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Correlation of tissue, blood, and air partition
coefficients of volatile organic chemicals
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ABSTRACT The physical chemical factors controlling partition coefficients between air, water, blood,
and various tissues are discussed. It is suggested that improved insights into the relations between
partition coefficients, which are frequently expressed as correlations, may be obtained by viewing the
partition coefficients as ratios of solubilities or pseudosolubilities. A simple, novel correlation
approach is developed and applied to 24 volatile organic chemicals, which enables tissue/blood,
tissue/air, and blood/air partition coefficients to be estimated from water solubility and vapour
pressure. An illustration is presented in which these solubilities are used to calculate the equilibrium
distribution of dichloromethane between air, blood, and various tissues.

Pharmacokinetic models have proved useful in predic-
ting the concentration time course of drugs, anaes-
thetics, industrial solvents, and environmental con-
taminants in blood and biological tissue. They have
been applied to the design of optimum drug or
anaesthetic regimens, determination of the kinetics of
industrial toxicants, and the relation between environ-
mental levels of chemicals and their concentrations in
human or animal tissue. They permit prediction of the
physiological distribution of chemicals of similar
properties, extrapolation of this distribution to other
species, and aid in the interpretation of responses.

In these models it is essential to include reliable
expressions for tissue/blood and blood/gas partition-
ing, as well as for physiological volume and kinetic
parameters. Thus there is an incentive to develop
methods to correlate and predict tissue/gas and blood/
gas partition coefficients. Several studies have repor-
ted such correlations.'4

In the present paper we discuss and illustrate a novel
approach for calculating and correlating partitioning
characteristics. Rather than correlate partition
coefficients, which are inherently functions of proper-
ties of the chemical in two phases-for example, tissue
and blood or tissue and air-we treat each phase
individually and assign and correlate a single
"solubility" property to each chemical in each phase.
The advantage of this approach is that it shows
immediately how a partition coefficient is influenced
by each contributing phase. Most important, it avoids
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a problem of developing apparently significant
correlations by inadvertently correlating a quantity
with itself. It also leads to a simple method of
calculating equilibrium concentrations and distribu-
tions of chemicals within an organism.
To illustrate the statistical problem, we consider a

series of chemicals (subscripts 1, 2, 3) of limited
solubility in water, fat, and a tissue (subscripts W, F,
and T). The partition coefficients-for instance, KFWI,
the partition coefficient of chemical 1 between fat and
water-may also be regarded as the ratio of the
solubility SFI and Swl-that is, KFWl iS SFI/SWI. For
example, a set of solubility data in arbitrary units may
be:

SFI = 1000 ST, = 300 Sw, = 100
SF2 = 900 S2 =250 SW2= 10
SF3 = 800 ST3 = 280 SW3 = 1

The corresponding partition coefficients are thus:

KFwl = 10 KTw= 3 (ST,/SW,)
KFW2 = 90 KTW2= 25
KFW3 = 800 KTW3 = 280

Regression of KFW with KTw will show an apparently
significant relation with KFW approximately equal to
3-2 KTw. This correlation, however, is entirely the
result ofthe presence of Sw in the denominator of both
quantities. This water solubility varies by a factor of
100 whereas the fat and tissue solubilities are fairly
constant and do not contribute significantly to the
variation in partition coefficient between chemicals.
This constancy is obscured when only partition
coefficients are used since it is not immediately clear
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322
which phase(s) contribute to the variation in the
K values. The linear partition coefficient regressions
may thus be distorted by containing three variables.
Accordingly, we suggest that more insight into rela-
tions between partition coefficients may be gained by
viewing each phase individually.
By this approach it is possible to deduce probable

partition coefficients from water solubility alone-
that is, where no partition coefficient data exist. For
example, if a fourth structurally similar chemical in
this series has a water solubility of 50, it may be
estimated that its fat/water and tissue/water partition
coefficients will be about 20 and 6 respectively.

