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Solubliity of Aromatic Hydrocarbons in Water and Sodium Chloride
Solutions of Different Ionic Strengths: C,-Substituted Benzenes

Dean F. Keeley,* Melanle A. Hoffpauir, and John R. Meriwether
Departments of Chemistry and Physics and The Acadiana Research Laboratory, University of Southwestern Louislana,

Lafayette, Louislana 70504-4250

The solubliities of ethylbenzene and 1,2-, 1,3-, and
1,4-dimethylbenzene In aqueous sodium chioride solutions
having lonic strengths ranging from 0 to 5.00 mol dm®
have been determined at 208.15 K. The solubliities were
determined by headspace analysis using a
multiple-injection interrupted-flow (MIIF) technique. The
values for the Henry’s law constants and aqueous/vapor
partition coefficients for the compounds in the solutions
studied are also given. Correlations between the
measwred aqueous solubliities and molar volume,
molecular surface areas, and a simple group contribution
model are given. Extrapolation of the correlations is used
to estimate the aqueous solubilities of the tri- and
tetramethyibenzenes, which are liquids at 298.15 K.

Solubllity data for organic compounds in aqueous solutions
as a function of ionic strength is needed in the solution of many
industrial and environmental problems. Recently, we have been
studying the components of the connate water which makes
up the geopressured reservoirs found along the Louisiana and
Texas Guif coast. These hot, brine reservoirs, a possible future
energy source, are usually saturated with natural gas—mostly
methane and other light alkanes. They also contain a spectrum
of aromatic compounds that range from benzene to alkyl-sub-
stituted anthracenes. The concentration of these aromatic
compounds has been found to be a dynamic variable of the
production of some reservoirs (7). We have been attempting
to construct modeis of the reservoir which are consistent with
the aromatic compounds concentration dynamics. As part of
this program we have measured the solubility of benzene and
toluene in NaCl brines having lonic strengths of 0-5.00 mol dm™
(2). We present here data on the solubliity of ethybenzene and
1,2-, 1,3-, and 1,4-dimethylbenzene in brines under similar
conditions.

Determining solubilities of substances with appreciable vapor
pressures can be complicated by the partition of such sub-
stances between the solvent and the free gas space above the
solvent. A headspace analysis technique, developed earlier (2),
was used for this study because of its ease of execution and
because the technique, rather than being complicated by par-
tition, utilizes it.

Experimental Section

Instrumentation. As in our earlier study, measurements
were made using a Varlan Model 3700 gas chromatograph
equipped with a specially constructed headspace attachment
(3).

Table I. Molar Solubilities (S), Henry’s Law Constants
(k), and Partition Coefficients (K,) for Ethylbenzene in
Water and Aqueous Sodium Chloride of Ionic Strength (u)
at 208.15 K

u/ S/ ke/
(mol dm™3) (10 mol dm™?) (10° Pa) Kt

0 1.66 £ 0.04 4.24 £ 0.11 3.24 £ 0.08

1 1.01 £ 0.05 695+ 0.35 1.98 £ 0.09

2 0.549 = 0.023 12.7 £ 0.52 1.07 £ 0.05

3 0.387 £ 0.007 18.0 £ 0.27 0.755 £ 0.014
4 0.202 + 0.007 28.7 £ 1.1 0.473 £ 0.018
5 0.148 £ 0.015 47.1 £ 4.8 0.289 & 0.029

%p = kx where x = solute mole fraction and p = solute partial
pressure in pascals. K, = x/y where x and y = solute mole frac-
tion in the solution and vapor, respectively.

