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ABSTRACT

Whitehouse, B.G., 1984, The effects of temperature and salinity on the aqueous solubility
of polynuclear aromatic hydrocarbons. Mar. Chem., 14: 319—332.

The aqueous solubilities of phenanthrene, anthracene, 2-methylanthracene, 2-
ethylanthracene, 1,2-benzanthracene, and benzo(a)pyrene were determined at tempera-
tures ranging from 3.7 to 25.3°C and salinities ranging from 0 to 36.70/00. With the
exception of 1,2-benzanthracene, the hydrocarbons experienced salting-out. Their solu-
bilities were insensitive to small changes in salinity and very sensitive to small changes in
temperature. On the other hand, 1,2-benzanthracene experienced salting-in, and its solu-
bility was sensitive to small changes in salinity. Potential environmental implications of’
the data are discussed.

INTRODUCTION

From an environmental standpoint, polynuclear aromatic hydrocarbons
(PAH) are of considerable concern. This is mainly due to their relative per-
sistence, carcinogenic and mutagenic potential, and their possible indication
of anthropogenic pollution. A considerable amount of research concerning
PAH in the marine environment has been published; with a majority of the
information concerning PAH in the sediments.

Relatively few of the studies published focus upon PAH dissolved in the
water column, with the result that much is still to be learned about the
partitioning of PAH in aquatic systems. This statement is supported by the
fact that there is a general lack of available information concerning the
aqueous solubility of PAH. Numerous factors determine the ultimate distri-
bution of PAH in the aquatic environment, but the compounds’ aqueous
solubility is a major initial factor. Aqueous solubilities of hydrocarbons have
been demonstrated to influence or determine their bioaccumulation (Geyer
et al.,, 1981; Mackay, 1982), biosorption (Steen and Karickhoff, 1981),
sorption to minerals and marine sediments (Meyers and Quinn, 1973;
Karickhoff et al., 1979; Means et al., 1980; Karickhoff, 1981; Knap and
LeB. Williams, 1982), transport in the marine environment (Gearing et al.,
1980; Oviatt et al., 1982), fractionation onto glass-fibre filters (Gearing and
Gearing, 1982), petroleum exploration (Baker, 1960; Barker, 1979), and
carcinogenic potential (Krasnoschekova and Gubergrits, 1976).
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Despite their demonstrated importance, almost all of the PAH solubility
data available in the literature are for distilled water at 25°C. There are a few
seawater hydrocarbon solubility values available, but these are almost
entirely for alkanes and substituted benzene compounds at 35%, and 25°C.
The only PAH seawater solubility data to be located were for naphthalene
(Gordon and Thorne, 1967; Eganhouse and Calder, 1976), biphenyl and
phenanthrene (Eganhouse and Calder, 1976), and acenaphthene and pyrene
(Rossi and Thomas, 1981). All were at 25°C with acenaphthene and pyrene
being measured at 35%, only.

This lack of PAH solubility information is amazing when one considers
the amount of research that has been carried out on the presence and tox-
icity of hydrocarbons in the aquatic environment. Such an environment
represents a wide range of temperature and salinity. Attempts to qualitatively
understand and quantitatively predict the partitioning of PAH in such an
environment will require greater understanding of their solubility under
these conditions.

In order to investigate the fundamentals of PAH solubilities under environ-
mental conditions, the aqueous solubility of six PAH was determined at tem-
peratures ranging from 3.7 to 25.3°C and salinities ranging from 0 to 36.7%,.

METHODS
Hydrocarbon solubility determination

There are two commonly accepted methods for determining the aqueous
solubility of hydrophobic organic solutes. The first is a mechanical mixing
method that is usually referred to as the ‘shake-flask’ technique. The second
is a liquid chromatographic method that is referred to as the “micro-column”
or “dynamic coupled column liquid chromatography’ (DCCLC) technique.
Both techniques are acceptable provided that they are properly employed
(Hashimoto et al., 1982).