Phase equilibria

We first set out the rigorous thermodynamic basis of
phase equilibrium using fugacity as an equilibrium
criterion, derive relations between fugacities,
solubilities, and partition coefficients, and then illus-
trate the approach for a set of relatively volatile
organic chemicals that are of pharmacokinetic
interest. The thermodynamic background is reviewed
by Prausnitz.5
When characterising the partitioning of an organic

chemical between two phases such as water and fat, a
partition coefficient K,, is usually defined as the
dimensionless concentration ratio Ci/Cj where C may
have units such as g/l, mol/l or mol/m3. At equilibrium,
the chemical potentials, activities, or fugacities of the
solute are equal in each phase. An alternative method
of expressing partitioning is to relate each concentra-
tion separately to a common chemical potential,
activity, or fugacity. This latter approach has the
advantage that it clearly divides the partition
coefficient into the two separate contributions of each
phase. It is particularly advantageous to use fugacity
as the equilibrium criterion since it is approximately
linearly related to concentration, whereas chemical
potential is logarithmically related. To elucidate the
relations between partition coefficients we discuss their
fundamental relations to fugacity.
We adopt the approach here of defining for each

chemical in each phase a solubility or "pseudo-
solubility" such that the partition coefficient between
these two phases is the ratio of these solubilities.
For a gas phase, or air, the fugacity f Pa of a solvent

is essentially equal to its partial pressure P Pa, the
exceptions occurring when the solvent self-associates
as in the case of NO2 or carboxylic acids. The partial
pressure is related to concentration in air CA mol/m3
through the gas law as

CA = P/RT = f/RT (1)

where R is the gas constant 8-314 Pa m3/mol K and T is
absolute temperature K. The maximum or saturation
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solubility in air CAS occurs when P equals the vapour
pressure PS, and CAS equals P?/RT. Solubilities in air
may thus be determined readily from vapour pressure
data.
For a liquid phase such as water the fugacity is

expressed as

f = xyPs (2)
where x is the mole fraction of solvent, y is an activity
coefficient or correction factor for non-ideality, and PS
is the vapour pressure of the pure liquid chemical at
the system temperature. This is essentially a statement
of Raoult's Law, corrected if necessary with the factor
y. Now x is related to concentration by

CL = X/V (3)
where v is the molar volume of the liquid solvent
(m3/mol) and is, for example, 18 x 10- m3/mol or
18 cm3/mol for water. Inherent in this equation is the
assumption that the solute is present at a low enough
concentration that it does not substantially affect the
molar volume. From equations 2 and 3 it follows that
the concentration is given by

CL = f/(vYPS) (4)

Now, at saturation conditions, the chemical's fugacity
and vapour pressure are usually equal, thus the
solubility of the chemical in the liquid is given by

CL' = /vy (5)
There are three methods of estimating CLS.

Firstly, for sparingly soluble liquids such as benzene
in water the solubility may be measured directly. For
example, benzene has a solubility in water of 1780 g/m3
or 22-8 mol/m3, thus y is 2440 indicating a high degree
of non-ideality in the water phase-that is, the benzene
exerts a partial pressure 2440 times that suggested by
Raoult's Law.

Secondly, information or correlations may be
available on the magnitude of y from vapour/liquid
equilibrium or other measurements as reviewed, for
instance, by Reid et al.6 For example, correlations are
available for infinite dilution activity coefficients of
alcohols in water.6 Thus for an alcohol of activity
coefficient y equal to 3 in water ofmolar volume 18 x
10' mol/m3, the solubility CL' is 18 500 mol/m3. In
reality, the alcohol is miscible with water and no
solubility may be determined experimentally. CLS iS
thus a pseudosolubility which may only be calculated,
not measured directly.
The third method uses air/liquid partition data in

the form of gas solubilities or Henry's law constants.
For complex liquids there is often doubt about y and v
and it may be convenient to combine them and Ps in a
single quantity H the Henry's law constant H Pa m3/
mol expressed as
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Correlation ofpartition coefficients

Thus

H = P/C = f/C = vyP'

C = f/H
If we assume that H is not only P/C but also P/C' the
ratio ofthe saturation vapour pressure to the solubility
in the liquid CLS mol/m3, then

CL' = P/H (8)
For this method a vapour pressure and a Henry's law
constant are required. The latter may be in the form of
a gas/liquid or gas/tissue partition coefficient
(equivalent to H/RT) or an Ostwald or Bunsen gas

solubility coefficient.
Complex liquids or solid/liquid mixtures are con-

veniently treated as additive volumes of different
components. For example, blood may be treated as a
mixture of water, lipid, protein, and other compon-
ents. Ifeach component is assigned separate properties
and an effective volume fraction y the bulk properties
ofthe mixture, such as Cs, may be expressed as the sum
of that of the components,

Cs = YI C'S + y2CS2 + etc = lyiCsi (9)
Having established these individual solubility rela-
tions, the various partition coefficients may be
deduced as follows

Liquid/air-for example, water/air or oil/air
K = CL/CA = (f/(vyP')/(f/RT))

= RT/vyP' = C2RT/P' (10)
K may be regarded as the ratio of solubility in the
liquid CL to solubility in air Cs or Ps/RT.