Table II. Molar Solubilities (§), Henry’s Law Constants
(k), and Partition Coefficients (K,) for
1,2-Dimethylbenzene in Water and Aqueous Sodium
Chloride of Ionic Strength (u) at 298.15 K

#/ S/ k/
(mol dm3) (102 mol dm3) (10° Pa) K,

0 2.09 £ 0.05 2.39 £ 008 5.69+0.16

1 1.17 £ 0.05 419+0.19 328%0.16

2 0.637 + 0.004 7.67£0.04 170+ 0.01

3 0.419 £ 0.012 11.6 £ 0.39 1.18 £ 0.03

4 0.241 + 0.030 20.5 £ 2.8 0.673 = 0.096
5 0.121 £ 0.021 419+ 48 0.341 = 0.059

Materials. The aromatic compounds used in this study were
analyzed by gas chromatography prior to use. One sample of
1,2-dimethylbenzene (Aldrich Gold Label, 99.8 %), two samples
of 1,3-dimethylbenzene (Baker, 99.60%; Aldrich, 99.8%), and
two samples of 1,4-dimethylbenzene (Baker, 99.78 % Aldrich
Gold Label, 99.83%) were used without further purification.
Samples of 1,2-dimethylbenzene and ethylbenzene (Baker)
were fractionally distilled to a purity of 99.80 and 99.40%,
respectively, prior to use. Sodium chloride (Baker Analyzed
Reagent Grade) was drled at 110 °C prior to use. The delon-
ized water had a conductivity of <1078 (2 cm)™" at 298.15 K.

Sample Preparation, Analytical Procedure, and Data Re-
duction. Solubilities are determined from computed values for
the solute/solvent system at saturation. The technique em-
ployed obtains these values by exirapolation of data such as
that shown in Figure 1. The upper curve was determined for
samples containing only vapor while the lower is for samples
containing solute, solvent, and vapor in the headspace above
the liquid. In the latter case, vapor removal disturbs the
equitibrium between the hydrocarbon in the vapor and in solu-
tion. A muitiple-injection interrupted-flow gas chromatographic
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Figure 1. Typical “zero” flow time GC response as a function of mm?
of hydrocarbon in the system: (O) vapor-only samples; (@) liquid-
containing samples. The dashed line corresponds to the computed
response at system saturation.

Table III. Molar Solubilities (S), Henry’s Law Constants
(k), and Partition Coefficients (K,) for
1,3-Dimethylbenzene in Water and Aqueous Sodium
Chloride of Ionic Strength (u) at 298.15 K

u/ S/ k/
(mol dm™®) (1078 mol dm™) (10° Pa) K,

0 1.58 £ 0.02 3.89 £ 0.04 3.53 £0.04

1 0.923 £ 0.032 6.64 £ 0.23 2.06 £ 0.07

2 0.567 £ 0.011 10.8 = 0.20 1.27 £ 0.03

3 0.294 % 0.015 20.7 £ 1.2 0.659 % 0.033
4 0.179 £ 0.007 339 £1.2 0.401 £ 0.015
5 0.0957 £ 0.0021 629 % 1.3 0.214 £ 0.005

Table IV. Molar Solubilities (), Henry’s Law Constants
(k), and Partition Coefficients (K,) for
1,4-Dimethylbenzene in Water and Aqueous Sodium
Chloride of Ionic Strength (u) at 298.15 K

b/ S/ k/
(mol dm™®) (10~® mol dm™) (108 Pa) K,

0 1.63 £ 0.02 3.97£0.05 3.46 £ 0.05

1 0.846 £ 0.019 763 £ 0.17 1.79 £ 0.04

2 0.512 £ 0.010 126 £0.25 1.09 £ 0.02

3 0.288 £ 0.006 224 +£0.40 0.611 * 0.012
4 0.152 % 0.005 421+ 1.5 0.322 £ 0.011
5 0.109 £ 0.015 60.8 £ 4.7 0.223 £ 0.017

technique (MIIF), an extension of the work of Massaldi and King
(4), was developed in which a series of vapor aliquots were
taken at known flow times and a linear extrapolation of their
GC responses made to obtain the GC response at equilibrium.
Details of the sample preparation, analytical procedure, and
data reduction are given in ref 2,

Results. Solubliities, Henry’'s law constants, and aqueous/
vapor partition coefficients for ethylbenzene and 1,2-, 1,3-, and
1,4-dimethylbenzene are given in Tables I-1V, respectively, for
aqugous NaCl solutions with ionic strength ¢ = 0-5.00 mol
am=,

