
Ž .Marine Chemistry 70 2000 79–87
www.elsevier.nlrlocatermarchem

Solubility of petroleum hydrocarbons in oilrwater systems
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Abstract

To elucidate mechanisms, two laboratory-scale experiments were correlated to understand and quantify how oil partitions
into the aqueous phase. In the two experiments, free-phase petroleum was exposed to water in an effort to determine aqueous
concentrations of various oil components. In the first investigation, an oilrwater system was allowed to equilibrate for 16
days. The water column in the system was periodically sampled, and sample analysis was performed by GC-MS. After
analyzing for naphthalene and various alkyl-substituted naphthalene compounds, the data was modeled and rate coefficients
and the saturation concentrations were predicted. For naphthalene, the modeled saturation concentration was 1.4=10y6

molrl , the rate coefficient was 0.239 hy1 and the predicted time to reach equilibrium was 19.3 h. For the alkyl-substituted
compounds, there was an inverse correlation between both the rate coefficients and saturation concentrations and the degree
of alkyl-substitution. In the second investigation, oilrwater systems were allowed to equilibrate for 36 h. Various oil

Ž .loadings mass of oilrvolume of water were investigated. The mixing energy was twice that of the first experiment. After
the 36 h, the water column was sampled and analyzed by GC-MS. There was a direct correlation between the measured total

Ž .petroleum hydrocarbon TPH concentrations in the water and the oil loading. However, there was no such correlation
between the naphthalenes and oil loading. It was concluded that the first experiment was a solubility phenomenon while the
second experiment also included a colloidal phenomenon. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Water molecules exhibit dipolar properties, result-
ing in their ability to attract charged ions. Highly-
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water-soluble chemicals are more likely to be dis-
tributed by the hydrologic cycle than poorly soluble
chemicals. Thus, the water solubility of a chemical is
an important characteristic for establishing a chemi-
cal’s potential for movement and distribution within
the environment. It can affect adsorption and desorp-
tion on soils and volatility from aquatic systems.
Moreover, it can influence transformation by hydrol-
ysis, photolysis, oxidation, reduction, and biodegra-

Ž .dation in water Verschueren, 1977 . Hydrocarbons
have a wide range in aqueous solubility; for exam-
ple, benzene solubility is 0.022 molrl whereas te-
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y8 Žtradecane solubility is 1.1=10 molrl Yaws et
.al., 1990 .

This paper details two experiments that examined
aqueous concentrations of petroleum hydrocarbons
in two-phase systems. The objective of the first
experiment was to monitor aqueous concentrations
of naphthalene and alkyl-substituted naphthalenes
over time in a petroleumrwater batch-reactor sys-
tem. The objective of the second study was to deter-

Ž .mine total petroleum hydrocarbon TPH concentra-
Ž .tions at equilibrium at various oil loadings. West

Texas crude was used in the first experiment while
Arabian medium crude was used in the second study.
The change in oil types was to save on GC-MS
analysis costs, as the second study was an ancillary
investigation to ongoing Arabian crude oil toxicity
experiments.

2. Methods and materials

2.1. Experiment 1

One-liter batch reactors were set up using a wa-
terroil ratio of 10:1 with zero headspace. The crude
oil used in this study was West Texas crude, weath-
ered by purging particle-free nitrogen for 48 h to
eliminate the lighter, more volatile compounds. The
artificially weathered crude oil was assumed to be a
realistic representation of a spill situation. Distilled
deionized water was used. The reactors were gently
stirred at 100 rpm to ensure that no phase separation
occurs. The reactors were sacrificially sampled at 0,
6, 12, 24, 48 h, and 4, 8, and 16 days to determine

Žoil concentrations in the aqueous phase the water-
.accommodated fraction — WAF . When sampling

from a port located near the bottom of the reactor,
the reactors were first allowed to stand for 10 min
before sampling. Duplicate reactors were sampled at
each sampling event. The 250-ml samples were pre-

Žserved in solvent-cleaned glass bottles zero
.headspace and stored at 48C until analyzed.

The samples were spiked with surrogate recovery
standards and transferred to separatory funnels for
extraction using methylene chloride, using accepted
procedures as per USEPA Method 413.1. The sam-

ple extract was concentrated to 1 ml in hexane using
Ž .a Kuderna-Danish K-D evaporative concentrator.

