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A Critical Review of Aqueous Solubilities, Vapor Pressures, Henry’s Law
‘Constants, and Octanol-Water Partition Coefficients of the Polychiorinated
Biphenyis

Wan Ying Shiu and Donald Mackay®

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Canada M5S 144

Relationships between the environmentally relevant physical chemical properties of the
polychlorinated biphenyls, namely, aqueous solubility, vapor pressure, Henry’s law con-
stant, and octanol-water partition coefficient are discussed. Reported experimental data
are tabulated and critically reviewed. Recommended values are given for 42 of the 209
congeners; however, procedures are suggested for estimating the properties of the other
‘congeners. Properties of mixtures are not treated.

Key words: critically reviewed data; Henry's law constant; octanol-water partition coefficient;
polychlorinated biphenyl (PCB); PCB, solubility; vapor pressure.
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1. Introduction

The polychlorinated biphenyls (PCB’s) are a group of
xenobiotic chemicals first manufactured commercially
about 1930 and which were widcly used as transformer cool-
ants, dielectric fluids, solvents, and flame retardants until
restrictions on their use were introduced in the early 1970s.’
Of the approximately 570 000 000 kg sold in the U.S. as of
1975, some 68 000 000 kg were estimated to be mobile in the
environment and some 130 000 000 kg were in landfills or
equipment dumps. There are 209 possible chlorinated bi-
phenyls ranging from the three monochlorobiphenyls to de-

*) Person to whom correspondence should be addressed.

®1986 by the U. 8. Secretary of Commerce on behalf of the United States.
This copyright is assigned to the American Institute of Physics and the
American Chemical Society.
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cachlorobiphenyl. It is only rccently? that all 209 congeners
have been individually synthesized and characterized.

The characteristic properties of the PCB’s are hydro-
phobicity or lipophilicity (i.e., large octanol-water partition
coefficient and low aqueous solubility), relatively low vapor
pressure, and extreme resistance to chemical reaction.’
These properties result in persistence in the environment, a
tendency to accumulate in biota and in sediments, and the
ability to be transported through the atmosphere to regions
remote from source discharges.* For example, appreciable
concentrations are found in the soils, sediments, waters,
biota, atmosphere, and precipitation in the Great Lakes Ba-
sin.>® The biological and human health effects of PCB’s
have been reviewed recently.®

The industrial chemical products are mixtures of nu-
merous congeners separated by distillation into defined boil-
ing ranges. For example, the Aroclors manufactured by
Monsanto were marketed in seven grades designated by a
four digit number, the first two (usually 12, but in one case

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986
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TABLE 1.

W.Y. Stiu AND D. MACKAY

Approximate percent compositon of some commercial PCB products (Ref. 1)

Aroclor type or grade Kanechlors Penclors
Chlorobiphenyl 1016 1221 1232 1242 1248 1254 1260 KC-300 KC-400 KC-500 DK
¢y 61 #6501 - 01 - - - - -
4 HgC! toost o® ot -0 - - - - -
CyoHglly % B 6 2 05 - 17 3 - -
CyghCl3 5 N . 5 -
Cyohglly 2 2 15 5 4 n - B o« 7 -
Cyo85C15 { 05 05 8 ¥ 4 12 06 16 55 .
CiofgClg 0t - - 1 4 B B - 513 -
CyahaCly - - - et -6 4 - - - -
Cyoally - - - - - - 8 - - - -
ty7HClg - S T - - -
I - - - - e e - . 100

10) designating the carbon number and the last two (e.g.,
42) designating the mass percentage of chlorine.

Table 1 (Ref. 1) gives the approximate percentage com-
position of the Aroclors. At least nine other trade designa-
tions have been used in various countries by various manu-
facturers.

The presence of such a large number of congeners
renders chemical analysis and reporting very difficult. A
common practice has been to report environmental concen-
tration in terms of an Aroclor grade equivalent, but this
practice is imprecise because the environmental distribution
of congeners differs from the commercial grade distribution.
It is likely that there is differential transport, reaction, and
accumulation between congeners. Further, to elucidate the
environmental transport and transformations of a mixture
requires that the mixture be assigned properties such as a
unique solubility or vapor pressure. Such an assignment is
fundamentally erroneous because a mixture does not have
unique phase equilibrium physical chemical properties. The
reported measured solubilities or vapor pressures can only
be regarded as some average of the properties of the individ-
ual PCB congeners.

It has become increasingly accepted that the only rigor-
ous method of addressing the problem of calculating the en-

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986

vironmental fate of the PCB’s is to obtain properties for all
the congeners and treat each congener separately. Unfortu-
nately, relatively few congeners have been synthesized in suf-
ficient quantities that property determinations have been
possible. Further, these determinations are experimentally
demanding and many erroneous data exist. There is, how-
ever, a tendency for the congeners to have properties which
vary systematically with chlorine number, thus the proper-
ties of one congener can be estimated from those of another.
This estimation requires that all available property data be
gathered, critically reviewed, and “best” values assigned.
The assigned values of solubility (c¢), octanol-water parti-
tion coefficient (K 5y ), vapor pressure (p), and Henry’s law
constants (H) should be internally consistent. For example,
H,isequaltop/c, and cand K gy arerelated inversely. Typi-
cally, substitution of one chilorine atom for a hydrogen
causes p and ¢ to fall by a factor of 3 to 4, K 5w to rise-by a
similar factor, while H remains relatively constant. This en-
ables estimates to be made of properties of one chlorine num-
ber group from another. The congener properties depend not
only on chlorine number, but on the configuration. It is thus
desirable to develop “rules” for estimating properties as a
function of chlorine arrangement as well as chlorine num-
ber. This is presently impossible, but some progress has been
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made recently in identifying characteristic groupings which
cause, for example, unusually large K oy, values.®

In this study we gather and critically review the avail-
able data for PCB congeners and assign selected values
where possible. Sufficient data exist for assessing only 42 of
the 209 congeners; however, it is hoped that in the future
rules or correlation procedures can be developed for estimat-
ing the properties of all 209 congeners, at least with sufficient
accuracy for the purpose of environmental modeling.

2. Physical Chemical Property
Relationships

The various physical chemical properties of PCB’s can
berelated by a series of thermodynamic equations in terms of
basic molecular properties. These relationships have been
discussed in detail previously>'® and will only be summar-
ized here. To describe the behavior of PCB congeners in the
environment requires equilibrium partitioning, reaction
rate, and transport phenomena information. Here we only
consider equilibrium data.

Because PCB’s are sparingly soluble in water it can be
assumed that the air—water partition coefficient or Henry’s
law constant H, defined as p/c is independent of concentra-
tion for a congener. Here p is the PCB partial pressure in
equilibrium with an aqueous solution of concentration c.
Applying this relation to a saturated solution of a solid PCB
at a defined temperature T gives H equal to ps /cs, where pg
is the vapor pressure of the pure solid PCB and cg is its
solubility. Applied to a liquid PCB, H equals py /¢, where
Py is the partial pressure of the water-saturated PCB liquid.
Since the solubility of water in liquid PCB is expected to be
small, p; can be assumed to equal the vapor pressure p; ;
thus

H=pg/cs =p; /e, . 2.1

Prausuitz'? applied the Clausius—Clapeyron relation to
the solid and liquid forms of a pure substance at a tempera-
ture 7 that is below the melting point 7', to obtain

PL/pS =exp[ASfus(TM/T— l)/RL (2'2)
where AS g, is the entropy of fusion. It follows that
cL/cs = exp[ASg (T /T—1)/R]. 2.3)

The group ps/p; or cg/cy is termed the fugacity ratio. The
entropy of fusion can be calculated from the experimentally
measured enthalpy of fusion as discussed by Miller et al.,"®
or estimated from Walden’s rule as reviewed by Yal-
kowsky'#as 56.5 J/mol K, thus AS ,, /R is 6.79. The dimen-
sionless air-water partition coefficient H' is given as'®

H'=H/RT. 24)

The other important partition property is the octanol-
water partition coefficient X oy, :
(2.5)
where cow is the concentration of the solute in octanol satu-
rated with water and ¢y, is the concentration of the solute in
water saturated with octanol, these concentrations being in
equilibrium.