Discussion

In Figure 2 we have plotted the solubilities for benzene and
toluene from our earlier work (2) and the solubilities for the
C,-substituted benzenes from this study as a function of the
molar volumes listed in Table V. The linear correlation coef-
ficlents of the Figure 2 plots at lonic strength 1 = 0-5 mol dm™®
are 0.999, 0.998, 1.000, 0.997, 0.997, and 0.992, respectively.
While such plots are popular, they suffer from the objection that
while molar volumes computed from solute densities and mo-
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Figure 2. Logarithm of the aqueous solubility of benzene, methyl-
benzene, ethylbenzene, and 1,2-, 1,3-, and 1,4-dimethylbenzene as
a function of molar volume and lonic strength (u) at 298.15 K.
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Figure 3. Logarithm of the aqueous solubility of benzene, methyi-
benzene, ethylbenzene, and 1,2-, 1,3-, and 1,4-dimethylbenzene as
a function of molecular surface area and lonic strength (u) at 298.15
K.

Table V. Molar Volumes (V) and Molecular Surface Areas
(4)

compound V/(cm® mol?) A/(1071 ¢cm?)
benzene 88.91 255.7
methylbenzene 106.3 286.5
ethylbenzene 122.5 315.6
1,2-dimethylbenzene 120.6 309.7
1,3-dimethylbenzene 122.9 317.6
1,4-dimethylbenzene 123.3 317.6

lecular weights may be proportional to the effective volume of
solute molecules in the pure soiutes, they are not necessarily
true indicators of the effective volumes of solute molecules in
other soivents.

More recently the use of molar volume has been replaced
by molecular surface area (MSA), originally suggested by
Langmulr (79) in connection with solution free energles, as a
more appropriate varlable. While molecular surface areas are
theoretically more appealing, they are not easily computed.
Figure 3 is a plot of solubliity values from this study as a function
of MSA. The MSA values used, Table V, are those of Amidon
et al. (20). Linear comrelation coefficlents for the Figure 3 plots
for ionic strength u = 0-5 mol dm™ are 0.999, 0.998, 0.998,
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Figure 4. Logarithm of the aqueous solubility (S) of benzene, me-
thylbenzene, and 1,2-, 1,3-, and 1,4-dimethylbenzene as a function of
group contributions and lonic strength at 298.15 K. For the aqueous
line: In (S/(mol dm™) = -1.283"GC = 2.56, where 3 GC = 1, 2,
and 3 for benzene, methylbenzene, and the dimethylbenzenes, re-
spectively.

0.998, and 0.990, respectively.

Benzene and its C;- and C,-substituted analogues are all
liquids at room temperature. With the exception of ethyl-
benzene, these substances may be viewed as rigid molecules
in which a benzene hydrogen has been replaced by a methyl
group. To a first approximation, the molecular volumes (MV)
or molecular surface areas (MSA) of such a series can be
represented by a sum of group contributions

2GC = B=nHg + n(M-H,) 4))

where n is the number of methyl groups, B is the benzene value
and M the methane values for the appropriate property, and Hy
and H,, are the corrections to the value corresponding to the
removal of one hydrogen atom from benzene and methane,
respectively.

Equation 1 may be simplified to

YGC =B+ nSs 2)

where S = M - Hg — H,,. Figure 4 is a plot of the natural
logarithms of the aqueous solubilities of benzene, toluene, and
1,2-, 1,3-, and 1,4-dimethylbenzene as a function of their >_GC
values as computed from eq 2 in which B and S have been
assigned arbitrary values of 1 and for which n = 0, 1, and 2
for benzene, methylbenzene, and the dimethylbenzenes, re-
spectively. The linear correlation coefficlents of the aqueous
solubility data plotted in this fashion are, for x = 0-5 mol dm=,
0.995, 0.994, 0.998, 0.994, 0.992, and 0.997, respectively.
Since such plots find thelr greatest use In estimating solubilities,
the authors feel that when conditions and available data justify
it, a simple approach like eq 2 gives a useful first approxima-
tion.

