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ABSTRACT

This report summarizes the environmental transport and
transformation of polychlorinated biphenyls and céntains nine
separate chapters describing water solubility and octanol/water
partition coefficient, vapor pressure, Henry's law constant and
volatility from water, adsorption (sorption) to soils and
sediments, bioconcentration in fish, atmospheric oxidation,
hydrolysis and oxidaticen in water, photolysis, and
biodegradation. In the preparation of each of these chapters,
the emphasis has been on obtaining experimental data on
environhentally relevant rate constants and equilibrium constants
for these processes/properties for individual PCB congeners and
Aroclors. If no experimental data were found, then estimation
techniques were used wherever possible to obtain values for the
rate constants or equilibrium constants for each individual
congener or for groups of congeners (i.e., for monochloro-,
dichloro-, trichloro-, etc., biphenyls). These parameters are in

a form suitable for environmental fate modeling.

Since water solubility (Cg) and octanol/water partition
coefficeint (K, ) are key parameters in chemical fate analyses,
work was sponscred by the Chemical Fate Branch of the EPA's
Qffice of Toxic Substances to obtain precise values for a number
of individual PCB congeners using the very reliable coupled
jenerator column-chromatcgraphic method. Based on all the
experimental data, regression equations were developed relating

these two key parameters to the parachor. In addition, a
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regression equation was developed correlating Cg with K, so that
if the precise experimental value of one of them is known, then a
orecise experimental value for the other one can be obtained for

a specific PC3 congener.

Adsorption (sorption) to soils and sediments (K,,) and
bioconcentration in fish (Ky) are related to X, . B8ased on the
available experimental data published in the literature, linear
regreséion equations were developed for a wide range of chemicals
correlating Koe and Ky to K, . The precise values of K, were
then used to obtain the best estimate of Koo and Kgq for a number

of the individual PCB congeners and all the groups of congeners.

For most of the other transport and transformation
procesées, estimation techniques were used to obtain
environmentally relevant rate constants and half-lives. For
example, the structure/reactivity method of Hendry and Xenley was
modified to estimate the second-order rate constant (kOH) for the
reaction of OH radicals with the various PCB congeners in the gas
phase. Using these rate constants, half-lives were estimated for
the various congeners in reasonably polluted air. For agqueocus
photolysis in sunlight, the available photolysis data for a few
specific PCB congeners [molar absorptivities and quantum yield]
were used along with solar irradiance data in pure water and at
shallow depths to estimate rate constants and half-lives at 40°
north latitude and for the winter and summer solstices. Based on
aan analysis of the available biocdegradation literature, some

general conclusicns have been deduced about potential



oiodegradation half-lives for the mono- and dichloro-,
trichloro=-, tetrachloro-, penta- and higher chlorinated biphenyls ‘
in various envirconments [i.e., aercbic fresh and oceanic surface

waters, activated sludge, soil, and anaerobic environment], but

it must be emphasized that these are broad generalizations and

that half-lives in particular environments for specific

chlorinated biphehyls may be much larger due to certain limiting

environmental variables [e.g., low temperatures, low moisture, pH

extremes] or the specific PCB structure,

It must be emphasized that these estimates of rates for
transport and transformation involved simplifying assumptions and
thus these data should not be regarded as precise but rather as a
best estimate based on the available data. Precise
environmentally relevant experimental data are needed to. confirm .

these rate constants and half-lives,
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INTRODUCTION

Bolychlorinated biphenyls (PCBs) repfesent a class of *
chlorinated aromatic compounds which have found widespread
industrial apolication because of their stability and inertness,
excellent dielectric properties, and their excellent solvent
characteristics. There are 209 possible PCB congeners when
viphenyl is chlo;inated [Hutzinger et al. (1974)]. Figure A
lists the possible distribution of the chlorines on the two rings
and the number of congeners while Figure B lists a few congeners
and their names. Monsanto, the only U.S. manufacturer, has sold
a number of industrial grade PCBs called Aroclors and the |
approximate molecular composition of these products are listed in

Figure C.