Column chromatography was used to separate the
Žsample into two hydrocarbon fractions alkane and

.aromatic hydrocarbons . Analysis of the hydrocar-
bons was based on a NETAC petroleum analysis
procedure and USEPA Methods for Wastewater
Analysis Methods 610 and 625. The samples were
analyzed on a 5890II Hewlett-Packard gas chromato-
graph coupled to a HP5972A mass spectrophotom-

Žeter integrated with HP MS Chemstation Hewlett-
.Packard, Palo Alto, CA . Details of all procedures

Ž .can be found in Kanga et al. 1997 . Only naphtha-
lene and the alkylated naphthalene compounds were
analyzed.

A first-order saturation equation was used to
model the solubilization of the naphthalenes. The
rate law states,

dC
)sk C yCŽ .

d t

where C ) is the saturation concentration of the
Ž .compound molrl , C is the time-variable concentra-

tion of the compound, and k is the first-order rate
Ž y1 .constant h . This equation is based on an empiri-

Ž .cally based saturation kinetic model Walton, 1967
that states that dissolution is controlled by the rate of
diffusion of compounds from the solid phase, or the
free-phase crude oil in this case. The rate constant k

Žis k and is considered the sum of k massobserved int
. Žtransfer across the oilrwater interface and k massorg
.transfer within the organic oil phase .

2.2. Experiment 2

For the second experiment, 2-l reactors containing
Žartificial seawater using Instant Ocean, Aquarium
.Systems, Mentor OH and artificially weathered Ara-

bian medium crude oil were utilized. The weathering
process affected the mole fractions for the naphtha-
lene family by increasing the fractions 1.1–1.4= .
The actual values for these compounds in the weath-

Ž .ered oil are presented in Section 3.2 Figs. 5 and 6 .
The nominal crude oil loadings were 1.3=10y3,

y3 y2 y2 Ž2.7=10 , 1.3=10 , and 2.7=10 molrl as-
suming an average 375 grmol for this type of crude
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.oil . This is equivalent to water-to-oil ratios of 1800,
900, 180, and 90, respectively. The sealed reactors
were stirred for 36 h at 200 rpm. The increase in
revolutions per minute was dictated by the toxicity
protocol in a companion Arabian crude oil experi-
ment. Preliminary studies indicated that equilibrium
would be attained within this 36-h time frame. Each

Ž .reactor was sampled in triplicate 50-ml samples .
The experiment was performed three times.

The samples were solvent-extracted using methy-
lene chloride in separatory funnels. The extract was
concentrated to approximately 1 ml by evaporative

Žconcentration TurboVap II Concentration Worksta-
.tion, Zymark, Hopkinton, MA . The concentrated

extract was reconstituted to a final volume of 5 ml
and refrigerated until analysis. A 1-ml aliquot of the
DCM extract was injected into a Hewlett-Packard
Ž . Ž .HP 5890 Series II gas chromatograph GC inter-

Ž .faced to a HP 5972 mass selective detector MS and
operated using HP MS Chemstation software
Ž .Hewlett-Packard . More details are outlined in Mills

Ž .et al. 1999 . TPH concentrations were acquired
through GC-MS analysis. A TPH number is defined
here as the sum of the total resolved hydrocarbon
concentrations and the unresolved complex mixture
concentration.

3. Results and discussion

3.1. Experiment 1

The aqueous concentrations of naphthalene versus
time are presented in Fig. 1. The regressed curve is
the model representing naphthalene solubilization.
The plotted points are the averages of the data points
for each sampling event, while the error bars indicate
the range for each average data point. The model

Ž ) .predicted the saturation concentration C to be
y6 Ž .1.4=10 molrl and the rate coefficient k to be

y1 Ž .0.239 h . The aqueous concentrations versus time
for the alkyl-substituted naphthalenes are graphed in
Fig. 2, and the C ) and k values of each compound
are listed with the plots. Comparing the model and
the data for each compound, the calculated correla-

Ž 2 .tion coefficients R suggest a good closeness-of-fit
Ž .range: 0.953–0.996 .

ŽFig. 1. Aqueous concentration of naphthalene over time Experi-
.ment 1 .