Table VI contains estimated values for the aqueous solu-
bilities of the tri- and tetramethylbenzenes, which are liquid at
298.15 K, based on an extrapoiation of the data in Figures 2—4.
Literature values, where avallable, are also given for compar-
ison.

Tables VII and VIII list published solubilities and Henry's iaw
constants, respectively, for ethylbenzene and 1,2-, 1,3-, and
1,4-dimethylbenzene. The range of values, obtained by capable
investigators using a variety of methods, attest to the difficutty
assoclated with measuring aqueous solubllities of slightly soluble
organic compounds that have appreclable vapor pressures.
The primary difficulty encountered is the rapid desorption of

Table VI. Literature Values and Estimated Aqueous
Solubilities (S) of Tri- and Tetramethylbenzenes at
298.15 K from Extrapolation of Least-Squares Fit from
Figures 2-4

S/(10% mol dm)

tri- tetra-
methylbenzenes methylbenzenes

1,2,3- 1,2,4- 1,35- 1,2,34- 1,2,3,5-
molar volume 0.833 0.587 0.417 0.238 0.197

MSA 0.688 0.557  0.487

from eq 2 0500 0500 0.500 0.142 0.142
Literature Values

ref 9 0520 0.469 0415 NA NA

ref 11 0.626 0.491 0.401

ref 10 0.47

ref 13 0.432

ref 18 0.545

mean 0.564 0.466  0.408

std dev £0.055 +0.025 £0.010

Table VII. Solubilities (S) in Water at 298.15 K from This
Work Compared to Other Sources

solute S/(107® mol dm?)

ethylbenzene 1.66 (this work) 1.43 (10)
2.00 (5) 1.518 (11)
1.96 (6) 1.58 (12)
1.74 (7) 1.23 (13)
1.67 (8) 1.3 (14)
1.59 (9) 1.64 (15)
1.55 (16) 1.76 (18)

1,2-dimethylbenzene 2.09 (this work) 1.57 (13)
2.01 (8) 1.63 (12)
1.68 (9) 1.606 (11)
1.85 (10) 2.08 (18)

1,3-dimethylbenzene 1.58 (this work) 1.85 (6)
1.53 (8) 1.375 (11)
1.45 (9) 1.26 (13)
1.48 (17) 1.51 (18)

1,4-dimethylbenzene 1.63 (this work) 1.86 (6)
1.74 (8) 1.48 (13)
1.50 (9) 1.469 (11)
1.88 (12) 1.54 (17)
2.02 (18)

Table VIII. Henry’s Law Constant (k) for the Solute in
Water at 298.15 K from This Work Compared to Other
Sources

solute k/(10° Pa)
ethylbenzene 4.24 (this work) 4.43 (9)
3.59 (6)
1,2-dimethylbenzene 2.39 (this work) 2.92 (9)
1,3-dimethylbenzene 3.89 (this work) 4.07 (9)
3.32 (6)
1,4-dimethylbenzene 3.97 (this work) 4.24 (9)
3.48 (6)

these compounds from aqueous solutions, which we have ob-
served during multiple-injection headspace analysis (2). As a
consequence of this rapid desorption, physical manipulation of
the solutions must either be avoided completely or done with
great care so as to either avold or compensate for solute loss.
Indeed, any analytical procedures for determining the aqueous
concentrations of such compounds which employ physical
manipuiations, such as open pouring, of the aqueous solution
are inherently flawed.

Conclusions

This and our previous study have shown the MIIF headspace
analysis technique to be a simple, sensitive, and accurate
method for determining solubilities, Henry's law constants, and
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partition coefficients of nonelectrolytes that have appreciable
vapor pressures. With this study, the solubilities of benzene and
its C,- and C,-substituted analogues have been determined by
a single method in water and in aqueous NaCl solutions having
ionic strengths u = 0-5 mol dm=. These solubilities will be
useful in estimating environmental impacts and in other industrial
problems. When it is applicable, and in the absence of data
needed by more sophisticated techniques, eq 2 offers a way
to at least estimate the solubliities. Indeed for 1,2,3- and
1,2,4-trimethylbenzene, the solubilities estimated from eq 2 and
Figure 4 are In better agreement with mean literature solubility
values than are the values predicted from the extrapolation of
either the molar volume, Figure 2, or molecular surface area,
Figure 3, plots.
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Solubility and Diffusivity of Oxygen and Chlorine in Aqueous