The fate of PCBs in the enviromment is a function of a
number of chemical, physical, and biological processes/
nroperties. These processes/propertiss are: water solubility,
octanol/water partition coefficient, vapor pressure, Henry's law
constant, volatility from water, adsorption (sorption) to soils
and sediments, bioconcentration in fish, atmospheric oxidation,
nydrolysis and oxidation in water, photolysis, and
biodegradation. These processes/properties can be divided into
two principal categories: +transport and transformation. The
first seven are transport processes/properties while the
remaining ones are transformation processes. The transformations
can be further subdivided into abiotic and biological
processes. Whenever possible, these processes/properties have
been expressed as rate constants or equilibrium constants which

are suitable for envirommnental fate modeling.
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A: Possible Distribution of Chlorines on the Two
Bipnenyl Rings and the Number of Congeners
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Polychlorinated Biphenyls
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3~chlorobiphenyl

2,4'-dichlorobiphenyl

2,4,4',6-tetrachlorobiphenyl

2,2',4,4',6,6'-hexachlorobiphenyl
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Tigure C: , Apnroximate Molecular Composition of Aroclors

(Percent) [Hutzinger et al. 1974]

Erpiriczl Aroclor Number

Formula 1016 1221 1232 1242 1248 1254 1260
CioH1g <0.1 11 <0.1 <0.1 ND* <0.1 ND
T 9HgCl 1 s1 31 1 ND <0.1 ND
C19HgCla 20 32 24 16 2 0.5 ND
Cy2H1Cl3 57 4 28 49 18 1 ND
CyoHgCly 21 2 12 25 40 21 1
C 5HsCls 1 <0.5 4 8 36 48 12
Ci2H1Cly ND ND ND <0.1 MD 6 41
C1oHoClg ND ND MD ND ND D 8
C) oM, Clg D ND ND ND ND ND ND
Average

clar
Mass 257.9 200.7 232.2 266.5 299.5 328.4 375.7

D denotes none detected.




' In Jescribing the environmental fate of PCBs, this report
has been divided into nine separate chapters describing these
ohysical, chemical, and biological preocesses/properties in
detail, Figure D. Chapters 1-5 are devoted to a discussion of
the transport processes/properties, Chapters 6-8 are devoted to a
discussion of abiotic transformation processes, while Chapter 9

is devoted to a discussion of bioclogical degradation.

In the preparation of each of the chapters, the emphasis has
been on gathering the available experimental data on these
processes/properties for individual PCB congeners and Aroclors.
If no experimental data were found, then estimation technigues
were used wherever possible to obtain values for rate constants
or egquilibrium constants for.each individual PCB congener. In

. ‘many cases, these estimation technigues were unable to
distinguish between congeners containing the same number of
chlorines on the two rings. For example, for the PC3s with four

chlorines on the two rings,

Clz Clz

there are 21 possible congeners (Figure 4)
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out only one value of a specific property could be obtained for
all the possibilities. Thus, all the possible congeners were
srouped together as the tetrachloro PCB congener and a single

value of the specific property was listed.

Since water solubility (Cg) and octanol/water partition
coefficient (K,,) are key parameters, work was sponsored by the
Chemical Fate Branch of the EPA's Office of Toxic Substances to
obtain precise values for a number of PCB congeners using a
coupled generator column-chromatographic method (Chapter 1).
Based on the experimental data, regression eguations were
developed relating these two key parameters to the parachor.
These equations were then used to estimate and obtain precise

values for other groups of congeners.

Adsorption‘(sorption) to soils and sediments (K,.) and
bioconcentration in €ish (Kg) are related to the octanol/yater
partition coefficient (K,,). BRased on the available experimental
datz published in the literature, linear regression equations
were developed for a wide range of chemicals correlating Ry, and
Kg to Ky, (Chapters 4 and 5, respectively). The precise values
of X4y developed in Chapter 1 were then used to obtain the best
estimate of K . and Kg for a number of the individual PCB
congeners and all the groups of congeners (i.e., dichloro,

trichloro, tetrachloro, etc).