There has been considerable interest in the relationship

KOW = COW/CWO,

between the aqueous solubility and octanol-water partition
coefficient.!>!51° Mackay et al.'® and Banerjee ef al.'” have
suggested that the product @ of X 5w and the subcooled lig-
uid solubility ¢; is relatively constant. More recently, based
on the measurement of ¢; and K oy of a wide range of PCB
congeners by Miller e al.,”> it has been observed that the
product Q varies as a function of molar volume v (cm®/mol)
approximately as follows?’:

log Q = 3.89 — 0.0048v. (2.6)

Since K o 18 the ratio cow /cwo [Eq. (2.16) ] and cywo
is approximately equal to the subcooled liquid solubility in
water ¢; , then Q is approximately equal to cow Or the satu-
ration subcooled liquid solubility of PCB in octanol. Since
both PCB and octanol are organic in nature it is likely that
this solubility is fairly constant. In reality it should be termed
a “pseudosolubility’ because the two substances may be mis-
cible.

We use these thermodynamic relationships as con-
straints or guides when interpreting the reported experimen- -
tal data, and when selecting recommended values.

3. Physical Chemical Properties

The literature data are reported here in a series of tables
as follows.

Table 2 lists the congeners by their chemical name and
isomer number following the Ballschmiter and Zell*! sys-
tem. In subsequent tables, only the number is given. Bi-
phenyl is assigned number zero. This facilitates comparisons
with other tabulations such as that of Mullin et al.?* Also
given in Table 2 are chlorine number, molecular mass, melt-
ing point,? normal boiling point,” entropy of fusion,'® fuga-
city ratio calculated from Eq. (2.2), and the molecular de-
scriptors of molar volume at the normal boiling point
calculated by the LaBas method,?* and total molecular sur-
face areas reported by Mackay er al.?®

The reported entropies of fusion AS's,. range from 41.0
10 69.5 J/mol K, with an average of 56.J/mol K and show no
systematic variation with chlorine number. It is suspected
that some of the reported AS ¢, values may be in error, thus
to avoid possibly biasing the data for which values are re-
ported, and in the interest of simplicity, a single value of 56.5

 J/mol K (as suggested by Walden’s rule) was used to calcu-

late the fugacity value of all congeners. Few congener boiling
points are reported, but for illustrative purposes some calcu-
lated values are given in Table 2 using the method of Mackay
et al.?® These values should be regarded as merely estimates,
but they are consistent with the reported Aroclor mixture
distillation ranges.

Table 3 gives reported experimental aqueous solubili-
ties for the congeners and calculated subcooled liquid solubi-
lities using the fugacity ratios. In Table 2 solubilities are nor-
mally reported in units of mg/L or the equivalent g/m?, but
for comparison between congeners, use of the amount-of-
substance solubility ¢ expressed in mol/m?, is preferable.
The solid solubility is a function of molecular size and melt-
ing point, but the subcooled liquid solubility is a function
only of molecular size; thus the appropriate solubility for
comparison is that of the subcooled liquid ¢; . Ineach case a

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986



914 W. Y. SHIU AND D. MACKAY

TaBLE 2. Physical properties of some PCB congeners at 25 °C

Congener IUPAC ClI No. MW MPK" BP,K Molar vol. Total Fugacity Entropy
No. No. N litt  calc’d® Vs surface’ ratiof of fusion®
n? cm’/mol  area, A? F ASg,,J/mol K
Biphenyl 0 0 154,2 344 529 329 178 195.2 0.35 91,04
2-chloro | { 188.7 307 547 558 205.5 208.4 0.814 50. 24
3- 2 { 188.7 298 557 598 205.9 210 1.0 -
4- 3 { 188.7  350.8 564 358 205.5 210 0.3 -
2,2'-dichlore 4 2 2231 334 985 226.4 224.2 0.44 -
2,3'- 6 2 223.14 0il 585 226.4 226 1.0 -
2,4 - 7 2 2234 297.4 385 226.4 - 1.0 -
2,4~ 8 2 223.1 36 585 226.4 226 0.66 -
2,5- 9 2 223.1 oil 985 226. 4 227,06 1.0 -
2,6~ 10 2 223.1 307.9 985 226.4 - 0.80 41,0
3,3'- i1 2 2231 302 589 226.4 - 0.912 -
3:4- 12 2 231 313 585 226.4 - 0.566 -
3,9 14 2 223.1 304 385 226.4 - 0.872 -
4,4'- 18 2 23,1 422 588-b2 585 226.4 221.6 0,059 -
2,2',3-trichloro 16 3 257.5 304 610 247.3 - 0.934 -
2,2 ,4- 17 3 257.5 610 247.3 - - -
2,2',5- 18 3 257.5 317 610 241.3 242 0.6 -
2,2",6- 19 3 257.5 - 610 247.3 - - -
2,3,3'- 20 3 257.5 - 610 2417.3 - - -
2,3,4'- 22 3 K75 346 610 241.3 - 0,339 -
2,3,5- 23 3 257.5 34 610 247.3 - 0.694 -
2,3,6- 24 3 257.5 - 610 241.3 - - -
2,4,4'- 28 3 257.5 330 610 241.3 243.6 0.484 -
2,4,5- 28 3 7.5 351 610 2413 241.6 0.30 69.52
2,4,6- 30 3 257.5  335.5 610 247.3 - 0.427 49,37
2,4",5- 3 3 257.5 340 610 247.3 - 0,384 -
2,4',6- kY4 3 251.5 - 610 247.3 - - -
2',3,4- 33 3 81,5 3 610 241.3 241.6 0.452 -
33,5 36 3 297.5 - 610 247.3 - - -
3,4,4'- Ky 3 5.5 30 610 247.3 2432 0.244 -
2,2’,3,3'-tetrachloro 40 4 292.0 3% £33 268.2 295.6 0.113 -
2,2',3,4- 41 4 292.0 633 268.2 - - -
2,2',3,59'- 44 4 292.0 320 633 268,2 257.6 0.608 -
2,2°,4,4'- 47 4 - 292.0 35 633 268.2 259.6 0.268 -
2,2'4,5- 48 4 2920 339t b33 268.2 - 0. 393 69. 40
2,2',4,5'- 4 4 292.0 3N 833 268.2 - 0,411 -
2,2’,5,%'- 52 4 292.0 360 633 268.2 259.6 0,243 -
2,2'6,6'- 54 4 292.0 633 768.2 -
2,3,4,4'- 60 4 292.0 415 633 268.2 - 0.0695 -
2,3,4,5- 51 4 292.0 365 633 268.2 255.2 0.218 69,43
2,3',4,4'- be 4 2920 3% 633 268.2 299.2 0.105 -
2,3",4',5- 0 ] 2920 3N 633 268.2 258.2 0. 165 -
2,4,4,5- 74 4 292.0 398 633 268.2 - 0.102 -
3:3,4,4'- m 4 292.0 - 483 633 268.2 258.8 0.029 85,35
3,3",5,5'- 80 4 292.0 437 633 268.2 - 0.042{ -

J. Phys. Chem. Ref. Data, Voli. 15, No. 2, 1986



PHYSICAL CHEMICAL PROPERTIES OF POLYCHLORINATED BIPHENYLS

TABLE 2.

Physical properties of some PCB congeners at 25 °C — Continued

IUPAC CI No.