Liquid/liquid-for example, oil/water
K = CLI/CL2 = V2Y2/VIYI (11)

Clearly the reason that a solute such as benzene has
such a high oil/water partition coefficient is that it has
a low solubility in water CL2 due to its large activity
coefficient Y2 in water. Its solubility in oil CL, is
relatively large and y, relatively small (say, 3) reflect-
ing the near ideality of the mixture of organic solvent
in an organic medium.

Complex liquid/air-for example, blood/air
K = C/CA = 1[ YCL 1/CA = (RT/P') £[y;Cj1

= Y[Yi(CL;RT/P')] = Y4[yiKj (12)
where K, is the component/air partition coefficient.

Complex liquid/liquid-for example, blood/fat
K = CC/CL = -YiCL/C' =vLYLC[ YCL]

=[ Yi(YLVL/YiVi)] = Y[YiKjJ (13)
For a complex liquid the bulk partition coefficients

are thus expected to be additive in proportion to the
volume fractions of the contributing phases.
When correlating partition coefficients we suggest

that it is preferable to examine the individual phase
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solubilities or pseudosolubilities rather than their
ratios because, as was discussed earlier, two variables x
and y which are unrelated may appear to be related if
plotted as x/z versus y/z. Fat/air and muscle/air
partition coefficients appear to be related because both
contain the air solubility. It is preferable to examine a
chemical's fat solubility and muscle solubility
separately and independently of their common air
solubility.
A common surrogate for organic phases is n-

octanol and extensive data exist for n-octanol-water
partition coefficients KO, of solvents.' Recently Miller
et al have shown that this partition coefficient is
primarily controlled by water solubility, with a con-
tribution from solute molar volume.8 It is thus possible
to estimate Ko, from aqueous solubility. If a water
solubility or pseudosolubility is available a solubility
or pseudosolubility in octanol may be estimated as
KOWC, by assuming that KOW is not only the ratio of
concentrations but also the ratio of solubilities. Other
less defined organic liquids such as olive oil may also
be used for this purpose.

In summary, equations have been presented expres-
sing fugacity, solubility, and partition coefficients in
terms ofthe fundamental thermodynamic quantities y,
P', Cs, and molar volumes v for simple phases with a
further dependence on volume fractions y for complex
phases. We now examine the partition coefficients
reported in publications and deduce the values of the
fundamental phase solubilities, hoping that these
solubilities may be individually predictable. Sub-
sequently, we illustrate how these solubilities may be
used to predict equilibrium concentrations.

Data analysis

Table 1 gives the physical chemical properties of 24
volatile organic chemicals including the actual or
pseudosolubilities in water, the saturation concentra-
tion or solubility in air (P'/RT), and the
pseudosolubility in octanol KowCs. The water
solubilities have been obtained either from data8 1011 13
or calculated from activity coefficients9 or Oswald
coefficients'" as described earlier.

Table 2 gives values of selected tissue/air and blood/
air partition coefficients for these chemicals.'"316 By
combining the partition coefficients and the air
solubilities, solubilities in blood and various tissues
may be calculated for each compound (table 3).