The DCCLC technique is advantageous as it does not suffer from the
supersaturation effects that can result from mechanical mixing. It also avoids
the problem of solute adsorption onto the walls of analytical equipment, and
it eliminates the problem of sample loss and contamination that may occur
during organic extraction and sample cleanup. The DCCLC technique is also
faster and facilitates precise temperature control.

The DCCLC technique was employed in this study. A detailed description
and critical evaluation of the technique has been presented by May (1978)
and May et al. (1978). May and Wasik (1978) demonstrated its application
to PAH in water, and May et al. (1975) employed coupled column liquid
chromatography for analyzing hydrocarbons in marine sediments and sea-
water.

The DCCLC technique is relatively new to the field of marine chemistry,
thus a brief description is warranted. Water is pumped through a 60 x 0.6 cm
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(0.46-cm 1.D.) stainless steel column containing the PAH of interest coated
onto 60—80 mesh glass beads. The stainless-steel column (generator column)
is temperature controlled to +0.05°C and has 2-um stainless steel frits on
either end. The PAH saturated solution is then pumped into a Rheodyne six-
port valve where the PAH are extracted onto a slurry-packed Rheodyne
RP-C18 cartridge (3.0 x 0.46-cm 1.D.). The cartridge and connecting tubing
is then rinsed with 6 ml of purified water in order to remove inorganic salts.
The PAH are backflushed off the RP-C18 cartridge by switching the six-port
valve to the inject position, thus allowing the acetonitrile—water mixture
from the high performance liquid chomatograph (HPLC) to flow through the
cartridge.

The PAH then flows into a Varian RP-C18 analytical column (30 x 0.4-cm
1.D., 10 um slurry packed) where it is isocratically separated from impurities.
Depending upon the PAH being analyzed, the isocratic mobile phase con-
sisted of 75—90% acetonitrile in water.

Detection was by ultraviolet absorption at 254 nm. Quantification was by
peak integration using a Hewlett-Packard 3390A integrator/plotter. This was
calibrated with PAH standard injections from a 20-ul loop which could be
installed on a four-port valve that was situated between the six-port valve
and the RP-C18 analytical column.

May (1978) demonstrated that flow rates between 0.1 and 5.0 ml min™!
can be used to generate the saturated solution. After confirming May’s
observation, this study used a flow rate of 1.0 £ 0.1 ml min~!. In addition to
confirming that the flow rate did not influence the concentration of the
solute in the generated solution, Hashimoto et al. (1982) concluded that the
solution was particle free at least to 0.3 um.

By employing two columns in series, May (1978) demonstrated that the
process was reversible and that the generated solution was in equilibrium.
Hashimoto et al. (1982) also concluded that the generated solution was in
equilibrium, as opposed to steady-state.

May (1978) demonstrated that the technique generates an equilibrated,
saturated solution with a precision of better than *3% and a potential
accuracy of greater than 98%. May et al. (1978) demonstrated that the
extractor cartridge is greater than 99% efficient for PAH solutions of < 25 ml.
The extraction volumes employed in this study were always <<5ml. The
reported analytical precision and extraction efficiency were confirmed by
this study with solutions of anthracene in purified water.

Materials

The compounds chosen for this study were phenanthrene, anthracene,
2-methylanthracene, 2-ethylanthracene, 1,2-benzanthracene, and benzo(a)-
pyrene. These PAH span approximately three orders of magnitude in dis-
tilled water solubility. They have three, four, or five aromatic rings, and
include both linear and nonlinear conformations. They were obtained in
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purities of =2 97% (Aldrich Chemical Co.). Standards were prepared in HPLC
grade acetonitrile (Fisher Scientific Co.).

The PAHs phenanthrene, 2-methylanthracene, and 2-ethylanthracene
were also used to construct generator columns. The generator columns for
anthracene, 1,2-benzanthracene, and benzo(a)pyrene were obtained com-
mercially (National Bureau of Standards). These commercial columns were
supplied with certified distilled water solubility data.

Water was required for HPLC analysis and for diluting various solutions
employed in this study. Purified water was obtained as follows: distilled
water was passed through a Millipore Super-Q system and then poured into
an all-glass distillation apparatus. Prior to condensation and collection, the
water vapor passed through an all-quartz tube that was heated to 800°C. The
water was prepared no more than 24—36 h prior to use.