Ž )A comparison of the modeled parameters C
.and k for the naphthalene family of compounds are

presented in Fig. 3. The saturation concentration
Ž ) . Ž .C is directly related to the rate k ; i.e., as the
C ) values increase so do the k values. This is
especially pronounced for the larger, less-soluble
compounds, whereas the k values appear to approach
asymptotic values for the smaller, more-soluble con-

Ž ) .stituents. The saturation concentration C is in-
versely related to molecular size. This tendency for
saturation concentrations is expected since the aque-
ous solubilities for these compounds have the same
tendency. Specifically, the more highly substituted
the compound, the lower its aqueous solubility
Ž .Verschueren, 1977 . The k values are also inversely
related to molecular size. This trend in the rate
constant values is also reasonable since less-soluble
compounds might be expected to take longer to
solubilize because of their increased hydrophobicity.
Moreover, these larger-sized compounds would have
smaller diffusion coefficients, as described by the
Stokes–Einstein equation.

Observed mass transfer for the constituents, as
quantified by k, is due primarily to mass transfer
across the oilrwater boundary as opposed to mass
transfer within the oil. This is because each com-
pound’s mole fraction in oil is much greater than that

Ž .in the water phase i.e., X ?X . So, as aoil water

constituent compound moves into the water phase,
X is essentially unchanged. There is no concentra-oil

tion gradient within the oil phase and therefore no
mass transfer limitation within the oil. Consequently,
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Ž . Ž . Ž . Ž .Fig. 2. Aqueous concentration versus time for a C1-naphthalene, b C2-naphthalene, c C3-naphthalene, and d C4-naphthalene for
Experiment 1.

mass transfer is across the oilrwater boundary and
along with solubility limits, is a driving force in the
rate-constant determinations.

Researchers have developed solubility analyses
for components of organic complex mixtures. Baner-

Ž ) . Ž .Fig. 3. Saturation concentration C versus rate constant k for
Žnaphthalene and the alkyl-substituted naphthalenes Experiment

.1 .

Ž .jee 1984 proposed an expression, based on Raoult’s
law, which could predict the aqueous-phase concen-
tration of an organic-phase compound in a two-phase
waterrcomplex mixture system:

C sX S 1Ž .w o L

where C is the compound concentration in aqueousw
Ž .phase molrl , X is the mole fraction of the com-o

pound in the organic phase, and S is the aqueousL
Ž .solubility of the pure liquid compound molrl . In

both coal tar and diesel fuel studies, Lee et al.
Ž . Ž .1992a,b used Eq. 1 to compare predicted values
with their experimental measurements and found
strong correlations between the two sets of numbers.

This Raoult’s law analysis would explain the
Ž .large reduction two orders of magnitude in the

aqueous concentrations of the naphthalene observed
in Experiment 1, when compared to published solu-
bility values. Naphthalene is just one of
hundredsrthousands of compounds found in crude

Ž .oil Clark and Brown, 1977 , so its mole fraction in
the crude oil is very small. For the research pre-
sented in this paper, similar comparisons were made
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Table 1
Comparison of experimental aqueous concentrations and predicted
aqueous concentrations for Experiment 1 using Raoult’s law

Compound Experimental C Predicted Cw w
Ž . Ž .molrl molrl

aNaphthalene 1.4Ey6 4.9Ey7
aC1-naphthalenes 9.86Ey7 9.6Ey7
aC2-naphthalenes 2.5Ey7 2.3Ey7

a Ž .Solubility data from Yaws 1999 .

for the naphthalene compounds for which solubility
data is available. Using an average molecular weight
of 375 grmol for this type of crude oil, the mole
fraction for each compound was estimated using the
GC-MS analysis of the oil. The estimated molecular
weight of the oil was based on the assumption that
the system had come to equilibrium, and therefore
the experimental aqueous concentration should equal

Ž Ž ..the predicted concentration based on Eq. 1 . This
value is reasonable when considering that the molec-
ular weight for coal tars can range from 230 to 780
Ž .Lee et al., 1992a . As a result, the mole fraction
values for the naphthalene family were 0.002, 0.005,
0.007, 0.006, 0.004 for naphthalene, C1-, C2-, C3-,

Žand C4-naphthalene, respectively mole fractions for
.the unweathered oil are unavailable . The predicted

Ž .aqueous concentrations were estimated using Eq. 1
and these values were compared to the actual experi-
mental concentrations. The results are presented in
Table 1. When the experimental and predicted con-
centrations are compared, the experimental concen-
trations are 1–2.8= greater.