Congener MW  MPK® BP.K Molar vol. Total Fugacity Entropy
No. No. N lit calc’d? Vet surface’ ratio’ of fusion®
n® cm’/mol  area, A? F ASy,J/mol K
2,2'3,3",5-pentachloro 83 3 326.4 654 289.1 - - -
2,2',3,3",6~ B84 3 326.4 654 289.1 - - -
2,2,3,4,4'- 85 5 326.4 654 289.1 - - -
2,2',3,4,5- 86 5 3.4 3713 634 289.1 1.2 0.182 -
2,2',3,4,5'- 87 3 326.4 387 654 289. 1 213.6 0,138 -
2,2',3,4,6- 88 S 326.4 313 654 289.1 21,6 - -
2,2',3,4",6- 91 S 326.4 654 289.1 - - -
2,2',3,5,5'- 92 5 326.4 654 283.1 - - -
2,2',3,5",b- 95 5 326. 4 654 288.1 - - -
2,2',3,4,59- 97 9 326.4 354 694 289.1 - 0.279 3.7
2,2',4,5,5'- 101 5 32b.4  349.5 654 289.1 269.2 0.318 53.6
2,3,4,5,6- 16 S 32%.4 397 634 289.1 269.2 0.105 53.81
2,3',4,4",5- 118 b 326.4 378 654 289.1 - 0.130 -
2,3",4,3,3"'- 120 5 326.4 350 654 209.1 275.2 0. 306 -
2,2,3,3",4,4" -hexa 128 b 360.9 423 873 310 286, 8 0,058 68. 62
2,2',3,3",4,5- 129 b 360.9 358 (Y] 310 286.8 0,256 -
2,2',3,3",4,5'- 130 b 360.9 673 310 - - -
2,2',3,3",5,6- 134 6 360.9 313 673 310 287.2 0.184 -
2,24,3,3",5,6'- 135 b 360.9 673 310 - - -
2,2",3,3,6,6'- 136 6 360.9 387 673 310 - 0.138 94,84
2,2',3,4,4",5- 137 b 360.9 350 673 310 - 0,306 -
2,2',3,4,4',5- 138 b 360.9 352 673 310 -
2,2",3,4',5%,6- 149 b 360.9 oil 673 310 - 1.0 -
2,2',4,4,5,5- 153 6 360.9 37 673 310 290.8 0.170 -
2,2',4,4,6,6'- 135 b 360.9 387 673 310 291.5 0.134 435.19
2,3,3,4,4',5- 156 6 360.9 673 310 - - -
2,3,3',4,4",5'- 157 6 360.9 673 310 - -
2,3,3,4,4",6- 158 b 360.9 873 310 - - -
2,3,3",4',5,6- 163 b 380.9  361.2 YK 310 - 0,237 -
2,3,3',5,5,6- 163 b 360.9 673 310 - - -
2,2',3,3',4,4" ,b-hepta i 1 395.3  395.4 690. 330.9 - 0.109 51.09
2,2',3,3',5,6,6’- 179 7 395.3 690 330.9 - - -
232'1314v4,15';5’ 183 7 395.3 690 330»9 - - -
2,2',3,4,5,5",6- 185 7 399.3 422 690 330.9 302.8 0.039 -
2,2',3,4',5,5" 6~ 187 7 395.3 630 330.9 - - -
2,2',3,3,4,4",5,9'- 194 8 429.8 432 705 351.8 3117.9 0,047 -
2,2,3,3',3,5",6,6'- 202 8 429.8 435 705 H1.8 318,17 0. 044 52.74
2,2',3,3",4,4",5,5",6- 206 9 464,2 4719 718 3727 331.9 0.016 84.09
2,2",3,3",4,5,5%,6,6°- 208 9 464.2  455.8 it 312.7 - 0.028 48,74
Deca- 209 10 498.7  578.9 729 393.6 345.9 0.0017 49,37

*“IUPAC or congener number, Ref. 21.

"Ref. 3.
“Ref. 23.
“Calculated values, Ref. 26.

“L.¢ Bas method, Ref, 24.
Ref. 25,

“Refs, 23 and 69.

915
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TABLE 3.

Agueous solubility of PCB congeners at 25 °C

Congener Ref. Selected values Congener Ref. Selected values
No. S, g/m’ S, g/m’ ¢s, mmol/m® ¢, mmol/m? No. S, g/m’ S, g/m’ ¢s, mmol/m’  ¢1, mmol/m?
0 7.48 27 1.040.5 45,394 3,24 129.748,263 9 £.94 13 2.00.10 8.96:0.45 9.040.8
7.08 8 0.58 3
5.94 2 2.09 16
3.87 30 0,587 19
7.45 kit
7.0 32 10 1.28 13 1.4040,010 £.2840,045 7.8440,53
7.50 3
5T 13 15 0.062 40 0.060+0,02 0.26940.09 4,5644.53
7.455 16 0.036 35
7.2 19 0.080 3,34
6.80 50 0.046 37
0,104 16
1 590 334 55005  29.542.6 35.743.26 0.060 13
413 35 0,065 36
5.06 13
5.7 16 18 0.248 39 0.4040,20 1.5540,78 2.3841.20
.73 19 0,64 35
7.80 50 0.407 b
0.133 19
2 1,30 35 2,512 13.2516.4 13,216, 4
3.50 3,34 28 0,085 34 0,1640,1 0.6240.39 1.2840.81
6.22 16 0.260 3
1,84 19 0.266 16
1,20 50 9,148 19
3 AT 3,34,36  1.240.3 6364158 20.315.3 3 0.092 35 0.£4010.05  0.5410.18 1.8140.83
0.90 3 0.142 3
1.87 1€ 0,163 13
1,30 ki 0.119 41
0,824 19 0.193 16
1.41 38 0.0%7 18
1,20 3
) 30 0.226 13 0.20#0.05 0.7840.12 1. 8240, 21
4 1,50 334 1.080.2 4,48+ 0,90 10, 14+0.25
0.79 k5] 3 0,078 3,34 0.0800.02 0.3140.078 0.5940, 47
1,00 16 0.280 16
0,997 19 0.7% 19
7 1.40 34 1,2540.15 5,60+ 0,67 5,5440, 67 3 0.0152 35 0.01540.060  0.0582#0.033 0,02410.17
1.13 37 i - 0.135 16
2.03 16 0.0152 18
1.408 19 .
40 0.034  3,3¢  0.03040.004 0,103+0.014  0.9110.13
8 0.637 38 1.040.4 4.4841.79 §.7342. 73 0.0%6 16
1.88 3,34 0.03 19
0.62 35
133 16 44 0.0170 3,34 0.1040,05 0.3420.17 0,565¢2, 83
0.706 19 0.080 37
0121 16
0.172 19
4 0,068 3,34 0.08040.030 0.30840, 103 1,150, 38
0.115 16
0.0R7 19

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986
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TABLE 3.