Results and discussion

It is striking that the water solubilities in table 1 range
from 0-006 to 27 000 mol/m3, a factor of 4-5 million.
The air solubilities vary from 0 7 to 42, a factor ofonly
60. The octanol solubilities vary from 700 to 6000,
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324 Paterson, Mackay
Table 1 Physical chemical properties of24 volatile organic chemicals at 370C except for alkane solubilities which are at
250C.1" The solubilities were obtained as indicated in the last columnfrom data (E),810 11 13 activity coefficient correlations
(A) ,' orfrom Ostwald coefficients (0)15

Water Vapour Air sol'y Octanol
MOt wt soly C pressure VPIRT soly Soly

Compound (gimol) (mol/m') Log K,. (Pa) (mourn3) K,,, C method

Methanol 32-04 26581 -0-82 30754 11-93 4023 A
Ethanol 46-07 7913 -0-32 15307 5-94 3787 A
2-Propanol 60-10 4200 -0-16 11670 4.53 2906 A
I1-Propanol 60-10 5352 0.34 5847 2-27 11709* A
Isobutanol 74-10 1282 0-65 3600 1-40 5726* A
2-Butanone 72-10 2300 0.26 23330 9-05 4185 0
Acetone 58-08 6540 -0-24 50350 19-54 3763 0
n-Pentane 72-15 0-565 3.62 105000 40-74 2355 E
2, 2, Dimethyl butane 86-17 0-246 3.82 66100 25-6 1625 E
2 Methylpentane 86-17 0.166 4-28 45300 17-6 3163 E
n-Hexane 86-17 0-143 4-11 33200 12.9 1842 E
Methylcyclopentane 84-16 0-499 3-66 30100 11-7 2281 E
Cyclohexane 84-16 0-706 3-44 21800 8-46 1944 E
3-Methylhexane 100-21 0-034 4-77 14200 5-51 2016 E
n-Heptane 100-20 0-027 4-66 10800 4-19 1213 E
Octane 114-23 0-006 5-20 3560 1-38 916* E
Benzene 78-11 23-20 2-13 21500 8-34 3130 0
Toluene 92-10 5-94 2-65 6860 2-66 2653 0
Styrene 104-14 3-5 2-95 1900 0-75 3128 0
Dichloromethane 84-93 256-50 1-25 91800 35-61 4561* 0
Chloroform 119-38 63-87 1-97 42200 16-37 5961* Q
1, 1, 1, Trichloroethane 133-41 9-7 2.49 26900 10-44 2998* Q
Trichloroethylene 131-50 10-2 2-29 16900 6-56 1989 0
Diethylether 74-12 610 0-77 110000 42-68 3592 0

only a factor of 8-6. It is suspected that the octanol solubilities. The oil and fat solubilities in table 3 are
solubilities are more constant than is indicated. If six fairly constant with mean values of 3000 and
suspect values (indicated by asterisks) are removed, 2000 mol/m' respectively. They are thus similar to the
the mean solubility in octanol is 2750 mol/m' with solubilities in octanol. The solubility in fat may be
75% of the chemicals lying in the range 2000- considered to be about 73% of the solubility in
4000 Mol/M3. octanol. The mean solubility in oil which is slightly
To a first approximation, the octanol solubilities larger than that in octanol in this case will vary with

may be considered constant, especially when con- the type of oil used. Octanol and oil are thus good
sidered by comparison with the water and air surrogates for fat when attempting to predict
Table 2 Reported tissue/gas partition coefficients for the 24 chemicals"316

oil Blood Liver Kidney Brain Fat Muscle Heart Lung

Methanol
Ethanol
2-Propanol
I-Propanol
Isobutanol
2-Butanone
Acetone
n-Pentane
2, 2, Dimethyl butane
2 Methylpentane
n-Hexane
Methylcyclopentane
Cyclohexane
3-Methylhexane
n-Heptane
Octane
Benzene
Toluene
Styrene
Dichloromethane
Chloroform
1, 1, 1, Trichloroethane
Trichloroethylene
Diethylether

2874 1355 1413 231 1309
2516 940 1044 215 850
1426 503 560 180 502
955 686 720 296 678
896 371 387 388 343
215 107 111 162 103

86 330 146 148 86 151
47 0-38 2-1 0-6 2-2 39-6 0-7 0-2
71 0-26 3-5 1-4 2-8 66 1.0 0-5
103 0-41 4-5 2-0 3-8 87 2-9 1-4
146 0*80 5-2 3-0 5-0 104 5-0 2-8
202 0-86 7-8 4-7 7-3 176 5.0 1.9
293 1-3 10-8 7-2 10-7 260 10-5 5-8
311 1-3 10-6 7-3 10-2 277 10-8 5-3
452 1.9 10-8 8-9 12-4 385 12-5 6-1