Whatman GF/C glass-fibre filters were cleaned by overnight combustion at
approximately 450°C. The filters were then rinsed with approximately
100 ml of purified water immediately prior to use.

All glassware employed was cleaned by soaking in chromic acid solution,
followed by a purified water rinse and overnight combustion at 450°C.

Sample water collection and preparation

Stock seawater was collected by Niskin bottle hydrocasts in the surface
waters of the Scotia Shelf (sample salinity 32.532%,), a Sargasso Sea Warm
Core Ring (sample salinity 35.922%,,), and the Canadian Central Arctic
Ocean (sample salinity 35.607%,).

Prior to use in the solubility experiments, the seawater was filtered
through a precleaned Whatman GF/C glass-fibre filter and photo-oxidized to
remove dissolved organic matter. This involved a 3-h photo-oxidation period
with 100 ul of 30% H,0, in each photo-oxidation tube. Solutions of inter-
mediate salinities were prepared by quantitatively diluting this seawater with
purified water. Effects of dissolved organic matter on PAH solubility were
also investigated, and will be reported at a later date.

RESULTS

The solubility data for the six PAH are presented in Table I. All data are
expressed as nmoll™’ except for phenanthrene, which is in umoll™. The
solubility data for benzo(a)pyrene at 3.7°C were not obtained due to detec-
tion limitations. The data for 1,2-benzanthracene at 36.7%, and <12.4°C
were not obtained due to a shortage of 36.7%, solution.

The data are presented as the mean * the standard deviation of three
consecutive solubility measurements. In several cases, the data for 1,2-
benzanthracene represent four consecutive solubility measurements.
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The resulting standard deviations for phenanthrene, anthracene, 2-
methylanthracene, and 2-ethylanthracene are <*3% of the solubility,
with 10% of the data having +3—5% standard deviations. The standard
deviations of 1,2-benzanthracene and benzo(a)pyrene are <*10% with
1, 2-benzanthracene having two points of £23%.

As previously stated, the generator columns for anthracene, 1,2-benzan-
thracene, and benzo(a)pyrene were obtained from the National Bureau of
Standards, along with certified distilled water solubility values from 10 to
30°C at the 99% confidence interval. These certified values are plotted in
Fig. 1 along with the corresponding distilled water values obtained in this
study. The symbol S, refers to distilled water solubility.

There are no literature solubility data for 2-ethylanthracene. The only
literature value available for 2-methylanthracene is 157 + 46 nmol 17! in
distilled water at 25°C (this value represents the mean and standard devi-
ation of data published by Mackay and Shiu, 1977; May and Wasik, 1978).
Table I lists the distilled water, 25.3°C, solubility of 2-methylanthracene as
117nmol 17!, The literature value for the solubility of phenanthrene in
distilled water at 25°C is 6.29 £ 0.95 umol1™' (Mackay and Shiu, 1977;
Eganhouse and Calder, 1976; May and Wasik, 1978). Table I lists the 25.3°C
value of phenanthrene in distilled water as 6.16 umol 17*.

The only seawater data available in the literature for comparison are those
of Eganhouse and Calder (1976) for phenanthrene at 35%, and 25°C. These
authors obtained a value of 3.98 + 0.14 umol 17!, Table I lists the solubility of
this compound as 3.64 umol 17! at 83.1%, and 21.1°C, and 4.54 umol 17!
at 36.5%, and 25.3°C.

From the above comparisons it is concluded that where literature data are
available, the data in Table I are in agreement within the reported precisions.

Discussion

It is easier to visualize the solubility trends by plotting the solubility data
of Table I vs. temperature. These plots are presented in Fig. 2. The solubility
data for the compounds phenanthrene, anthracene, 2-methylanthracene, and
2-ethylanthracene indicate little or no signficant difference in solubility
between the distilled water and 4%, seawater, or between the 33%, and
36Y%,, seawater. Benzo(a)pyrene exhibits the same behavior; however, the
precision of its solubility data is not as good. In other words, by oceano-
graphic standards, fairly large changes in salinity are required in order to
cause significant changes in the solubility of these compounds. This suggests
that oceanographers should only have to be concerned about salinity effects
upon PAH solubility at interfaces where large changes in salinity occur.
Examples of such interfaces would be where terrestrial runoff meets the
marine environment, aeolian fallout to the marine surface layer, marine oil
spills, urban sewage disposal sites, and offshore production platforms.