Aqueous solubility of PCB congeners at 25 °C — Continued

917

Congener Ref. Selected values Congener Ref. Selected values
No. S, g/m’ S, g/m’ cs, mmol/m®  ¢r, mmol/m* No. S, g/m? S, g/m® ¢s, mmol/m* o, mmol/m'
49 0.0164 13 0.01640.003  0.055:0.0017  0,13340.032 129 0.00085 35  0.000604.0004 0,006640.0011  0.00651+, 00482
0.000381 16
52 0.0060 42 0.03040.020  0,10380.068  0.4240.28 0.000906 19
0.0265 39
0.046 3,34 134 0.00091 35  0.00040+.00040 0,00111#0.0011  0.006140. 0061
0.0365 3% 0.000393 16
0.04 16 0.000306 19
0.0184 19
136 0.00099 41 0.00080+.0002  0,0022240.00055 . 0.01640, 0042
3! 0.0192 35  0.02040.020  0.068540,068  0.31440,32 0.000603 13
0.0209 39 0.00451 68
0.0098 37 0.00240 M
0,055 16 .
0.0193 18 153 0.00105 42 0.0010+.00040 0.002840.0011  0,0164#.00325
) 0.0088 3,34
6 0.058 3,34  0.04040.030  0.13740.103  1.3041.0 0.0012 35
0.017 16 0.00995 39
0,060 19 0.00278 16
0.00134 19
% 0,040 3,34 0.041:0.010  0,14010.034  0.85:0.21 155 0,00090 34 0,00070:.0002 0,00194,00055  0.015:0.0040
0.00041 {3
” 0,175 3,34 0,00140.001  0.003424.0034  0.11740.12 9,0000204 16
0,00075 35 0,00091 19
0.0i74 16 v
0.0114 19 163 0,005 36 0.005040.002  0.013940.0055  0,053:0.02¢
0.000563 63
0.00301- 71 1 0.00624 41 0.0020t0.0010  0,00506+,0025  0.04630,025
0.00247 13
86 0.0088 35  0.02080.010  0.0613#0.031  0.033740.19
0.0343 3% 185 0.00047 35 0.000463.00020 0,00114+.0005¢  0.01340.008
0.0133 1h 0. 000402 16
0.0099 19 0.000475 19
87 0.0045 35  0.00404,002  0.0123t0,031  0.093+.043 194 0.0072 3,34 0.00020+.00010 0,00047+ 00023 0, 00140, 0005
0.022 3,34 0,000212 35 .
0.0086 16 0.000101 16
0.010t -9 0.00150 19
88 0.0Z 35 0.012¢0.00f  0.036840.0031  0,20240.02 202 000018 35  0,000304.00010 0.000704.00023 0,016+0.005
0.000895 1
101 0.0003 39 0.0104,010 0.0306+0.0306 0, 10040, 10 0.000088 16
0.010 40 0.000179 19
0.00424 42 0.000147 69
0., 0042 35 0.00017 "
0,034 3,34
0.0194 13 206 0.000412 35  0.000114,000030 0,00024+.000065 0,01464.0030
0.0163 16 0.000012 16
0.0130 19 0.00011 19
0.0154 69 0.0000255 69
Los 7t " 0.0000315 7t
116 0.008 35  0.0080+0.0020 0,014540.0061  0.233t.057 (| 208 0.000018 13 0,0000184,0000010 0.000036%.000022 0. 001410, 00070
0.0207 41
0.00548 13 209 0.000016 35 0.0000042 0.0000024 0.001440. 00060
0.00904 16 0.00000743 13+ 0.,0000005 + 0,000001
0.00682 19 “ 0.0000004 16
0. 00049 19
126 0.00044 35 0.000504,00040 0.00166+0,0011  0.02940.021 0.0000065 69
0.00039 41 0.0000041 7
0.000285 13 0.015 L3
0.000132 16
0.00044 19
i
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single value was selected by taking into account the accuracy
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of the method. In some cases information from other tables
and other structurally similar congeners influenced the
choice of the selected value of its error range. Figure 1 is a
plot of log ¢, versus chlorine number.

Table 4 gives reported experimental values for octanol-
water partition coefficient and selected values with estimat-
ed error range. The method of experimental determination is
also indicated. The product Q of K 5w and ¢ is also given.
As discussed earlier Q can be regarded as a pseudosolubility
in octanol. It is expected that Q should vary systematically
with chlorine number; thus when an outlying value was ob-
tained from the selected ¢; and K gy, both were re-exam-
ined, and in some cases an adjustment to either or both was
made, or the error limits were increased. The trend in log
K 5w with chlorine number is illustrated in Fig. 2.

Table § gives vapor pressure and Henry’s law constant
data in similar format to Tables 3 and 4. The selected values
of ¢, and p; and H reported in Tabies 3 and 5 are in each
case consistent, i.e., H is equated to p; /ey or to ps/c¢s. Forc-
ing this consistency influenced the choice of the values of
solubility, vapor pressure, and H. Figure 3 is a plot of log pp.
versus chlorine number.

Completecg, ¢; , K ow, Ps» P, and H data are reported
for 26 congeners, including biphenyl; and cg, ¢y, and K g
data are reported for another 16 congeners in Table 6.
| The data displays two striking features. First, the Hen-

4 -] 8
CHIORINE NUMBER, N

o
N

Fie. 1. Plot of log ¢,, vs chlorine number.

ry’s law constants principally lie in the range of 20 to 100
Pa m®/mol and show no systematic trend with chlorine
number. The experimental determinations, largely of Mur-
phy ¢t al.5* and Giam e# al.% support this conclusion, as do

LOG Kow
A

| I L ) 1 I i

4 5 6 7 8 9 10

CHIORINE NUMBER, N
Fi1G. 2. Plot of log K ow vs chlorine number.
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the reported vapor pressures of Bidleman®® and Westcott et
al.%%7 when combined with the solubilities. The average H
value is 48 Pa m®/mol. Second, the Q values tend to fall with
increase in chlorine number from approximately 1000 mol/
m?® for biphenyl to approximately 150 mol/m? for deca-
chlorobiphenyl. This is illustrated in Fig. 4.

Some congeners shown in Table 6 have outlying # val-
ues, notably Nos. 18, 77, 86, 155, and 171. It is not known if
this is a real effect or if there is error in the measurements. It
is suggested that these values be used with caution.

Simple approximate correlations for mean isomer val-
uesof¢p , py , and K ow as a function of chlorine number can

919

thus be proposed, but it must be emphasized that there s
evidence for variation in all three quantitics ns & hinelion of
chlorine configuration for a given set of isomers, This vari
ation is rarely more than a factor of 3 from the mean momes
value. It is thus possible for a trichlorobiphenyl to have s
lower solubility ¢; than a tetrachlorobiphenyl, but such
cases are exceptional. The correlations with chlorine num-
ber N, which are also shown as lines in Figs. 1-4, were deter-
mined by linear regression and are

logc, = — 1.40 — 0.47N(c,, in mol/m?), 3.1
logpy = +0.28 — 0.55N(p, in Pa), (3.2)
log K ow = 4.33 + 0.40N, (3.3)
log @ =290 — 0.07TN =log ¢, + log K ow, (3.4)
log H=1.68 — 0.08N =logp; —logcy. (3.5)

Equation (3.4) was obtained by adding Eqgs. (3.1) and (3.3)
and not by regression of the Q data. It should be noted that
the tables and figures express ¢ in mmol/m?® while ¢; in Eq.
(3.1) has units of mol/m®.

These correlations should be used only to give approxi-
mate values of the PCB properties. They could also be used
to estimate the properties of PCB mixtures if ideality
(Raoult’s law) is assumed to apply.

The use of chlorine number as a molecular descriptor is
the simplest available correlating technique. It is likely that
molecular volume and surface area are better descriptors
and that it may be possible to correlate the different solubili-
ties and octanol-water partition coefficients of isomers by
these descriptors. At this stage the data availablc arc insuffi-
cient to permit such more detailed analyses.

Recently Burkhard et a/.”>"* have calculated the vapor
pressure, aqueous solubility, and Henry’s law constants for
all 209 congeners from some experimental data for
PCB’s."3%% Since these were computer generated results
rather than experimentally determined values, they were not
included in this discussion; however, that compilation is an
additional valuable source of estimated PCB properties.