26 8-2 16-5 233 8-6 18
492 7-8 23 12 18 425 16 17
1471 15-6 48 18 36 962 35 30

52 140 2600 52
152 9-7 7-2 5-8 6-0 85 4-8 7-0
401 10-30 17 11 20 280 12 8
356 38-60 17 6-7 8-3 251 6-7 9-0
718 9-50 29 15 21 569 19 20
65 12-00 11 10 12 50 10 12

1733
1172
590
817
400
103
160
0-5
0-6
0-8
1.0
1-7
2-7

2-5
5.0
12
21

5-8
7

4.7
14
15
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Table 3 Calculated solubilities or pseudosolubilities (mollrn) ofthe chemicals in various tissue groups using data in tables I
and 2

Oil Blood Liver Kidney Brain Fat Muscle Heart Lung

Methanol 34294 16169 16861 2756 15620 20679
Ethanol 14943 5583 6200 1277 5048 6961
2-Propanol 6457 2278 2536 815 2273 2672
I-Propanol 2167 1556 1633 672 1538 1853
Isobutanol 1252 518 541 542 479 559
2-Butanone 1946 969 1005 1466 932 932
Acetone 1680 6447 2852 2891 1680 2950 3126
n-Pentane 1915 15 5 85 6 24-4 89-6 1613 28 5 8-15 20-4
2, 2, Dimethyl butane 1821 6-7 89-8 35-9 71-8 1693 25-6 12-8 15-4
2 Methylpentane 1810 7-2 79-1 35-2 66-8 1529 51-0 24-6 14-1
n-Hexane 1881 10-3 67-0 38-6 64-4 1340 64-4 36-1 12-9
Methylcyclopentane 2359 10-0 91-1 54-9 85-3 2055 58-4 22-2 19-9
Cyclohexane 2478 11-0 91-4 60-9 90-5 2199 88-8 49-1 22-8
3-Methylhexane 1713 7-2 58-4 40 2 56 2 1526 59-5 29-2
n-Heptane 1894 8-0 45-3 37-3 52 0 1613 52-4 25 6 10-5
Octane 9-48 35-9 11-3 22-8 322 11-9 24-9 6-9
Benzene 4104 65-1 191-9 100-1 150-2 3545 133-5 141 8 100-1
Toluene 3915 41 5 127-8 479 95 8 2561 93-2 79-9 55-9
Styrene 38-9 104 8 1947 38-9
Dichloromethane 5412 345 4 256 4 206 5 213-6 3027 170-9 249-2 206 5
Chloroform 6566 168-6 278-4 180-1 327-5 4585 196-5 131-0 114-6
1, 1, 1, Trichloroethane 3716 402-9 177-4 69-9 2620 69-9 93.9 49-1
Trichloroethylene 4708 62-3 190-2 98-4 137-7 3731 124-6 131-1 91-8
Diethylether 2774 512-2 469-5 426-8 512-2 2134 426-8 512-2 640-2

solubilities or partition coefficients.
Blood solubilities in table 3 range from 7 to 34 000

with two striking features. For water miscible
chemicals such as the alcohols, the solubility in blood
approximates that in water C s indicating that there is
a negligible contribution to solubility by partitioning
into blood lipids. For sparingly soluble compounds
such as the alkanes, the solubility in blood is between
0-3 and 1% ofthe alkane's solubility in fat, and greatly
exceeds the solubility in water, indicating that par-
titioning of these chemicals in blood is mainly into a
lipid-like phase. For these sparingly water soluble
chemicals in table 3, the average blood solubility is
9.5 mol/m3. Thus the blood solubility SB may be
estimated from the water and octanol solubilities as

SD = CW + 9.5
or

SB = CW + 0 0035 SO
where SB, SF, and SO represent solubility in blood, fat,
and octanol respectively with units of mol/m3. If an
octanol/water partition coefficient Kow is available the
blood solubility could also be estimated from

SB = CW(l + 00035 KOW)
since SO is Cw Kow

Examination of the tissue group solubilities shows
that they have characteristics of solubility in both
water and fat with the water solubility controlling
again for the alcohols and the fat solubility for the
alkanes. There are some suspect values which we
believe may be due to errors in published values of
partition coefficients and physical chemical properties.