For other transport and transformation processes, estimation .
technigues were used to obtain environmentally relevant rate

constants and half-lives., It must be emphasized that these

estimation techniques involved simplifying assumptions and thus

these data should not be regarded as precise but rather as a best

estimate based on the available data.
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CHAPTER 1

WATER SQLUBILITY AND OQCTANOL/WATER
PARTITION COEFFICIENT OF POLYCHLORINATED BIPHENYLS

by
Gary C. Thom
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L. INTRQDUCTION AND SUMMARY |,

This chapter discusses the water solubility (Cg) and
octancl/water partition ccefficient (K,,) of PC3s and gives

experimental and/or estimated values for all PCB congeners.,

Cg and K, are fundamental physicochemical properties that
significantly affect the transport and transformation of a
chemical in the environment. For hydrophobic chemicals such as
PCBs, the water solubility can affect the rate at which the
chemical is distributed in the environment and can influence the
rate and extent of chemical and biological transformations such
as aqueous photolysis and biodegradation. In addition, the water
solubility can be correlated to the octanol/water partition
cocefficient, The partition coefficient is important because it
is useful in predicting biological uptake, lipophilic storage and
soil adsorption (i.e., properties that gquantify the distribution
of a chemical between the hydrophobic and hydrophilic
compartments in the environment), With PCBs so widespread in the
environment, their water solubility and octanol/water partition
coefficients have become of critical importance in assessing

their transport and transformation in the environment,

The availability of precise, reliable data on the water
solubility and’octanol/water partition coefficient of PCBs is
limited. There are two principal reasons for this lack of
data. First, the highly hydrophobic nature of PCBs makes the

determination of their concentration in water (a measurement that

is required for both Cj and K,,) difficult from an analytical
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standgoint because they are present in such low concentrations. ‘
Second, with the exception of the work of Wasik et al. (1981)

that will be discussed below, all methods for Cg and K, use a
"shake=-flask" procedure that leads to the formation of emulsions

or colloids in the equilibration step. For very hydrophobic

chemicals, such as PCBs, colloid formation is difficult to

control and leads to erroneocusly high and/or erratic PCB

concentrations in water.

Wasik et al. (1982a,b) have circumvented the colloid problem
by using a generator column or column leaching methoed coupled
with a gas chromatograph/election capture detector. This method
gives reliable, precise values of'Cs and K., for even the most
hydrophobic PCBs. In addition, Wasik has correlated both the Cq

and K, of PCBs with the Sugden parachor (Par) for each PCB .

W
congener. Thus, in the absence of experimental values, the Cg
and/or Xqw ©of 2 PCB can be estimated from its calculated

parachor.

Although there are other methods for estimating these
parameters [e.g., Hansch and Leo's (1979) fragment constant
methcd and the linear regression correlations summarized by Lyman
et al., (1982)], the Wasik correlations are much more reliable
because they represent the direct correlation of precise Cg or

Koy data with the parachor.

Tables 1 and 2 summarize the data on the water solubility
and octanol/water partition coefficient; Cg is given in ug/L (ppok)

«
and moles/liter (M) while Ky, iS given in log units (log Koy)- C

L J 1_2
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Table 2. Lcg Cctanol/Water Par=icion Coefficients
of PC3 Congeners. at 25°C
Ganerator
PCB Column Litcerature
Congener Methodb Values Estimated?
3iphenyl 1.74 s.042 4.09
3.89° 3.75°
4.03%
Monochlorow 4.51
2 4.50
4.38°
3 4.58°
4 4.49° 4.28
Dichloro- 4.94
2,2 4.90¢
2,4' 5.14°
2,5 5.16
2,8 4.23
3.4 5.29
4,4 5.33 5.189
5.58
Tzichloro=- 5.37
2,2',5 5.60°
2,4,5 S.51
5.81°
2,4,5 5.77°
2,4,8 5.47
Tetrachloro=- $.90
2,2',3,3' 4.639
2,2'4'.,5 S.73
2,3,4,5 §.72
2,3,5,6 s.487
Pentachloro- 8.24
2,2'4,5,5° S5.92 611h
2,3,4,5,5 6.30
Hexachloro- .87
2l2'l3'3"4'4' SQ98
272"3'3'1675' 6065
2,2',4,4',5,5' 672,
2,2',4,4',6,6°' 7.55% 6.34°



Table 2. Log Octancl/Water Par<tition Coefficients (Cont.d)

Ganerator
PC3 CQlumnb Literature
Cangener wethod values Estimated?
Haptachloro- 7.10
2,2',3,3',4,4',86 5.88
Qctachloro= 7.53
2,2',3,3',
$,5',6,8' 711
Nonechloro- 7.96
2,2',3,3',4,
515'16'6| 8.16
Decachloro~ 8.26 8.39
2sgtimated using log Kow = 0.0116 Par - 0.33 frem wWasik, S. et al.,

S4asix, $., et al., 1982.