3.2. Experiment 2

Experiment 2 was conducted under different con-
ditions with different objectives, as outlined in Sec-
tion 2. The water-to-oil ratio was varied between 90
and 1800. The averaged TPH values for each loading
are presented in Fig. 4, where the error bars repre-
sent one standard deviation. A direct correlation was
observed between oil loading and TPH concentra-
tions. If dissolution of the tested petroleum was the
only process responsible then this result would not
be anticipated. Since free-phase oil was always pre-
sent for the duration of the experiment, the aqueous

concentrations would be expected to be constant
because of the continuous source of hydrocarbons.

Ž .Shiu et al. 1990 found that the water-to-oil ratio
Ž .or oil loading can affect the aqueous concentrations
of compounds found in crude oil. However, the
constituents primarily affected by this ratio are the
more soluble ones such as the BTEX compounds. It
is thought that this occurs because as the oil loading
is increased, the total mass of soluble compounds
increases in the system thus making it more difficult
to deplete or change the mole fraction in the source
oil as the aqueous phase equilibrates. They con-
cluded that compounds as large as naphthalene were
not significantly affected, most likely as a result of
extremely low solubility in the presence of the free
phase oil.

When naphthalene and the alkylated-naphthalene
concentrations for Experiment 2 are compared to

Ž .nominal oil loadings Figs. 5 and 6 , there appears to
Ž .be no correlation within statistical error between

the oil loading and the concentrations for naphtha-
Žlene nor C1-naphthalene although a correlation may

.be present for C3- and C4-naphthalenes . The TPH
results in Fig. 4 and the naphthalene, C1-naph-
thalenes, and C2-naphthalenes results in Figs. 5 and
6 appear to be contradictory. Fig. 4 indicates a direct
correlation of TPH concentration and oil loading,
while Figs. 5 and 6 suggest no correlation between
naphthalene concentrations and oil loading. To rec-
oncile the seemingly contradictory conclusions in
these figures, another phenomenon in addition to

Ž .Fig. 4. TPH versus nominal oil loading Experiment 2 .
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ŽFig. 5. Naphthalene concentration versus oil loading Experiment
.2 .

dissolution may be occurring. The most likely possi-
bility is the presence of a colloidal oil phase. Micro-
droplets of oil, invisible to naked eye, may have
been present in the water phase.

To test this assumption, the following analysis
can be performed. Assuming oil micro-emulsions
exist for a given component i, the total observed
aqueous concentration is,

f o X o
iw ,T o w ,sC s qX C 2Ž .i i ioÕ

w,T Ž .where, C s total observed aqueous concentra-
Ž . otions molrl , f svolume fraction oil emulsion in
Ž . owater l emulsionrl water , X smole fraction of

component in the oil, Õo saverage molar volume of
Ž . w,soil l oilrmol oil , C s aqueous solubility

Ž .molrl .
The first term is the contribution from the oil

microdroplets and the second term is the contribution
of the dissolved state. C w,T is the experimental aque-
ous concentration value, and the second term can be

Ževaluated by Raoult’s law using mole fraction val-
ues of 0.007, 0.003, 0.005, 0.006, and 0.003 for
naphthalene, C1-, C2-, C3-, and C4-naphthalene,

.respectively . The first term in the equation cannot

Ž . Ž . Ž . Ž .Fig. 6. Aqueous concentration versus loading for a C1-naphthalene, b C2-naphthalene, c C3-naphthalene, and d C4-naphthalene
Ž .Experiment 2 .
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be estimated due to insufficient data for f o determi-
nation. Alternatively, this colloidal concentration of
each compound at each loading can be determined
by subtraction. These results are presented in Table
2. The last column in the table presents the percent-
age contribution of the colloidal phase. These
percentages show no strong correlation to the oil
loading. However, there is consistency among the
loadings as a function of hydrocarbon type. Specifi-
cally, naphthalene consistently has the highest per-
centage, while C1-naphthalene has the lowest and
C2-naphthalene has the middle-value percentage.

By reviewing the GC-MS chromatograms, further
support for the colloidal oil hypothesis emerges.
Although the size of the resolved peaks for the
naphthalene compounds remain fairly constant across
the loading spectrum, the size of the unresolved-

Ž .complex-mixture UCM ‘‘hump’’ is directly corre-
lated to the oil loading. The UCM represents any-
where from 50–70% of the total TPH. When plotting
the TPH data versus loading and the UCM data
versus loading, the trends are similar. When both
plots are regressed linearly, the slopes are 3.0 and
2.9, and the R2 values are 0.955 and 0.962, respec-
tively. The elevated UCM with increased loading
indicates the presence of a colloidal oil phase. The

components of the UCM are complex, highly insolu-
ble compounds and it is believed that they would be
predominately colloidal in nature.