Finally, it should be noted that there are few data for the
higher chlorine number congeners, there are considerable
discrepancies between reported values, and accurate mea-
surements require exceptional care. It is conceivable that a
consistent bias exists in the available measurements. The se-
lected values presented here should be used with appropriate
caution.
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Octapol-water partition coefficients (log Kow) for PCB congeners

Congener  log Kow Mecthod Ref. Selected value Q Congener log Kow Method  Ref. Selected value Q
No. . No.
0 4,03 SF 83,4 3.90 1 0.20 1030 B 5.10 SF 53 510 + 0,40 841.3
4.10 TLC 45 5. 14 Gen.col, 46
4,04 HPLC 17 4,47 HPLC 47
3.89  Gen.col. 46 5.10 cale. 47
376 Gen col, {3 5.32 cale. 19
3.7 HPLC 4% 5.5( cale. 46
.M HLC 47 5.20 cale. 50
3.79 WLC 48
3.1 cale. 19 9 9.18 e 45 5.10 + 0,20 1127
4,03 cale. 49 S.46  Gen.col, 13
4.14 cale. 16 4,67 HPLC 47
5.30 cale, Lh
{ 4,54 SF 51 4,30 +0.50 42
4,591 SF 53 10 4.9 Ben.col. {3 5.00 ¢+ 0.20 . 783.5
4.59 SF 45 4,08 HPLC 9
4,56 e 45 5.31 cale 47
4,38 Gen.col. 46
4,50  Gem.col. 13 i1 5.30 SF 45 5.30 + 0.10 -
3.1 HPLC 46 9.34 e 45
3.90 HPLC 47
4,60 cale, 47 12 5,29  Gen.col, . 46 9.30 +0.20 -
4.5% cale. 19 5.0 HRLC 1)
4,80 cale, 46 5,54 cale, 46
4,72 cale, 50
14 5.37 SF 45 5.40 ¢+ 0,20 -
; 4,95 SF 51 4,60 + 0.30 527 '
41 SF 45 15 5.58 SF 40 5.30 0,20 901
4,7 e 45 5.36 SF 45
4,50 Gen.col. 46 5.28 e 45
4.35 HPLC 48 5.33  Gen.col, 46
4.42 HPLC 47 4.92  WPLC 46
4,56 cale. 19 4.82 HPLC 47
4.90 cale. 46 532 cale, 19
5,51 calc, 46
3 4,61 SF 45 4,50 ¢+ 0.30 669 5.57 calc, 47
4.89 e 46 47 cale, 50
4,49 Gen.col. 46
4,34 HPLC  4p 16 4,15  HPLC 41 5.60 + 0.40 -
4,40 HPLC a7 9,41 cale, 41
4.56 cale. 19
4,80 calc. 46 17 4,60 HPLC 47 5.60 + 0.10 -
4.40 calc, 47 5.76 cale, 41
4.34 cale, 30
18 5.64 e 45 5.60 ¢ 0.10 949.8
4 5.00 SF TH] 494050 805.5 5.60  Gen.col,  db
5.02 Te 45 4.34 HPLC 46
490  Gen,col, 46 433 HALC Ly
3,55 HLC 4 5.55 calc, 47
3.63 HLC 47 6,00 cale. 19
489 cale. 47 6.22 SF 44
4,0 HPLC 52 3.63 calc, 50
5.32 cale, 19
5,51 cale. 46 19 4,52  Gen.col, db 5.60 4 0.60 -
4,% calc. 50 5.67 calc, 4b
kA £ HPLC 47
6 433 WL 47 4.840.30 - 548 cale 4
5.02 HLC 47
20 493  HPLC 4 5.60 + 0.50 -
7 5.15 TLe 45 5.0 0,30 554 5.57  calc Y
4,67 HPLC 47
5.30 cale. 47 s 6,00 calc, 19
5.23 cale. 19
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TABLE 4. Octanol-water partition coefficients (log Kow) for PCB congeners — Continued

Congener log Kow Method Ref. Selected value Q Congener log Kow Method  Ref. Selected value Q
No. No.
noo4s WC 4 5.60 £ 0.50 - Vi N T T 5.90 £ 0.30 914
s al a ' .29 cale, 47
% 4 WG & SS040% - b e D
5.67 cale. 417 6. 44 cale 50
26 5.18 HPLC 47 5.50 + 0.50 - 4 5,20 HeLe 4 .10 ¢ 0,20 169
5.7 calc. 47 6.22 cale, 47
8 5.4 W 43 5.80 ¢+ 0.20 809.6 5 £.26 0 &5 6.10 + 0.20 529
6.00 cale. 19 5001 WL 4 i
5,62 SF 3 503 cale. 47
541 R 4 6.87 cale. 19
568 cale. 47 642 cale. 50
2 5.1 e [ 5.60 ¥ 0.30 131 54 5.94 TLe 45 5.90 + 0,20 -
5.81 Gen.col. 46
5.54 Gen. col, 13 60 53 HPLC 47 5.90 + 0,30 -
5.96 HPLC 46 5.84 cale, 47
5,67 HPLC 47
6.25 cale. 47 61 6. 39 e 45 5.90 +0.30 250
5,99 calc, 13 572 Gen,cal. 13
6,22 cale. 46 6.7 cale. 19
30 547 Gemcol. {3 5.50 ¢ 0.20 575 66 5.80 HPLC 4 5.80 £ 0.30 824
’ b. 31 cale, 47
i .M {8 45 5.70 £ 0,20 - 6.67 cale. 18
5.79  Ben.col. 46 .
. HPLC 46 70 6,38 L 45 5.90 + 0,30 -
5.1 HPLC 47 3,72 HPLC 47
3 calc. 47 6,23 cale, 47
6.22  calc. 4% 5.99 HPLC bl
6,87 calc, 19
32 4.60 HPLC 47 5.80 + 0.30 433,3
515 ale 47 4 6.16 HRLC 4 6,10 + 0.30 -
6.67 calc. 19,47
3 6,00  calc. 19 5.80 +0.30
£.10 cale, 50 kil £.52 e 45 £.10 ¢ 0.40 68
6.67 cale. 19
36 415 HRLC 47 5.7 + 0.50 5.62 HPLC 47
4,148 cale. 47 5.62 calc, 47
3 5.90 e 45 5.90 ¢+ 0,20 189,2 80 6.58 TLe 45 6.10 + 0.40 -
4,54 HPLC 47
6.60 calc. 19 84 4.7 HPLC 47 6.10 + 0.40 -
5,56 calc. 47 .04 calc, 47
40 4.5  HPLC 4 5.60 + 0,30 363 %5 5.69 HPLC 47 6.20 + 0.40 -
5.56 cale. 47 6.61 calc. 47
6.67  calc. 18
86 6.38 calc., 4 6.20 + 0.40 534
4 508 HPLC a8 6.00 ¢ 0.30 7.43 cale. 19
6.11 calc, a1
44 479 HPLC 47 6.00 +0.30 565
5.8  WPLC 41
b.67 calc. 19
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TABLE 4. Octanoi-water partition coefficients (log Kow) for PCB congeners — Continued