Hydrogen Peroxide Solutions

Gabriel Ruiz-Ibanez, All Bidarian, Richard A. Davis, and Orville C. Sandall*
Department of Chemical & Nuclear Engineering, University of California, Santa Barbara, Callfornla 93106

In this work the solubliity and diffusion coefficlents of
oxygen In aqueous hydrogen peroxide solutions have been
measured. The solubliity of chiorine In 0.1 N HCl and 1 N
KCI1/0.1 N HCI solutions was measured along with the
diffusivity of chlorine in aqueous hydrogen peroxide
solutions. The measurements were conducted over the
temperature range +20 to -10 °C. Methods are proposed
to use the measurements of this work Iin order to predict
the solubility and diffusivity of these gases In an aqueous
solution of basic hydrogen peroxide.

Considerable interest has recently been shown in singiet delta
oxygen [0,('4,)], which is molecular oxygen in its lowest ex-
cited electronic state (7). This is mainly due to its use in the
chemical oxygen-iodine laser (COIL) in which metastable O,-
('Ay) pumps iodine to an electronically excited atomic state that
lases as the iodine atoms release their energy (2). The per-
formance of a COIL depends on the ability to produce O,('A,)
generated from its singlet oxygen generator.

The chemical reaction between chiorine and basic hydrogen
peroxide (BHP) is the most common reaction used for the
production of singlet oxygen. The stoichiometry of this reaction
is as follows:

2KOH + H,0, + Cl, — 2KCI + 2H,0 + 0,('A) (1)

In order to interpret kinetic studies of this reaction and for
reactor design, it is necessary to have knowledge of the solu-
bility and diffusivity of chlorine and oxygen in BHP solutions. It
Is the solubility of the unreacted gas in the case of Cl, and not
the total solubility that Is of interest here. It is not possible to
directly measure these physicochemical properties in BHP so-
lutions. This is due to the fact that Cl, reacts with fast kinetics
in BHP and that these solutions are quite unstable, with H,0,
decomposing to H,O and O,. In the work reported here, we

have measured O, and Cl, solubilities and diffusivities in aque-
ous hydrogen peroxide solutions over a range of temperatures
and propose methods to extrapolate these measurements in
order to predict these properties in BHP solutions.

A gas/liquid solubility apparatus which volumetrically mea-
sures the volume of gas dissolved in a known volume of liquid
was used to measure the solubilities. A laminar liquid jet ab-
sorber was used to measure the diffusivity of Cl, and a wet-
ted-sphere absorber was used to measure the diffusivity of O,.

Experimental Equipment

Solubility Apparatus. This apparatus is used to measure the
solubility of a gas in a liquid solution. The principie idea of the
method used here is to bring a known volume of liquid into
contact with a volume of gas in a closed system at constant
temperature and pressure. Equilibrium is reached by agitating
the liquid for some time until no change in the volume of the
gas is observed. The amount of gas absorbed is measured
volumetrically. This apparatus, shown in Figure 1, was modified
from the original solubility apparatus described by Haimour and
Sandall (3). The main modification for this work was the ad-
dition of a spherical volume in the mercury buret. The sphere,
which has a volume of 48.2 mL, allows a larger volume of liquid
sample to be injected into the equilibrium cell and thereby in-
creases the volume of gas absorbed at equilibrium. This
modification was necessary for the experiments with oxygen
because of its relatively low solubility.

Figure 1 also shows a further modification of the solubility
apparatus that was made for measurements using chiorine.
The Cl, reacted with mercury and several substitute manometer
fluids, such as butyl phthalate, silicon oil, Merlam red and blue
oil (brominated aromatics), and aqueous hydrochloric acid so-
lutions. The solution to this problem was to include two coils
in the gas lines, as shown in Figure 1. One coil, labeled I,
which initially contains air, delays the diffusion of chiorine to the
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