“Woodburn, K.3., 1982.
dBanerjee, S., et al., 1980.

®veizh, G.D., et al., 1979.

"

Yalkowsky, S.H. and S.4. Valvani, 1979.
gSuqiuz'a, X. et al., 1978.
hChiou, CeT., et al., 1977.

iMackay, D., et al,, 1980,

Xgarickhofs, SW, et al., 1979.

e éhould be noted that the generator calumn value of 7.55 for the

2,2',4,4',6,6'=-PCB is not consistent with the values of the other hexachloro
congeners or with the other classes of congeners., That is,

2,2'4,4',6,6'-7C8 is too high.

Turchermore, the generacor column value for this congener is o high relative
to the literature value obtained by the shake-flask methed.
of 7.53 for this congener should be used with caution unctil further

experimentaticn can confizrm the generator column value.

the value

Thus, the value

1982.

for the



3oth tanles give values as determined by three methods: (1)
2stimated from the parachor; (2) experimentally determined using
wasix's generator column method, and; (3) experimentally
determined using other methods published in the literature. In
selecting a value from these tables, the value determined by the
generator column method is preferred, if one exists for the
particular congener of interest; if not then the literature value
can be used. If neither of these values are given, the estimated
value should be used. It should be noted, however, that the
estimated value applies to all congeners, i.e., all tetrachloro
congeners have an estimated Cq of 41.8 ppb. This is because the
parachor calculation does not distinguish between different

positions that the chlorine can occupy on the biphenyl ring.
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II. LITERATURE DATA ON THE WATER SOLUBILITY OF PCBs

A comprehensive summary of the water solubility data on PCBs
nas been made by Mackay et al. (1980). It is these data (as
individual values or averages) that are included in Table 1l as
the literature value., These values were measured using various
nmodifications of the standard shake-=-flask method along with a
variety of analytical techniques for determining the aqueous

concentration of the PCR.

A comparison of the literature values with those obtained
using the generator column method show considerable
discrepancies. Wide variation also exists between the individual
literature values used in computing the average values given in
Table 1. For example, the average Cg value of 1140 ppb for the
2,2' congener represents the average of two significantly
different values - 790 and 1500 ppb. The Mackay summary shows
many other similar discrepancies that lead one to question the
raliability ©f the procedures used to determine the water
solubility, and of the analytical techniques employed. The major
factor responsible for these discrepancies is the formation and
£ailure to remove emulsified or colloidal PCB from the agueous
solution. Another factor is the use of an insufficiently
reliable and sensitive analytical technique, particularly for the
more hydrophobic PCBs, where, for example, values range over a
factor of ten for 2,2',4,4',6,6'-PCB, Thus, it seems clear that
an alternate method is needed for determining PCB water

solubility -- a methed that avoids the problems of colloid

1-8



tormation and removal, and c¢ontains a reliable and precise
analytical procedure, To fulfill this need the Chemical Fate
3ranch of EPA's Office of Toxic Substances sponsored research
work at the National Bureau of Standards (Wasik et al, 1981l) to
develop a coupled generator column/chromatographic methed that
could be used to obtain reliable and precise measurements of Cq

{and particularly for very hydrophobic chemicals such as

Kow!

PCBs., The results of this research are discussed in Section 1IV.

1-9
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LITERATURE DATA ON THE OCTANOL/WATER PARTITION COEFFICIENT ‘
OF ©oCBs )

As shown in Table 2, few experimental values of the
octanol/water partition coefficient for PCBs have been deter-
mined. Of those values published in the literature, most have
been estimated from retention time on a high pressure liquid
chromatograph (Sugiura, 1978). Because so little data are avail-
able on the partition coefficient of PCBs, most values must be
obtained from the several methods available for estimating log

X The most widely used method for estimating this parameter

ow*
is that of Hansch and Leo (1979), who have compiled over 10,000
log K,, values for a wide variety of chemicals. Their method
sums the "fragment constants" for each atom in a molecule to give

the log X,, for the entire, intact molecule. This method has .

been computerized by Chou and Jurs (1979).