For each chemical a solubility in a tissue, ST, may be
calculated as

ST = xSo + yCw

The constant x may be calculated using average tissue
solubility data for those chemicals of low water
solubility. An average value of y may be obtained by
substituting the above x in the above equation for the
highly water soluble chemicals. Alternatively, linear
regression may be used. This method was applied to
obtain correlations for solubilities in kidney, liver, and
brain.

It is interesting that when using this approach the
aromatics display solubilities in blood that are consis-
tently higher than those predicted. For example, for
benzene, published blood solubilities (mol/m3) are 65
compared with the predicted 34; for toluene, 41
against 16; and for styrene 39 against 14. This suggests
an additional protein or other binding corresponding
to a solubility increase of 30 mol/m3 for these
aromatics. The reported solubilities of benzene and
toluene in kidney, liver, and fat are also larger than
those predicted but not by such a constant amount as
in the case ofblood. This again could be due to protein
binding.

In summary, the following correlation system is
suggested.
From the reported vapour pressure P' (Pa) the air

solubility (P'/RT) or Cs is calculated. From the actual
water solubility, or an activity coefficient correlation,
or a gas/water partition coefficient, a water solubility
Cw is calculated.

Correlation ofpartition coefficients 325
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The other assumed solubilities (mol/m3) are:

Octanol
Oil
Fat

SO = 2750
Sol = 3000
SF = 2000

The tissue solubilities may then be calculated as
follows:

Kidney
SK = 0014SO + 051CW = 38-5 + 0-51C

Liver
SL = 0-028SO + 0 51CW = 77 + 0 51CW

Brain
SX = 0-026SO + 0-5CW = 71 5 + 0-51C

Blood
SB = CW + 0-0035SO = CW + 9*5 = CW(I +

0-0035Kow)

'A

0

-,
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Published values

Fig 2 Comparison ofpublished and correlated values of
kidney/air partition coefficients (logarithmic scale).

5.0

If the chemical is aromatic 30 mol/m3 is added to the
blood solubility.

Each partition coefficient is then calculated as the
ratio of the corresponding solubilities. These partition
coefficients when plotted as in figs I to 4 show the
expected good correlation with those observed by
other workers. Much of the apparent correlation in
these figures is attributable to the presence of a
common variable on each axis. There are four com-
mon outliers: 1, 1, 1 trichloroethane, trichloroethy-
lene, chloroform, and l-propanol. With the exception
of trichloroethylene, these compounds were indicated
in table 1 as having suspect octanol solubilities. These
may be due to errors in the calculated water
solubilities.

Figure 5 is a regression of correlated values of fat/
blood and kidney/blood partition coefficients. The line
corresponding to the regression is essentially a plot of
(38-5 + 0-51 CQ)/(9-5 + CQ)versus 2000/(9.5 + CQ)
(except for the aromatics) which is nearly linear,
extending from a limit on the left side of partition

5

4-

3-

2-

Published values

Fig 1 Comparison ofpublished and correlated values of
blood/air partition coefficients (logarithmic scale).

coefficients of 0-51 (kidney/blood) and 0 (fat/blood)
for a chemical of infinite water solubility to a limit of
38-5/9-5 or 4-0 (kidney/blood) and 2000/9 5 or 210
(fat/blood) for a chemical of negligible water
solubility. The intermediate points lie approximately
on a straight line. The exceptions are the three
aromatics, benzene, toluene, and styrene, whose
solubilities in blood include a correction factor of
30 mol/m3.
The advantage of this approach is that it shows

clearly the dominant determinants of partition
coefficients. Usually it is water solubility or air
solubility-that is, vapour pressure. Furthermore, for
a chemical that is similar in nature to this group it is
possible to estimate the partition coefficients from
only a knowledge of vapour pressure and water
solubility; no other partition coefficient is needed. The
method may also help to elucidate the presence of
unusually high solubilities or binding to protein or
other material. Similar correlations could be
developed for other groups of chemicals.

5

4-

3 /

.5,X
Published values

Fig 3 Comparison ofpublished and correlated values of
liver/air partition coefficients (logarithmic scale).
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Correlation ofpartition coefficients

Published values

Fig 4 Comparison ofpublished and correlated values of
brain/air partition coefficients (logarithmic scale).