Congener log Kow Method Ref. Selected value Q Congener log Kow Method Ref. Selected value Q
No. No.
87 6.85 e 45 6.50 + 0.40 293 135 5.94 HPLC 4 7.30 1 0.60 -
5.43 HPLC 47 7.15 cale, 47
6.37 cale. 47
7.43 cale. 19 136 6.8  Gemcol. b 6.70 + 0,20 80.7
6.63  Gen.col. 13
88 7.51 calc, 19 6.50 ¢ 0.40 629 4.9 HPLE 47
.51 calc, 47
91 4,94 HPLE 47 6.30 + 0,50 -
6.31 calc. 47 137 6.89 HPLC 47 7.0 ¢ 0,80 -
.1 cale. . 47
92 6.05 HPLC 47 6,50 + 0,50 -
6.97 cale, 47 138 6.62 HPLC 47 7.00 4 0,50 -
7.4 calsc, 47
95 5.18 HPLC 47 6.40 + 0.50 -
6.5  cale. 47 143 HLC @ 5.80 + 0:50 -
calc, 47
97 5.75 HPLC 41 6,60 # 0.50 - :
6.67  eale. 47 53 &M W 4 5.90 4 0.20 130
7.4 e 45
9 6.29 HPLE 47 6.60 + 0.60 - £.90  Gemcol. 46
Ll 4 £.93 WL 47
0 Bl S 4o 640£0.50 4.8 115 eele, 4T
.18 calc. 19
6.85 e 45
6.50 Genocul, 46 8.35 cale. 46
8.06 calc,
5.92 Gen.col. 13
7.64 HPLE 46
6.15 WL a7 155 ltfc :g 7.00 ¢ 0,40 147
6.44 HPLC 48 '
642 WLC u 65 651 WL 4 7.00 4 0.50 -
LOT ke 47 11 cale. 41
743 cale. 19 ' '
nu cale. 47 174 6.68  Gen.col. 13 6.70 4 0,40 232.2
116 6.85 TLe 45 6,30 £0.30 . 484,5
6.30  Gen.col, 13 179 6.7 HPLC 47 7.00 + 0,80 -
143 eale. 19 813 ele 47
118 6.66 HPLC 4 6.40 + 0.30 - 185 7.93 TLe 45 7.00 + 0.50 19§
M2 ale & ) 8.3 el 3
120 5,22 HPLC 4 £.30 + 0.30 184 8.68 1L 4 7.10 1 0.50 124
5.68  cale. 47 i - 969 cale. 19
128 7.44 TLe 45 7.00 ¢ 0.30 286 0 .42 e 45 7.10 £ 0.20 198
6,98  Gem.col. 13 7.14  Gen.col. 46
6. 14 HPLC L1 711 Gen,col, 13
6.96 HPLC 47 9.69 cale. 19
8.18 cale, 19 9.7 cale. 46
17.75 cale, 4
129 £.50 HPLC n 7.30 4 0.50 130 206 9.14 e 45 7.20 + 1,0 231
10.44 calc. 19
1.32 calc. 47
B cale 13 8 8.6 Gencol. 13 BIGHO010 203
A " 7.30 ¢ 0.0 29 %80 TC & 8.26 4 0.20 2
‘ cale. 8.6 Gencol. 13
8.20  Gem.col. db
134 B.18 calc, 19 7.30 4 0.50 122 1.20 cale. 19
1.18 cale. 4
SF shake flask.
TLC thin layer chromatography.
Gen. col. generator column.
HPLC high pressure liquid chromatography.
calc. calculated value.
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TABLE 5. Vapor pressure and Henry’s law constants for PCB congeners at 25 °C

Congener Vapor pressure, Pa Ref.  Henry’s law Ref. Selected values
No. Ps P constants Ps P H=p, /¢,
n H, Pam’/mol )
0 1,40 3. 35 41,34 61 2.43 0.1  B.8#0.7  53.5:6.0
0.58 1.66% 1) 30,40 i
1.3 3.80% 37 6. 27 62
7,55 58
3.92 3
1.2 3.63¢ 50
7.05 39
6.22 39
{15 3.2% 60
1.0 70
80 70
i .12 1.38% 50,57 74.58 62 2.0440.6  2.540.6 7020
1.84 23
1.89 59
2.56 S
1,93 72
2 0.98 9 62. 11 62 1,040,053 76430
1.0 59
0.723 3
3 0.60 2.00x 50,57  58.08 62 0.27+,09  0,30+.30 4315
1.4 23
0.172 0.9 bl
0.92 59
0.94 39
0.175 80
4 0.3 0.82x 57 2.8 b4 0.26¢.13  0.60#0.3  59t20
0.133  0,30x 63
0.279 0
13 n.. 64 40420
7 0.184 99 0.2540.7 4545
0.321 3
8 0.273 70 96.66 b4 90420
9 0.184 19 0,101,418 20420
0.0775 73
i 0.0267 0.02%¢ 56 0. 03+, 03
0,086 9
0.095 39
0.0258 70
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TABLE 5. Vapor pressure and Henry’s law constants for PCB congeners at 25 °C — Continued

Congener Vapor pressure, Pa Ref. Henry’s law Ref. Selected values
No. Ds L constants Ps Pu H=p, /e,
n H,Pam’/mol
15 0.00253  0.043x 63 0.08+,03  176.0
- 0.0M 39
0.084 58
0,0030 70
ib 81.77 69 80430
18 0. 267 0.4120% 57 A 101,50 6 0.14:.07  0.2240.11 92340
0.012 0.0185% 30 20.08
0. 0897 70
20 81.77 63 82440
29 0.044 39 0,13+.03  0.044+.01 24415
30 0. 0306 23 0.038+.25 0.0940.06  50+25
0.0950 59
0. 1440 59
0.0124 73
3 0.034 59 94.13 63 0.015¢,004 0.0410.01 55140
0.047 99 20,26 b4
3 0.0133  0.030% 66 38.52 0.0141.004 0.03+0,01 4420
67 15,20 64
0. 0046 73
37 84.21 63 84140
40 0.0098 39 0.02¢.02 22422
44 79.24 63 50430
24,32 b4
47 0.0115 30 0.02¢,01 17410
0.0101 70
49 0.00113 70 20,27 b4 ' 20£20
50 76.80 63 77440
52 0.104 0. 4280 57 14.1-83.7 67 0.005+.002 0.002+.001 48424
0.00493  0.0203« 30 .29 o4

0.007 0.0232¢ 66
0.00253  0.0104x 67

0.0459 59
0.0228 59
0.00427 70
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TABLE 5.

Vapor pressure and Henry’s law constants for PCB congeners at 25 °C — Continued

Congener  Vapor pressure, Pa Ref.  Henry's law Ref. Selected values
No. Ps PL constants Ds L H=p, /c,
n H,Pa mJ/mol
53 0.0273 39 30. 40 64 30415
66 84.20 84 84442
70 0.0034 59 20,26 64 0.00640,001 20415
0. 0064 39
0. 00769 70
7 0.0022 59 0.002+.0002  1.741.7
0.0020 5
82 20,27 b4 20415
86 0.0093  0.051x 57 0.091+.025 151476
87 0.0023 39 33.44 b4 0.0023+.005  25+10
0.00141 10
9 0.0029 58
101 0.0012  0.0039x 66 0.0011+,0002 0.0035+.0005 35410
0,0009  0.0031x 67 11,46-35.46 66
0.0034 39
0. 0040 39
105 0.00087 3 0. 000904
0.00094 39 . 00005
118 0.0012 59 40,53 64
128 0.00034 33 30,66 b4 0.00034% 126
5. 0BE-5 70 0. 0001
134 0.000146 70 57.76 b4
139 0. 000506 59 48.64 b4 0.00054 82140
0. 000365 39 .0002
141 40,53 64 0. 0005+ 40120
.002
144 60.80 b4 - 60430
147 0.0012 39
0.00183 59

925
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TABLE 5. Vapor pressure and Henry’s law constants for PCB congeners at 25 °C — Continued

Congener Vapor pressure, Pa

No. Ds Pr.
n
s 0.00112
' 0.0018
151
{53 0.00068
0.00072
0. 000457
155 0.0016 - 0.0122¢
0. 00173
156 0.0002145
{57
158
179 0.000084
17 0,00019
0.00030
180 0.00013
0.000129
{83
187 3. 05E-4

202 2.83E-5  6.43k-4x

209 S.A7E-8  3.04E-5x
1.39E-6
1. 40€-5

Ref.