Another method for estimating log K, is through correlation
with water solubility. There are a number of equations
correlating log K., with solubility. These are reviewed and
summarized by Lyman et al, (1582), Each equation has been
obtained for certain classes of compounds thus making the

correlation as good as possible. 7Two of these equations are:

i

log K., = -1.085 log Cg + 4.538 (1)

and

log X,y -0.73 log Cgq + 5.30 (2)



Eguation (1) was developed to correlate the two parameters for a
*

large numper of pesticides and PCBs and, therefore, should give

more "accurate" values of log K,, than eguation (2) which applies

to chlorinated benzenes.

Although these estimation techniques enable the log K, of
any PCB congener to be calculated, most values are only accurate
to within a factor of = 1 log units, due to scatter around the
regression line and to the fact that these equations do not
contain a lattice energy correction term for solids. In
addition, it should be noted that none of the estimation
techniques distinguish between congeners; that is, all dichlor -

PCB's have the same log K regardless of the positions of the

ow’
chlorines on the two phenyl rings. This problem has recently
been addressed by Woodburn (1982), who developed an additional
" ® " factor that accounts for the position of the chlorine.
Jowever, his technique does not have the broad applicability or

the advantage of obtaining precise experimental data afforded by

the generator column method discussed in the next section.
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IV. DETERMINATION OF C_ AND K, FOR SOME POLYCHLORINATED
BIPHENYLS BY THE GENERATOR COLUMN METHOD

Because of the lack of‘reliable, precise data on the Kyw and
Cg of PCBs, EPA's Chemical Fate Branch recently sponsored a
laboratory research program at the National Bureau of Standards
to experimentally determine the values of these parameters for a
series of 16 representative PCBs, ranging from the mono- to
decachloro congeners. The measurements were made using the
generator column method developed by Wasik et al. (198l) which is
ideally suited for obtaining reliable, precise data on very
hydrophobic chémicals such as PCBs. The principal advantage of
this method is that it avoids the formation of solute emulsions
and colloids that‘introduce considerable errcf in both the K,
and Cg meﬁsurements. The methed accomplishes this by eliminating
the agitation used to attain solute-solvent equilibrium in the
shake-flask method. Instead, a column is used to generate
equilibrium saturated solute-solvent solutions by the aqueous
leaching of the solute from an appropriate column support; the

concentration of the solute is then determined using a gas

chromatograph equipped with an electron capture detector.

The results of this work have been reported (Wasik et al.
1982) and the values for the C  and K,, at 25°C are given in
Table 3. As a part of this study Wasik was able to show that
both parameters are correlated to the solute parachor, Par. The
parachor was first demonstrated to be directly related to Ry and
Cg by McGowan (1966) through the equation:

log Ky = k'p Par



where K'_ is a constant that is characteristic of the
octanol/water solute system. The parachor is an ideal parameter
—0 cgrrelate with Kow and Cg because it can be easily calculated
by summing the individual parachor values of the atoms and
structural units that make up the molecule. An example of how

the parachor is calculated for l-chlorobiphenyl is given below:

Atom or Structure Sugden Parachor*
C 4,8
H 17.1
Ccl 54,3
double bond 23.2
six-membered ring 6.1

For l-chlorobiphenyl

12 C 57.6
9 H 153.9
1C 1 54.3
6 double bonds 139.2
2 six-membered rings 12,2

TOTAL 417.2

"From Dreisbach compilation [1955].

The major disadvantage of the parachor estimation method is

that it does not distinguish between congeners. For example, the
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two monochlarobiphenyl congeners, 1~CBP and 2-CBP have the same .
Darachor (4f§) and therefore, the same estimated water

solupility., However, the experimental data (Table 1) show that

these two congeners have very different water solubilities: 5020

and 2400 ppb, respectively. As a consequence, the log Cg - Par
correlation does not give unique values for each congener, but

the same value for both congeners. The same problem applies to

the log K - Par correlatiocn.

ow

The parachor for each of the 16 PCB's along with the
experimentally determined values of log K,, and C, are given in
Table 3. Correlation of K,, and Cg with the parachor using
linear regression analysis gave the following results that are

shown graphically in Figures 1 and 2, .

