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Conference paper

Yizhak Marcus*
On the solubility of non-ionic organic solutes
in seawater

Abstract: Given the solubilities of non-ionic organic solutes in water, their solubilities in seawater are obtained
by correlation expressions involving two descriptors for the constituent ions (or salts) of seawater and two
descriptors of the solutes. The former are the standard partial molar volumes and the intrinsic molar volumes
and the latter are the molar volume (the Le Bas variant of it) and either the Hildebrand solubility parameter
0,, or the Kamlet-Taft solvatochromic 7*.
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Introduction

The solubility of an non-ionic organic solute (subscript ,) in water, s, /mol L?, can be estimated by means
of several well-known linear solvation energy relationships (LSERs). An examples of such an LSER is that of
Kamlet et al. [1, 2] for 25 °C:

log s, (aliphatic)=0.05-0.0585V,, +1.097" +5.233 o))

log s, (aromatic)=0.27-0.0529V,, +3.93 -0.0096(t, /°C —25) 2

where V| is the computer-generated intrinsic molar volume of the solute [3], 7" is its solvatochromic polarity/
polarizability index, § is its solvatochromic electron pair donicity index, and ¢ is the fusion/melting tempera-
ture of the solute (if it is solid at the relevant temperature for the solubility). Another example is the general
solubility equation of Yalkowski et al. [4, 5]:

log s, =—1.00P°, ~0.01(t, /°C ~25)+0.8 3)

where P° is the logarithm of the 1-octanol/water partition coefficient of the solute [6]. A further example is
the LSER of Abraham and Le [7]:

log s, =0.57~0.0408V, +3.39 f+1.230.+0.987" ~0.576R,~0.010(t, /°C —25) )
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where V, is the McGowan molar volume of the solute [8], o is its solvatochromic hydrogen bond donicity [with
B and z” as in eq. (1)], and Ry is the excess molar refraction [7].

Given the solubility of a solute in pure water, the question now arises: what would be its solubility in an
electrolyte solution (subscript ;) of molar concentration c,/mol L, and specifically, what would be its solubil-
ity in seawater? The latter question is of environmental importance and it should be useful if this solubility
could be estimated within reasonable limits.

The general description of the effect of an electrolyte on the solubility of a solute is in terms of the Setch-
enow expression, relating the solubility in the presence of the electrolyte, s, ./mol L, to that in its absence:

1Og(SNO /SNE ) = kNECE (5)

This proportionality with the concentration of the electrolyte is generally valid up to 1 mol L, and the pro-
portionality coefficient k, is called the Setchenow constant. It is depends on the natures of both the solute
and the electrolyte. The latter may also be a mixture as is seawater, and because of the proportionality that
holds down to infinite dilution of the electrolyte, k,, should be additive in the values of the constituent ions
of the electrolyte.

This paper presents correlation expressions that permit the estimation of the solubility of non-ionic
organic solutes in seawater, given their solubilities in pure water [either experimental values or estimated
by expressions such as (1)-(4)] following the principles in a previous paper by the author discussed below.

The database

The composition of seawater in terms of its ionic or salt constituents depends to some extent on the loca-
tion, salinity, temperature and other conditions of sampling, but Table 1 lists a representative recent set of
values for salinity 3.5 % at 25 °C. The ionic composition (subscrtipt ), c,/mol L7, is from Gros et al. [9] and
the salt composition, ¢,/mol L7, is from Mistry et al. [10]. Note that the ionic composition lacks an entry
for the hydrogencarbonate anion present in the salt composition, but its presence is very minor and it has
practically no effect on the salting out ability by the constituents of seawater regarding non-ionic organic
solutes.

Table1 The composition and volumetric properties of the constituents of seawater in terms of the ions [9] and of the salts [10].

lon ¢,/mol dm-> v, V=™/cm?® mol™ V,,../cm? mol-! AVe™ [cm?® mol? v AV, /cm?® mol-!
Na* 0.4767 0.4186 -1.21 4.78 5.99 2.52
K* 0.0100 0.0087 9.02 11.83 2.81 0.02
Mg?* 0.0560 0.0492 -21.17 1.68 22.85 1.13
Ca* 0.0090 0.0079 -17.85 4.50 22.35 0.18
Cl- 0.5585 0.4903 17.83 26.69 8.86 4.37
Br- 0.0009 0.0008 24.71 33.89 9.18 0.01
SO, 0.0280 0.0245 13.98 30.69 16.71 0.35
Sum 1.1391 1.0000 8.58
Salt c,/moldm-3 v, V.=/cm? mol™* V, .,/ €M* mol™ AV, /cm? mol™! v AV, /cm® mol™!
NaCl 0.4197 0.8100 16.62 31.47 14.85 6.01
MgCl, 0.0456 0.1053 14.49 55.06 40.57 2.14
NaZSOA 0.0288 0.0556 11.56 40.25 28.69 0.80
CaCl2 0.0105 0.0203 17.81 57.88 40.07 0.41
KCl 0.0009 0.0017 26.87 38.52 11.67 0.01
NaHCO, 0.0024 0.0046 22.19 21.87 -0.32 0.00
KBr 0.0013 0.0025 33.73 45.72 11.99 0.01