However, naphthalene for example, can also be
dissolved into water. It does not show elevated con-
centrations with oil loading because dissolution is

Ž .also occurring. Also, its extremely low X;0.0006
mole fraction in oil suggests that micro-emulsions
would be a poor source of naphthalene. Even with a

Ž o.micro-emulsion present assuming a very low f ,
the dissolution phase is the predominating one.

Moreover, comparing the naphthalene family
aqueous concentrations to those in the oil further
supports this supposition. Although the relative con-

Žcentrations in the oil C2-naphthalene ) C3-
naphthalene) C1 -naphthalene) C4 -naphthalene)

.naphthalene are not the same as in the experimental
Žaqueous data C1-naphthalene)C2-naphthalene(

.naphthalene ) C3-naphthalene ) C4-naphthalene ,
this is because the more soluble compounds such as
naphthalene and C1-naphthalene will have both a
dissolved-state and a colloidal-state contribution to
the aqueous concentrations.

To further clarify mechanisms, more testing is
required. A reactor with a ‘‘cylinderrpiston’’ design
Ž .Fig. 7 has been built in our laboratory. With this

Table 2
Ž .Estimation of terms from Eq. 2

w,T o w,s o o oŽ . Ž . Ž .Compound C molrl X C molrl f X rÕ molrl % Colloidal
Ž . Ž . Ž .C C Cexperimental dissolved colloidal

y 31.3=10 molr l loading
Naphthalene 2.75Ey07 1.47Ey07 1.28Ey07 46
C1-naphthalenes 4.67Ey07 4.6Ey07 7.14Ey09 1
C2-naphthalenes 2.54Ey07 1.73Ey07 8.12Ey08 32

y 32.7=10 molr l loading
Naphthalene 3.57Ey07 1.47Ey07 2.11Ey07 57
C1-naphthalenes 5.33Ey07 4.6Ey07 7.38Ey08 14
C2-naphthalenes 2.84Ey07 1.73Ey07 1.11Ey07 39

y 21.3=10 molr l loading
Naphthalene 3.42Ey07 1.47Ey07 1.95Ey07 57
C1-Naphthalenes 4.73Ey07 4.6Ey07 1.34Ey08 3
C2-Naphthalenes 2.64Ey07 1.73Ey07 9.14Ey08 35

y 21.3=10 molr l loading
Naphthalene 3.53Ey07 1.47Ey07 2.07Ey07 58
C1-naphthalenes 4.96Ey07 4.6Ey07 3.63Ey08 7
C2-naphthalenes 2.8Ey07 1.73Ey07 1.06Ey07 38
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Fig. 7. Schematic of cylinderrpiston solubility reactor.

design, various experiments can be repeated with the
oil loadings used in the previous studies. Addition-
ally, investigations where the shear rate can be var-
ied in a controlled manner will be conducted. The oil
colloidal phase can be monitored for dynamic size
distribution.

4. Conclusions

Two different experiments were conducted to de-
termine the controlling processes governing the
aqueous concentrations of petroleum constituents in
oilrwater reactor systems. In the first experiment,
naphthalene and the alkyl-substituted naphthalenes
were studied. The data was modeled and rate coeffi-
cients and the saturation concentrations were pre-
dicted. For this family of compounds, there was an
inverse correlation between the degree of alkyl-sub-
stitution and both the rate coefficients and saturation
concentrations. In the second investigation, oilrwater
systems were allowed to equilibrate using various oil

Ž .loadings mass of oilrvolume of water . Aqueous
concentrations for TPH, naphthalene, and alkyl-sub-
stituted naphthalenes were determined. There was a
direct correlation between the measured TPH con-
centrations in the water and the oil loading. Still,
there was no such correlation when the total naph-
thalenes concentration was compared to oil loading.
It was suggested that the first experiment could be
characterized as a solubility phenomenon while the
second experiment illustrated a colloidal phe-
nomenon as well. However, further studies must be
conducted to make definitive conclusions regarding
the dominance of the proposed mechanisms.
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