8
59

59
59
70

66

59

39

59
59

59

38

60

60
39
68

Henry’s law
constants

H,Pa m’/mol

30.40

30,40

35. 46

88.15
58.77

64,85

63.84

Ref.

b4

b4

b4

b4
bd

B4

Y

Selected values

Ps P H=p /e,

0.0015¢ 3045
0005
30415
0.0007 43420
00002

(0.0016+.0001 0.012+.001 818140

88440
60120
b5+20
0. 000254 5.442.0
. 00005

0.0006+ 37420
0.0003

0.00003¢+ 21310
0.000015

* calculated p from p using fugacity ratio F in Table 2.
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TaBLE 6. Summary of selected values of PCB congeners

Congener Cl MW MPK F  S,g/m s o logKow Q@  Ps,Pa PL,Pa H
No. No. mmol/m® mmol/m? Pa m*/mol

0 0 154.2 344 0.352 7.0 4539 128.7 3.9 1030 243 6.8 53.5

1 t 188.7 307 0.817 3.5 2945 35,66 43 TML6 204 2.5 0.1
2 1 188.7 2981 1.0 2.5 3% 13.24 46 527 1.0 1.0 75.55
3 i 188.7 3%0.9 0.301 1.7 b. 36 21,15 4.9 bbd.7T  0.271 0.90 42.36
4 2 1 34 0,442 1.0 4.48 10.14 4.9 8055 0.265 0.6 59.17
7 7 31 914 L0 1,25 56 3.91 5.0 §50.8 0.254 0.25 45.39
8 PR V5% S ) 0.666 1.0 4,48 5.1 5.4 8413 0.219
9 2 3.1 2981 L0 2.0 8.9% 8.95 5.4 121 0.18 0.18  20.1
10 2 ;34 30719 0808 1.4 628 7.84 50 783.5
15 2 23.1 422 0.058 0.06 0.269 456 .3 90 0.0048 0,08 170
18 3 2815 M7 0.651 0.4 1,55 239 56 9498 0.143 0.22 2.1
.28 3 81,5 330 0.484 0.16  0.621 1.28 5.8  809.6
29 3 B/Ly 3 0.30  0.14  0.544 1.84 5.6 7.1 0.432 0.044 24.29
30 3 57,5 3385 0427 0.2 0777 - L.82 5.5 5749 0.0384 0.09  449.51
3 3 B/, 0.452  0.08 0311 Q.89 5.8 4334 0.0136  0.003 43,67
37 3 57,5 360 0.244 0,015 0.038Z 0.24 .9 189.2
40 4 292.0 394 0.113 003 0103  0.91 5.6 3629 0.,00225 0,002 21,94
44 4 2920 320 0.606 0.1 0.3  0.585 6.0 565
4 4 282.0 3% 0.268 0.0 0.308 115 5.9 . 914.2 0.0054  0.002 17.38
49 4 292.0 3% 0.413 0.016 0.0548 0.133  6.f 167
82 4 2920 360 0.244 0.03 0103 0.42 6.4 529  0.0043  0.002 47.59
bl 4 292.0 365 0.218 0.02  0.0685 0.314 5.9 249.4
66 4 82,0 397 0.405  0.04  0.0147 1,30 5.8 8
7 4 292.0 483 0.0234 0.001 0.0342 1.165 6.5 368.3 0.0000568 0.002  1.72
8 5 . 3.4 3B 0.182 0.02 0.0643 0.337 6.2 S 0.00927  0.051 151.4
a7 3 k.4 387 0.132  0.004 0.0123 0.0927 6.5 293.1 0.000304 0.0023 24.81
88 5 364 IW 0.182 0,012 0.0368 0.202 65 838.3
101 5 3.4 3495 0311 0.00 0.0306 0.0986 6.4 247.8 0.00109  0.0035 35.48
116 S 3.4 W 0.105 0.008 0.0145 0.233 6.3 4645
128 6 360.9 4233 0.0582 0.0006 0.00166 0.0286 7.0  285.5 0.0000198 0.00034 11.91
129 6 360.9 358 0.256  0.0006 0,00i66 0.0065 7.3 129.6
134 6 309 37 0.182  0.0004 0.00111 0.006f 7.3 121.6 0.000146
136 b 309 3852 0.138 0.0006 0.00222 0.0461 6,7  80.7
153 6  360.9 376 0.47  0.004 0.00277 0.0163 6.9 129.6 0.000119 0.0007 42.9
155 b 309 387 0.132  0.0007 0.00134 0.0147 7.0 146.7 0.00158 0.012 Bi7.9
in 7 395.3 3954  0.108 0,002 0.00506 0,046 6.7 2322 0.0000273 0.00025 6.4
1685 7 3963 41 0.053% 0.00045 000114 0.0181 7.0  151.1
194 8 429.8 432 0.0474 0,000 0.00047 0.0098 7.4 123.5
202 g 429,71 435 0.0443 0.0003 0.00070 0.0158 7.1 198.3 0.0000266 0.0006 38,08

206 9 4.2 478 0.0163  0.00011 0.000237 0.0146 7.2  230.9
208 8 464.2  455.8  0.0276 1.BE-5 0,000038 0.00141 8,16 203.%

209 10 4%8.7 5789 0.00167 1.26-6 2.4E-6  0.00144 8.26 262.0 S5.0E-8  0.00003 20.84
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FIG. 4. Plot of log Q vs chlorine number.

4. List of Symbols

c solubility in water, mol/m®

L subcooled liquid solubility in water mol/
m? or mmol/m?

Cs solid solubility in water, mol/m? or mmol/
m3

‘wo solubility in water saturated with octanol,
mol/m>

Cow solubility in octanol saturated with water,
mol/m>

H Henry's law constant, Pa m*/mol

H’ dimensionless Henry’s law constant

AH g, enthalpy of fusion, J/mol

Kow octanol-water partition coefficient

N chlorine number

n congener number

r pressure, Pa

Ds solid vapor pressure, Pa

j 29 subcooled liquid vapor pressure, Pa

0 product of ¢; and K oy or pseudosolubi-
lity in octanol

R gas constant, 8.314 J/mol K

AS g entropy of fusion, J/mol K

S aqueous solubility, g/m®

T system temperature, K

Twm normal melting point, K

v molar volume, m*/mol or cm®/mol

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986

5. Acknowledgments

The authors gratefully acknowledge the financial sup-
port of the National Bureau of Standards and in particular
the contribution and encouragement of Dr. L. H. Gevant-
man.

6. References

! Polychlorinated Biphenyls (National Academy of Sciences-National Re-
search Council, Washington, DC, 1979).

M. D. Muliin, C. M. Pochini, S. McCrindle, M. Romkes, S. Safe, and L.
M. Safe, Environ. Sci. Technol. 18, 468 (1984).

30. Hutzinger, S. Safe, and V. Zitko, The Chemistry of PCBs (CRC, Boca
Raton, FL, 1974).

1. C.T. Nisbet and A. F. Sarofim, Environ. Health Perspect. 1,21 (1972).

°D. Mackay, W. Y. Shiu, J. W. Billington, and G. L. Haung, in Physical
Behavior of PCBs in the Great Lakes, edited by D. Mackay, S. Paterson, S.
J. Eisenreich, and M. S. Simmons (Ann Arbor Scientific, Ann Arbor, MI,
1983), pp. 59-09.

¢S. 1. Eisenreich, B. B. Looney, and J. D. Thornton, Environ. Sci. Technol.
15, 30 (1981).

T. J. Murphy, in Toxic Contaminants in the Great Lakes, edited by J. D.
Nriagu and M. 8. Simmons (Wiley, New York, 1984), pp. 53-79.

88. Safe, in Halogenated Biphenyls, Terphenyls, Naphthalenes, Dibenzo-
dioxins and Related Products, edited by R. D. Kimbrough (Elsevier/
North-Holland, Amsterdam, 1980), Chap. 4.

°S. J. Eisenreich, B. B. Looney, and G. J. Hollod, in Physical Behavior of
FCBs in the Great Lakes, edited by D. Mackay, S. Paterson, S. J. Eisen-
reich, and M. S. Simmons (Ann Arbor Scientific, Ann Arbor, MI, 1983),
pp. 115-125.

'“D. Mackay and W. Y. Shiv, in Quantitative Structure-Activity Relations in
Environmental Toxicology, edited by K. L. E. Kaiser {Reidel, Dordrecht,
Holland, 1984), pp. 261-272.

''D. Mackay, W. Y. Shiu, A. Bobra, J. W. Billington, E. Chau, A. Yuen, C.
Ng, and F. Szeto, Environmental Protection Agency (U.S.) Publ. No.
600/3-82-019, 1982.

12J. M. Prausnitz, Molecular Thermodynamics of Fluid-Phase Eguilibria
(Prentice-Hall, Englewood Cliffs, NJ, 1969).