These PAH also exhibit what are often considered to be normal solubility
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trends. Namely, decreasing solubility with decreasing temperature, and
decreasing solubility with increasing salt concentration (salting-out).

On the other hand, salting-in (increased solubility upon the addition of
salt) is exhibited by 1,2-benzanthracene. As shown in Fig. 2, the salting-in
is much greater at the lower temperatures. Also, unlike the previously dis-
cussed five compounds, 1,2-benzanthracene does experience significant
differences in solubility upon the addition of small amounts of salt. This
only occurs at the lower temperatures and salinities. In fact, the change in
solubility at 25.0°C for this compound is of little or no significance at the
95% confidence interval, regardless of the amount of salt added (Whitehouse,
1983). It is only at the temperatures below 25.0°C that salting-in is statisti-
cally significant.

This observation of a compound that exhibits salting-in is not unique.
What is unusual about the above data is the observation of a class of com-
pounds which experience both salting-out and salting-in for a given salt
solution. This has significant theoretical implications and greatly complicates
attempts to predict partitioning and transport (Whitehouse, 1983).

Unlike salinity, small decreases in temperature cause significant decreases
in the solubility of phenanthrene, anthracene, 2-methylanthracene, and
2-ethylanthracene, especially in the higher temperature range of this study.
For example, the anthracene data in Table I and Fig. 2 indicate that a 4°C
decrease in temperature causes the same reduction in distilled water solubility
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as a change from 0 to 33.1%,, salinity. In other words, these compounds are
far more sensitive to small changes in temperature than they are to small
changes in salinity.

Benzo(a)pyrene exhibits the same trend in temperature as the above four
compounds. However, as previously mentioned, the poorer precision for the
solubility of this compound makes it difficult to assess the significance of
the temperature trend.

Figure 3 is a plot of percentage salting-out at 33%, vs. temperature. This
allows visualization of the magnitude of the salt effect with respect to
individual PAH and to temperature. The figure indicates that for a given
compound, there is little difference in the percentage salting-out over the
temperature range investigated. This statement should not be confused with
the previously made statement concerning the sensitivity of absolute
solubility to small changes in temperature. The apparent variation in the
benzo(a)pyrene data may reflect analytical imprecision.

As indicated in Fig. 3, at 17°C a 33%, change in salinity would result in
an approximately 27% salting-out of anthracene, 29% of phenanthrene, 32%
of 2-ethylanthracene, and 40% of 2-methylanthracene. The same conditions
at 16.7°C would result in a 34% salting-out of benzo(a)pyrene (and a 87%
salting-in of 1,2-benzanthracene). The unexpected observation is not that
the compounds experience different percentages of salting-out, but that the
amount salted-out does not correspond to the relative differences in the
compounds’ distilled water solubility. For example, phenanthrene is approxi-
mately 25 times more soluble than anthracene, yet exhibits the same
percentage salting-out. Also note that benzo(a)pyrene exhibits a percentage
salting-out ranging between that of anthracene and 2-methylanthracene, yet
it is vastly less soluble than either of these two compounds.

There are reasons for stressing this lack of correlation between a com-
pound’s distilled water solubility and its extent of salting-out. First, it will
prevent or complicate attempts to predict partitioning in the marine environ-
ment simply from a standpoint of the compound’s distilled water solubility.

100-
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Fig. 3. Percentage salting-out vs. temperature,
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Second, it will influence the use of such analytical tools as PAH source
determination from alkyl—homolog distributions.

The alkyl—homolog data presented in Table I and Fig. 3 have interesting
implications. For example, consider the PAH partitioning between the
dissolved phase and particulate matter in the water column in proportion
to PAH solubility. This has been observed or suggested in several studies
and presentations, as outlined in the introduction. Such a partitioning
process would suggest that the less soluble PAH would adsorb onto the
particulate matter, and thus eventually be sedimented out of the water
column.

