 Fe6.26x201 78 (€, /1) Y 2 (0 vy 3

4.00x10728% /(T1+T5) 0 Veeiuiiiiiiineieneinen.. (A2)

k =0-016_4034X10—4¢ I.I‘.......l..ll.‘..l.Il.l....l(A3)

where ¢ is the apparent partial molal volume of the
electrolyte, E/k is the depth of the Lennard-Jones
potential, ¥ is the polarizability, and ¢is the molecular (or
ionic) diameter. The subscripts refer 1 to the
nonelectrolyte, 2 to the solvent (water), 3 to the cation,

and 4 to the anion.

These equations were later reformulated by Masterton

(1975) to predict the salting-out of nonelectrolytes 1in
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seawater. The concentration of seasalt is expressed in the

ionic strength scale. The expressions for k, and kj are:

k, = & + Bx10%; + cx10l4c? ...l (B4)

ky = -1.498x102%/T ((a,/0.0360)=0.05040) ((£/k) /2 |3+

+0.996x10721% /¢,3) - (2.922x1021 /1) (€, /%) /2

d/aL,(Ee; (§/K)/203) Lot e (B5)

G

where A, B, C, and A, are temperature-dependent coefficients

tabulated in the original paper, I, is the ionic strength,

v

and the terms ¢";, are calculated from the usual mixing rules

e

g3 = (09 + @i)/z ctceesivanectevannosnas (AB)

Li..l Ll

and the subscripts have the same meaning as before, except

il

NERIH

that i refers to the individual ions.




APPENDIX B

Program SEAWATER.

The program SEAWATER calculates the effective pressure

exerted by seasalt as defined in the Tamman-Tait-Gibson

model. This program, written in BASIC, calculates P, as a

function of both temperature and salinity. It also

transforms the seasalt concentration from the salinity scale

to molality and ionic strength.

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160

170

PRINT "THE PRESSURE IS"

INPUT P

FOR T=0 TO 40 STEP 5
A=54.6746-0.6035%T+0.0110999%T**2-6.167E~5*T**3
B=0.07944+0.01648%T-5.3009E-4*T*%2
C=2.2838E=3~1.098*T-1.6078E-6*T**2

D=1.91075E-4
E=2.0816E-8*T+9.1697E-10%T**2-9,9348E-7
F=2671.8+19.454*T~0,27028%T**2+9,798E~4*T**3
21=0.9998414+6.79395E-5*%T-9.0953E-6*T**2
22=1.00169E-7*T**3=1.1201E-9*T**4+6.5363E~12*T**5
A3=8.2592E-4-4.449E-6*T+1,0485E-7*T*%2
A4=-1.258E=-9*T**3+3,315E~12*T**4
A5=2-6.3376E-6+2.8441E-7*T-1.687E-8*T**2
A6=2.83258E—10#T**3
A7=5.4705E=7-1.97975E-8*T+1.6641E-9*T**2

A8=-3.1203E-11*T**3
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180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
3490
350
360
370
380
390
400
410
420
430

440

153 —

Bl=Al+A2
B2=A3+A4
B3=A5+A6

B4=A7+A8

L1=19652.21+148.4206*T-2,32711*T**2+0.0136048*T**3
L2=5.15529E-5*T**4
L=L1+L2
M=3.23991+1.4371E~3*T+1.16092E-4*T**2~5,77905E-7*T**3

N=8.50935E-5-6.12293E~6*T+5.2787E=-8*T**2

PRINT "T=";T -
FOR S=0 TO 40 STEP 5
W=Bl+B2*S+B3*(S**3/2)+B4*8*%*)
v0=1.000028/W
O=M+C*S+D*5**3/2

U=N+E*S

R=L+A*S+B*S**3/2
Q=R+Q* (P=1) +U* (P~1}**2

Z1=V0*(R-U*(P-1)**2)

Z2=V0*{1-(P-1)/Q)

B5=1.000028/B1 R

Q2=21/Z2/Q**2 I
C1=1-(S/1000) T
P2=((0.1368*B5*C1)/(Q2%Z2))~-F=-P | :
I={0.01994*S)/(1-0.001*S)
M1=S/68.0811*%(1-0.001%S))

I2=8%0.019927*V0

PRINT "SALINITY=";S,"IONIC STRENGTH=;I,"MOLALITY=";M1



450
460
470
480

490

PRINT "VOLUME IONIC STRENGTH=";I2
PRINT "EFFECTIVE PRESSURE=";P2
NEXT 3

NEXT T

END
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