Improvements in the correlation could be made by
developing more detailed expressions for blood and
tissue solubilities taking into account the various
solute-solvent interactions which apply. The solvato-
chronic parameter approach described by Abraham et
alis particularly promising.'5 For example, the use ofa
single solubility in fat is almost certainly a naive
assumption and improvements in the correlation
could be obtained by expressing this solubility as a
function ofmolecular properties such as molar volume
or dipole moment. There is no substitute for accu-
rate, measured partition coefficients but these
measurements are difficult to make and data are often
lacking for uncommon systems. It is believed that the
approach described here provides a simple method of
estimating partition coefficients and checking the
reasonableness and consistency ofpublished values. It
identifies more clearly the factors which underlie
partition coefficient correlations.

Application to calculations of equilibrium partitioning

Having established the relative solubilities in these

Fat / blood

Fig 5 Regression ofcorrelated values offat/blood and
kidney/bloodpartition coefficients.
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phases, it is possible to use them to calculate
equilibrium distributions of these chemicals. At
equilibrium, the fugacity of the chemical is equal in
each phase, as is the ratio of fugacity to vapour
pressure f/P5. But f/P' is also the ratio ofthe concentra-
tion to the solubility in each phase and is the thermo-
dynamic activity which may also be used as a criterion
of equilibrium. If the concentration in one phase is
known-for example, air-then the activity in that
phase may be calculated as the ratio of concentration
to solubility in air CA or P5/RT. At equilibrium, all
other phases will have identical activities, thus their
concentrations may be deduced. Algebraically, this is
equivalent to using partition coefficients.

Furthermore, if phase or tissue volumes are known
the absolute and relative amounts of chemical in each
phase may be deduced as shown in table 4, which
shows the equilibrium distribution of dichloro-
methane in someone exposed to a concentration of
100 ppm (volume). Dichloromethane has a partial
pressure of 10 1 Pa or an air concentration of
0 0039 mol/m3 or 100 ppm at 37°C. Since the vapour
pressure of dichloromethane is 91800 Pa, this corre-
sponds to an activity of 0-00011. The concentration in
each phase will then be 0 00011 times the solubility,
and the amounts will be as shown in table 4. The
calculated blood concentration agrees within a factor
of three with the concentration of 1 mg/l reported by
Anderson et al.'7 The reported concentration is close
to steady state but is not quite at steady state. The
steady state concentration will be lower than the
calculated equilibrium concentration because of
metabolic conversions. The tissue concentrations thus
adopt values controlled by the relative rates of
metabolism and intake by inhalation.
A similar calculation for styrene at 80 ppm gives an

equilibrium blood concentration of 19 mg/l which is a
factor of 19 greater than the observed value. This large
factor is due to the rapid metabolism of styrene. An
equilibrium model such as this must be used with
caution because the concentrations represent maxi-
mum achievable values. When metabolism is rapid,
considerably lower concentrations occur. As
metabolic saturation is approached, the equilibrium
model becomes more reliable.
The calculation may also be done using another

concentration as a basis. For example, if the blood
concentration is known the activity may be deduced
and the other concentrations estimated.

Finally, if a total amount ofchemical (body burden)
is known then the activity may be deduced from that
amount M mol, as

M = ECiVi= EASiV = AlSSV
or A = M/XSiVi then Ci = ASi
where Si is the phase solubility (mol/m3) and Vi the
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Table 4 Calculation ofequilibrium distribution ofdichloromethane (DCM) at 1 atm (101325 Pa) and 37°C and an
inhalation exposure of 100 ppm (vol)

Solubility in water 256 5 mol/m3
Vapour pressure 91800 Pa
Air concentration 100 ppm (vol)
Partial pressure or fugacity 101325 x 100

= 10-1 Pa
106

Activity A = bI /P' = 10.1/91800 = 1 1 x 10-4

Volume Solubility Concentration Amount
(m3) (mol/mn) (mol/m3) (mg/l) (mol) (mg) %

Blood 0 0054 266 0-029 2-5 0 00016 14 8-6
Fat 0-00747 2000 0-22 19 0-0016 140 85-9
Brain 0-0012 202 0-022 19 2-6 x l0o- 2-2 13
Kidney 00003 169 0019 16 5-7 x 10-6 0-48 03
Liver 000332 208 0-023 1i9 7-6 x l0-, 6-5 40
Total 0-0019 163-0 100 0

volume (mi). This is useful in exploring the likely
concentrations which will result from uptake of a

given amount of chemical.