3M. M. Miller, S. Ghodbane, S. P. Wasik, Y. B. Tewari and D. E. Martire,
J. Chem. Eng. Data 29, 184 (1984).

148, H. Yalkowsky, Ind. Eng. Chem. Fundam. 18, 108 (1979).

15D, Mackay and W. Y. Shiu, J. Phys. Chem. Ref. Data 10, 1175 (1981).

D, Mackay, A. M. Bobra, W. Y. Shiu, and S. H. Yalkowsky, Chemos-
phere 9, 701 (1980).

17S. Banerjee, S. H. Yalkowsky, and S. C. Valvani, Environ. Sci. Technol.
14, 1227 (1980).

18C, T. Chiou, D. W. Schmedding, and M. Manes, Environ. Sci. Technol.
16, 4 (1982). )

198, H. Yalkowsky, S. C. Valvani, and D. Mackay, Residue Rev. 85, 43
(1983).

2M. M. Miller, S. P. Wasik, G. L. Huang, W. Y. Shiu, and D. Mackay,
Environ. Sci. Technol. 19, 522 (1985).

21K, Ballschmiter and M. Zell, Fresenius Z. Anal. Chem. 362, 20 (1980).

?’M. D. Mullin and J. C. Filins, in Advarices in the Identification and Analy-
sis of Organic Pollutants in Water, edited by L. H. Keith (Ann Arbor
Scientific, Ann Arbor, MI, 1981), Vol. 1, Chap. 11, pp. 187-196.

2R. C. Weast, Handbook of Chemistry and Physics, 53rd ed. (CRC, Boca
Raton. FL. 1972/73).

#R. C. Reid, J. M. Prausnitz, and T. K. Sherwood, The Properties of Gases
and Liquids, 3rd ed. (McGraw-Hill, New York, 1977).

2D, Mackay, R. Mascarenhas, W. Y. Shiu, S. C. Valvani, and S. H. Yal-
kowsky, Chemosphere 9, 257 (1980).

2D, Mackay, A. M. Bobra, D. W. Chan, and W. Y. Shiu, Environ. Sci.
Technol. 16, 645 (1982).

2’R. L. Bohon and W. F. Claussen, J. Am. Chem. Soc. 73, 1572 (1951).

#R. D. Wauchope and F. W. Jetzen, J. Chem. Eng. Data 17, 38 (1972).

2°L. J. Andrew and R. M. Keefer, J. Am. Chem. Soc. 71, 3644 (1949).

30M. R. Sahyunm, Nature (London) 209, 613 (1966).

3!R. P. Eganhouse and J. A. Calder, Geochim. Cosmochim. Acta 40, 555
(1976).

32D. Mackay and W. Y. Shiu, J. Chem. Eng. Data 22, 399 (1977).

33K. Verschueren, Handbook of Environmental Data on Organic Chemicals



PHYSICAL CHEMICAL PROPERTIES OF POLYCHLORINATED BIPHENYLS 929

(Van Nostrand Reinhold, New York, 1977).

34P. R. Wallnofer, M. Koniger, and O. Hutzinger, Analab Res. Notes 13, 14
(1973).

35L. Weil, G. Dure, and K. E. Quentin, Z. Wasser Abwasser Forsch. 7, 169
(1974).

36G. L. Huang, M.A.Sc. thesis (University of Toronto, 1983) (unpub-
lished).

37J. B. Billington, M.A.Sc. thesis (University of Toronto, 1982) (unpub-
lished).

33T.R. Stolzenburg and A. W. Andren, Anal. Chim. Acta 151,271 (1983).

3°R. Haque, D. W. Schmedding, and V. H. Freed, Bull. Environ. Contam.
Toxicol. 8, 139 (1974).

40C. T. Chiou, V. H. Freed, and D. W. Schmedding, Environ. Sci. Technol.
11, 475 (1977).

#1R. N. Dexter and S. P. Pavlou, Mar. Chem. 6, 41 (1978).

42C. S. Weise and D. A. Griffin, Bull. Environ. Contam. Toxicol. 19, 403
(1978).

“3A. Leo, C. Hansch, and D. Elkins, Chem. Rev. 71, 525 (1971).

44C. Hansch and A. J. Leo, Substituent Constants for Correlation Analysis in
Chemistry and Biology (Wiley, New York, 1979).

4SW, A. Bruggeman, J. Van Der Steen, and O. Hutzingcr, J. Chromatogr.
238, 335 (1982).

“K. B. Woodburn, W. J. Doucette, and A. W. Andren, Environ. Sci. Tech-
nol. 18, 457 (1984).

“’R. A. Rapaport and §. J. Eisenreich, Environ. Sci. Technol. 18, 163
(1984).

“G. D. Veith, N. M. Austin, and R. T. Morris, Water Res. 13, 43 (1979).

498, H. Yalkowsky and S. C. Valvani, J. Chem. Eng. Data 24, 127 (1979).

*OW. B. Neely, in Physical Behavior of PCBs in the Great Lakes, edited by D.
Mackay, S. Palcisun, 8. J. Eiscurcich, and M. S, Simmons (Ann Arbor
Scientific, Ann Arbor, MI, 1983), pp. 71-88.

*IM. Th. M. Tulp and O. Hutzinger, Chemosphere 7, 849 (1978).

52B. McDuffie, Chemosphere 10, 73 (1981).

3C. T. Chiou, P. E. Porter, and D. W. Schmedding, Environ. Sci. Technol.

17, 227 (1983).

*R. L. Swann, D. A. Laskowski, P. J. McCall, K. Van der Kug, and H. J.
Dishburger, Residue Rev. 85, 17 (1983).

%5R. D. Bradly and T. G. Cleasby, J. Chem. Soc. 1690 (1953).

%N. F. H. Bright, J. Chem. Soc. 624 (1951).

S7W. B. Neely, Chemtech 11, 249 (1981).

8T. Boulik, V. Fried, and E. Hala, The Vapor Pressure of Pure Substances
(Elsevier, Amsterdam, 1973).

59T, F. Bidleman, Anal. Chem. 56, 2490 (1983).

9. P. Burkhard, D. E. Armstrong, and A. W. Andren, J. Chem. Eng. Data
29, 248 (1985).

6D, Mackay, W. Y. Shiu, and R. P. Sutherland, Environ. Sci. Technol. 8,
333 (1979).

$2Dow Chemical Co. (private communication, 1982).

5N. K. Smith, G. Gorin, W. D. Good, and J. P. McCullough, J. Phys.
Chem. 68, 940 (1964).

$4T. J. Murphy, J. C. Pokojowczyk, and M. D. Mullin, in Physical Behavior
of PCBs in the Great Lakes, edited by D. Mackay, S. Paterson, S. J. Eisen-
reich, and M. S. Simmons ( Ann Arbor Scientific, Ann Arbor, MI, 1983),
pp. 49-58. .

65E. Atlas, R. Fostcr, and C. S. Giam, Environ. Sci. Technol. 16, 283
(1982).

0], W, Westcott, C. G. Simon, and T. F. Bidieman, Environ. Sci. Technol.
15, 1375 (1981).

7). W. Westcott and T. F. Bidleman, J. Chromatogr. 210, 331 (1981).

68A. J. Dobbs and M. R. Cull, Environ. Pollut. B 3, 289 (1982).

%°R. M. Dickhuat, M.S. thesis (University of Wisconsin, Madison, 1985)
(unpublished).

701.. P. Burkhard, A. W. Andren, and D. E. Armstrong, Environ. Sci. Tech-
nol. 19, 500 (1985).

7'L. P. Burkhard, D. E. Armstrong, and A. W. Andren, Environ. Sci. Tech-
nol. 19, 590 (1985).

72D, R. Stull, Ind. Eng. Chem. 39, 517 (1947).

D. R. Augood, D. H. Hey, and G. H. Williams, J. Chem. Soc. 44 (1953).

J. Phys. Chem. Ref. Data, Vol. 15, No. 2, 1986