Sum 0.5182 1.0000 9.38
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The solubility of hydrocarbons with >5 carbon atoms in water and seawater was critically examined by
Shaw et al. [11] in 1989 and their solubility in water was re-examined by Maczynski and Shaw et al. [12] in
2005. A review of the effects of salts on the solubility of non-ionic organic compounds in seawater was pub-
lished by Xie et al. [13] in 1997, including also several compounds other than hydrocarbons. A few more recent
references have also solubility data for seawater [14-17].

The combined list of for 25 °C is shown in Table 2 as log(sNO/sNE) values, whether originally each solu-
bility datum is presented as mol L, mg L, Henry’s law constant for volatile solutes, etc. Solubility values
expressed as g (100 g solution)™ [11] cannot be compared directly between pure and seawater and the data
should be multiplied by the densities of the solutions to convert them eventually to the common mol L scale.
Since those solubilities expressed as g (100 g solution)™ are very small, the densities of pure water, 997.045
kg m~ and of mean seawater, 1023.3 kg m~ (salinity 3.5 %) [30] at 25 °C may be employed for this purpose.

The accuracy of the listed log(sNO/sNE) values depends on those of the individual solubilities in the two
media. The reported uncertainties of the ‘recommended’ or ‘tentative’ solubility values [10, 11] in pure water
range from +2.3 % for benzene and o-xylene to £12.5 % for m-xylene and cumene, and those for seawater
should be at least as large, because fewer determinations have been made of them. Solubilities <0.2 g (kg
solution) are too uncertain to be included in the present evaluation and are not shown in Table 2.

Table 2 Solubility ratios in water and seawater of non-ionic organic compounds at 25 °C and their relevant properties.

Solute Ref. log(s,,/s,) Vv, [13] 0, [ref] 7* [ref]
Benzene [11,13] 0.095, 0.097 96.0 18.8[18] 0.55[18]
Toluene [11,13] 0.129, 0.083 111.2 18.8[18] 0.49[18]
Ethylbenzene [11,13] 0.150, 0.162 140.4 18.0[18] 0.53[18]
0-Xylene [11,13] 0.115,0.118 140.4 18.0[18] 0.51[18]
m-Xylene [11,13] 0.127,0.139 140.4 18.0[18] 0.47 [18]
p-Xylene [11,13] 0.136,0.148 140.4 18.1[18] 0.45[18]
Cumene [11,13] 0.175,0.183 170.0 17.6[18] 0.41[18]
1,2,3-Trimethylbenzene [13] 0.173 162.6 18.6 [19] 0.47 [20]
1,2,4-Trimethylbenzene [11,13] 0.161,0.190 162.6 18.2[19] 0.47 [20]
Mesitylene [11,13] 0.176,0.188 162.6 18.1[18] 0.45[18]
n-Butylbenzene [13] 0.231 184.8 17.6 [21] 0.49 [20]
s-Butylbenzene [13] 0.180 184.8 17.1[21] (0.45)
t-Butylbenzene [13] 0.153 184.8 17.1[21] 0.42[22]
Naphthalene [11,13] 0.155, 0.149 147.6 20.3 [23] 0.70[24]
Biphenyl [13] 0.211 185 17.0[23] 0.54 [25]
Acenaphthene [13] 0.129 173 18.9 [26] 0.62[20]
Phenanthrene [13] 0.184 199 20.0[23] 0.80 [24]
Anthracene [13] 0.149 197 20.3[23] 0.80 [24]
Phenol [13] 0.074 103.4 25.1[18] 0.72[18]
o-Nitrophenol [13] 0.097 131.9 27.0[27, 28]

m-Nitrophenol [13] 0.107 131.9 30.9 [27, 28]

p-Nitrophenol [13] 0.079 131.9 31.3[27, 28] 1.15[20]
Nitrobenzene [14] 0.087 124.5 21.3[18] 1.01[20]
o-Nitrotoluene [14] 0.104 146.7 21.9[29] 0.90 [22]
m-Nitrotoluene [14] 0.097 146.7 21.3[21]

p-Nitrotoluene [13] 0.060 153.0 22.2[29] 0.97 [20]
p-Toluidine [13] 0.103 132.4 19.4[21] 0.69 [24]
2,4-Dinitrobenzaldehyde [16] 0.082 165

2,6-Dinitrobenzaldehyde [16] 0.077 165

Acetaldehyde [15,17] 0.067,0.086 47) 20.2[18] (0.67)
Propanal [17] 0.101 (66) 20.1[18] 0.65 [18]
Butanal [17] 0.140 (84) 20.0[18] 0.63 [18]
Pentanal [17] 0.133 (102) (19.9) (0.61)
Acetone [15,17] 0.112,0.053 74.0 22.1[18] 0.62 [18]