For the octanol/water partition coefficient:
log Ky, = 0.0116 Par - 0.33

with a coefficient of determination, r2 = 0,936; for the water

solubility given in moles/liter:
log l/Cs = (0,.0182 Par - 2.78

with a coefficient of determination, r2 = 0.954.
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Table 3. Agueous Solubilities and Octanol/Water Partition Coefficients of
?nlychlorinated 3iphenvls at 25°C as Measured Using the Generator Column Method

‘ Campound Parachor c¥ (m)2 Log Kowa
S
1. zishenyl 380.0 (4.35 + 0.14) x 107> 3.74 + 0.01
2. 2-Chlororbiphenyl 417.2 (2.68 + 0.03) x 107> 4.50 + 0,01
3. 2,5-Dichlorbi- 6
phenyl (liquid) 454.4 (8.70 + 0.21) x 10° 5.16 + 0.01
4. 2,6-Dichlorobi- 454.4 (6.23 + 0.13) x 107¢ 4.93 + 0.02
biphenyl
5. 2,4,5-Trichloro-
biphenyl 491.6 (6.32 + 0.31) x 1077 5.51 + 0.11
6., 2,4,6=Trichloro~ ?
biphenyl 491.6 (8.76 + 0.47) x 107 5.47 + 0.03
7. 2,3,4,5-Tetrachloro~-
biphenyl 528.8 (7.17 + 0,34) x 1078 5.72 + 0,07
81 2'2"4.75-Tetra-
chlorobiphenyl 528.8 (5.63 + 0.33) x 1078 5.73 + 0.09
9. 2,3,4,5,6-Penta~
. ' chlorobiphenyl 566.0 (1.68 + 0.08) x 1078 6.30 + 0.05
10- 2,2',4,5,5'-?enta-‘
chlorobiphenyl 566.0 (5.92 + 0.27) x 1078 5.92 + 0.01
11. 2,2'13,3'/616" .
Hexachlorobiphenyl 603.2 (1.67 + 0.08) x 1078 6.65 + 0.06
2. 2,2',3,3',4,4'-Hexa
chlorobiphenyl 603.2 (7.84 + 0.36) x 10710 6.98 + 0,04
13. 2,2',4,4',6,6'- 603.2 (1.13 + 0.05) x 1072 7.55 + 0.21
Hexachlorobiphenyl
14, 2,2',3,3',4,4'6- 640.4 (5.49 + 0.24) x 1072 6.68 + 0.20
Heptachlorobiphenyl
15. 2,2',3,3',5,5',6,6'= 677.6 (9.15 + 0,50 x 10710 7.11 + 0.30
Octachlorobiphenyl
6. 2,2',3,3',4,5,5',6,6' 714.8 (3.88 + 0,17) x 10711 8.16 + 0,22
= Nonchlorobiphenyl
17, 2,2',3,3',4,4',5,5',6,6 .
-Decachlorobiphenyl 752.0 (1.49 + 0.19) x 10711 8.26 + 0.10

. Amie uncertainty is the standard deviation for three replicate measurements,
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Figure 3 shows the correlation between the number of ‘
chlorines on the biphenyl and log K,,. The resulting regression

equation:
log Ky, = 0.43 no; + 4.08

has a coefficient of determination, r? = 0.936. This figure also
shows the error that would result if Hansch and Leo's fragment
constant method were used to calculate log K,,. The slope, or =
value, of their curve differs significantly. Becently however,
Woodburn (1982) has shown that a series of © factors could be
developed for PCBs based on chlorine position. Use of these new =

factors is limited to estimating log K,, values of less than 6.

Thus, it appears that the parachor parameter is, at the .
present time, the most reliable method for estimating the
octanol/water partition coefficient and water solubility of those
PCBs for which no experimental data are available. As an equally
good alternative one can estimate either Cg or log Kow LE the
other is known, from the regression equation derived from
correlating these two parameters. Using the data in Table 3, the

form of the regression equations are:
log Ky, = 0.594 log 1/Cg + 1.80
that can be rearranged to give:

log 1/C, = 1.68 log K, - 3.03 .

1-18
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For both equations, Cg is expressed in moles/liter and the
coefficient of determination is 0.980. An advantage of using
these ragression equations is that, unlike the parachor-C -K,,

correlations, unigue values are obtained for each PCB congener.