If this is visualized using carbon number (Hites, 1976), or various other
pure-component parameters which have been employed when the actual
solubility data are unavailable, the end result is significantly different from
that obtained by employing the actual solubility data. Specifically, from a
standpoint of carbon number 2-ethylanthracene would be less soluble than
2-methylanthracene, and, thus, should experience greater adsorption onto
particulate matter and greater enrichment in the sediments. On the other
hand, Table I indicates that 2-ethylanthracene is actually comparable to or
even slightly more soluble than 2-methylanthracene. In addition, Fig. 3
indicates that Z2-ethylanthracene may experience less salting-out than 2-
methylanthracene. These facts would indicate that 2-methylanthracene
would experience greater adsorption and enrichment in the sediments.

Two homologs of a single PAH is a very limited series. Obviously more
studies are required. Equally obvious though, is the conclusion that oceano-
graphers investigating PAH in the marine environment can no longer simply
employ distilled water solubility data, or pure component correlations that
were determined from other hydrocarbon classes.

Obviously 1,2-benzanthracene is not presented in Fig. 3 as it experiences
salting-in instead of salting-out. This further aggravates the implications
discussed above.

Due to the complexity of the natural environment, it is not possible to
predict PAH partitioning from a standpoint of solubility data alone. How-
ever, it is interesting to note that this study supports the observation made
by Gearing and Gearing (1982) that the process of oil partitioning into the
water column was very sensitive to temperature. Also of relevence is a study
reported by Readman et al. (1982) involving the distribution of PAH in the
Tamar Estuary. Although their sampling involved salinity ranging from 0 to
approximately 30%,, they were unable to observe salting-out effects. This
observation supports the statement that field data reflect the complex inter-
action of many variables, thus, it may not be possible to observe specific
chemical effects. The data presented in this study suggests significant effects
on solubility by a 30%, change in salinity. It also indicates a relative insensi-
tivity of PAH solubility to small changes in salinity, which would indicate
that the choice of sampling sites would have a significant bearing upon the
observation of a solubility—salinity correlation.
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CONCLUSIONS

Literature values of aromatic hydrocarbon solubility in seawater have
been limited to mono- and di-aromatics, with a single seawater solubility
value (35%,) available for phenanthrene and pyrene. This study presents the
solubility of six PAH at various temperatures and salinities.

The DCCLC technique is a relatively fast and precise technique for deter-
mining the solubility of PAH in aqueous solution. It may become the stan-
dard technique for examining the solubility of such compounds. Solubility
results presented in this study are in agreement with values obtained by the
National Bureau of Standards, and with other values reported in the litera-
ture.

All six PAH investigated exhibited decreasing distilled water solubility
with decreasing temperature. With the possible exception of benzo(a)pyrene,
they were also sensitive to small changes in temperature.

The compounds phenanthrene, anthracene, 2-methylanthracene, 2-
ethylanthracene, and benzo(a)pyrene experienced salting-out in seawater,
whereas 1,2-benzanthracene experienced salting-in. To my knowledge, this is
the only reported occurrence of a class of compounds experiencing both
salting-out and salting-in for a given salt solution. This may reflect the fact
that the majority of the reported studies are for single salt solutions that do
not have the complexity of seawater (Whitehouse, 1983). It may also reflect
the fact that most studies use compounds which are considerably more
soluble than 1, 2-benzanthracene or benzo(a)pyrene.

Where salting-out was observed, fairly large changes in salinity were
required to cause significant changes in solubility. Such was not the case for
the compound that exhibited salting-in. However, increasing the salt concen-
tration to greater than approximately 8%, appeared to have insignificant
additional effects upon the solubility of 1,2-benzanthracene.

Different PAH exhibit different percentages of salting-out, but the relative
percentages of salting-out do not correspond to the compounds’ distilled
water solubility. This phenomenon is a potential source of error if we are
attempting to estimate PAH partitioning processes in the marine environ-
ment from distilled water solubility.
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