2-Butanone [17] 0.115 (92) 18.7 [18] 0.60 [18]
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Correlations of the relative solubilities

The author has shown [31] that two descriptors of the salts and two of the solutes are sufficient for the cor-
relation and eventual prediction of the relative solubilities in salt solutions and pure water, log(s,/s,;)- The
descriptors for the salts are the conventional standard molar volumes of the constituent ions V=< [32] (and
their fractional concentrations of the total ions v, [9]) and their intrinsic molar volumes Vi = (4nN, /3)(kr,)?,
where k = 1.213 [31, 33], taking care of voids around the ions (except for sulfate, where k = 1 was used), and r
are the ionic radii [31]. The values at 25 °C for seawater are shown in Table 1. Also shown there are the values
for the constituent salts, the fractional concentrations v, [10], their standard molar volumes V>, and the
corresponding intrinsic volumes V.. The V= are the sums of the stoichiometrically weighted V= <™ and
the V= IV e The small differences between the ionic and salt concentrations in the two references
employed [9, 10] cause the quantities Xy AV~ = 2y (V, — V=™) and v AV~ = 2y (V, V=) to differ
somewhat, and their average, 9.0 + 0.4 cm’® mol™ is used henceforth.

The descriptors of the solutes are their molar volumes (the Le Bas values, V, ,/cm® mol™ [13], are used)
and either the Hildebrand solubility parameter 6, /MPa®’ or the Kamlet-Taft polarity/polarizability index r*,
with values shown in Table 2. Both these quantities were taken from [18] for liquid solutes where available.
Solubility parameters d,, had to be calculated for solid solutes from the molar enthalpies of formation of their
crystals and those of their gaseous forms [27, 29] and the molar volumes [28] of the solutes. Other values of oy
were obtained from data in [19, 21, 23, 26]. Polarity/polarizability index, n*, values for the nitroaromatic and
some other solutes were taken from [20, 22, 24, 25]. Values in parenthesis were estimated.

Most of the relative solubility data, log(sNo/sNE), where subscript | pertains to seawater, are for aromatic
solutes. The solubilities of aliphatic hydrocarbons in pure water and seawater were too small to yield reliable
log(s,,/s,;) data. The few available values of this variable pertain to carbonyl compounds: aldehydes and
ketones, but the variability of the 6, and n* descriptors cover a too narrow range (7.4 % and 11.0 %) to make
them necessary for the correlations of the relative solubilities, for which the solute molar volume descrip-
tor, V., suffices. The correlation expressions according to [31] then become for both aliphatic and aromatic

LB’
solutes:

intr

log(s =-0.033+(2.44%0.09) x 10™(V,, — 2.00,,) v AV~ (6)

NO / SNE )calc

where the term 2.0 §,, does not apply to aliphatic solutes, Fig. 1, and:
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Fig.1 Calculated, eq. (6) with the 0, descriptor, vs. experimental solubilities of solutes in seawater and pure water at 25 °C,
log(s,/s), for aromatic solutes (°) and aliphatic ones (O).
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Fig. 2 Calculated, eq. (7) with the 7z* descriptor, vs. experimental solubilities of solutes in seawater and pure water at 25 °C,
log(s,/s), for aromatic solutes () and aliphatic ones (O).

log(sy, /Sye ) =—0.004 +(1.80 £0.07) x 10™*(V,, 687" ) Zv AV~ @)

where the term 68n* does not apply to aliphatic solutes, Fig. 2.

Discussion

The overall span of the available log(s,/s,) data of the aromatic solutes is not large (about 0.2 units) and the
average deviations with the o, descriptor (0.025 units, Fig. 1) is somewhat larger than with the n* descriptor
(0.020 units, Fig. 2), but the overall agreement of the calculated and the experimental values is satisfactory.
The low log(sNO/sNE) value for acetone, 0.053, and that for toluene, 0.083, are obviously outliers and were not
included in the correlation expression. The agreement in Figs. 1 and 2 of the present paper is better than that
achieved for the salting out constant of sodium chloride shown in Fig. 2 of [31], for the data from Xie et al. [13]
and of Ni and Yalkowski [34], involving both aromatic and aliphatic solutes.

Although seawater consists mainly of aqueous sodium chloride, the presence of the other salts does have
an effect on the solubility of non-ionic organic solutes as is seen, e.g., in the review [13]. Therefore, the cor-
relation expression (6) differs somewhat from the general expression, eq. (12) in terms of the n* descriptor in
[31]. The variety of aliphatic solutes that could be considered here is too small to warrant a reliable prediction
for other aliphatic solutes, but in the case of aromatic solutes this should be possible by means of egs. (6) or
(7), depending on whether 0, or * values for solutes not included in the present set are available or can be
estimated.
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