Conclusions

A novel method has been suggested for estimating
blood/air and tissue/blood partition coefficients from
the physical chemical properties of a chemical. The
approach is firstly to estimate the chemical solubilities
or pseudosolubilities in water and air. The mean
solubilities in octanol, fat, and oil and then various
tissues may be calculated. Various partition
coefficients may then be estimated as ratios of the
appropriate solubilities. This approach avoids statis-
tical difficulties associated with correlating a quantity
with itself, and it helps to elucidate the source of
variation in, and magnitude of, partition coefficients.
The application of the method to calculating concen-
trations and amounts of chemical in various
physiological compartments has been illustrated.

We thank the Ontario Ministry of the Environment
for financial support.

References

I Fiserova-Bergerova V. Gases and their solubilities. In: Modelling
of inhalation exposure to vapors: uptake, distribution and
elimination. Vol 1. Boca Raton: CRC Press, 1983:3-28.

2 Fiserova-Bergerova V, Diaz ML. Determination and prediction of
tissue-gas partition coefficients. Int Arch Occup Health
1986;58:75-87.

3 Perbellini L, Brugnone F, Caretta D, Maranelli G. Partition

coefficient of some industrial aliphatic hydrocarbons (C5-C7)
in blood and human tissues. Br J Ind Med 1985;42:162-7.

4 Sato A, Nakajima T. Partition coefficients of some aromatic
hydrocarbons and ketones in water, blood, and oil. Br J Ind
Med 1979;36:231-4.

5 Prausnitz JM. Molecular thermodynamics offluidphase equilibria.
Englewood Cliffs, NJ: Prentice Hall, 1969.

6 Reid RC, Prausnitz JM, Sherwood TK. The properties ofgases and
liquids, 3rd ed. New York: McGraw-Hill, 1977.

7 Hansch C, Leo AJ. Substituent constantsfor correlation analysis in
chemistry and biology. New York: Wiley and Sons, 1979.

8 Miller MM, Wasik SP, Huang GL, Shiu WY, Mackay D.
Relationships between octanol-water partition coefficient and
aqueous solubility. Environmental Science and Technology
1985;19:522-9.

9 Hala E, Wichterle I, Polak J, Boublik T. Vapour-liquid equilibrium
data at normal pressures. New York: Pergamon Press, 1986.

10 Mackay D, Paterson S, Cheung B, Neely WB. Evaluating the
environmental behaviour of chemicals with a level III fugacity
model. Chemosphere 1985;14:335-74.

11 Mackay D, Shiu WY. A critical review of Henry's law constants
for chemicals ofenvironmental interest. Journal ofPhysical and
Chemical Reference Data 1982;10:1175-99.

12 Lyman WJ, Reehl WF, Rosenblatt DH. Chemical property
estimation models. New York: McGraw-Hill, 1982.

13 Verschueren K. Handbook of environmental data on organic
chemicals. New York: Van Nostrand Reinhold, 1983.

14 Wilhoit RC, Zwolinski BJ. Handbook of vapor pressures and heats
ofvaporization ofhydrocarbons and relatedhydrocarbons. Texas
A and M University, Texas: Thermodynamics Research
Center, 1971.

15 Abraham MH, Kamlet MJ, Taft RW, Doherty RM, Weathersby
PK. Solubility properties in polymers and biological media. 2.
The correlation and prediction of the solubilities of nonelec-
trolytes in biological tissues and fluids. Journal of Medicinal
Chemistry 1986;28:865-70.

16 Ramsey JC, Andersen ME. A physiologically based description of
the inhalation pharmacokinetics of styrene in rats and humans.
Toxicol Appl Pharmacol 1984;73:159-75.

17 Anderson ME, Clewel III HJ, Gargas L, Smith FA, Reitz RH.
Physiologically based pharmakokinetics and the risk assess-
ment process for methylene chloride. Toxicol Appl Pharmacol
1987;87:185-205.

328 Paterson, Mackay

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.46.5.321 on 1 M
ay 1989. D

ow
nloaded from

 

http://oem.bmj.com/