Finally, if the melting point of the PCB congener is known,
the water solubility can be estimated from the following

equation:

log 1/Cg = 2.82 log K, + 0.0147 £, - 1.91

where Cg is given in moles per liter and th is the melting point
in °C of the PCB; the coefficient of determination for this

eguation is, r?

= 0.972. Inclusion of the melting point term
corrects for neat of fusion or crystal lattice energy that
increases as the solubility of a substance decreases. As
indicated by the value of r2, this equation does not necessarily
give a better estimation of the water solubility than the other
equations because only one of the PCBs used in developing the
equation was not a solid (i.e., was a ligquid). Thus, the melting

point factor has already been "included"” in the other two

regression equations.

Table 4 summarizes the various regression equations that
have veen described in this paper for estimating the water

solubility and octanol/water partition coefficients of PCBs.
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Table 4, Summary of Regression Equations for Estimating the
Water 3olubility and QOctanol/Water Partition
Coefficients of Polychlorinated Biphenyls.

Water Solubility (given in moles/liter

log 1/C_, = 0.0182 Par - 2.78 r? = 0.954
log 1/¢% = 1.68 log Ky, - 3.03 r2 = 0.980
log 1/C, = 2.82 log X,, + 0.0147 £, (°C) = 1.91 r? = 0.972
Octanol/Water Partition Coefficient
log K, = 0.0116 Par - 0.33 r?2 = 0.936
log K., = 0.594 log 1/C (M) + 1.80 r? = 0.980
2
log Kow = 0.43 Naq * 4.08 rc = 0,936

1=-21
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CONCLUSION

A summary of the available and most recent data on the
water solubility (Cg) and octanol/water partition coefficients

(X,,) of polychlorinated biphenyls (PCBs) has been made. Those

ow
?C8s for which no experimental data .exist can have their Cg and
X, estimated using regression equations recently developed at
the National Bureau of Standaras (NBS). In addition, the NBS has
used a new more reliable and precise method to experimentally
determine the C  and K,, for 16 PCBs. The data and information
contained in this report can be used to obtain the Cg and K, for

all PCB congeners.
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T. INTRODUCTION AN SUMMARY

A knowledge of the vapor pressure of various PCR congeners
is important in predicting the hehavior and fate of these
compounds in the environment. A knowledge of the vapor pressure
of the various PCBs will allow the estimation of rates of
evaporation of PCBs from spills, the rate of volatilization of

PC3s from water, and possible maximum levels of PCBs in the air.

Very little data exists in the literature on the vapor
pressure of Aroclors (mixtures of PCBs). Even less data are
available on the vapor pressure of individual PCBs. Vapor
pressure data on Aroclor mixtures are presented in Table 1. This
table also lists the main PCBs which are present in each Aroclor
and their percent in the mixture, Table 2 lists all measured
vapor pressure data for individual PCB congeners which could be

found in the open literature.

Due to the apparent paucity of vapor pressure data on PCBs,
it was necessary to consider other methods for obtaining the
vapor pressure of the various congeners. Lyman et al. (1982)
describe a number of estimation techniques in a handbook which
are useful for estimating physicochemical properties of organic
chemicals, Several methods for estimating vapor pressure are
included in Chapter 14 ([Lyman et al. (1982)]. These methods
require a boiling temperature as an input. However, this
property also had to be estimated since none of these data are
available in the published literature., Therefore, the boiling
temperature was estimated by the method recommended by Lyman et

al. (19%2). Both of the above mentioned estimation technigues
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Table 1. Vapor Pressures of Aroclors at 25°C

Vapor Pressure Primary PCBs Present

Aroclor {Torr) and Percent Composition®©
1016 4 x 1074 (estimate)? 573 CyoH7Cly
1221 §.7 x 1073 (estimate)? 51% Cy oHgCl
1231 4,06 x 1073 (estimate)? 318 Cy oHgCl
28% Cy,H,Clg
1242 4.06 x 10~% (measured)® 49% Cy2HCLy
1248 4.94 x 10™% (measured)® 40% CyoHgCLy
36% Cy,HsClg
1254 7.71 x 1075 (measured)® 48% C),HgClg
1260 4.05 x 1073 (measured)® 38% €y 5H,Clg
41% Cy ,H4Cl,

2ysEpa (1979).

Bwonsanto (1974) Extrapoclated to 25°C from higher temperatures.

STable C, of the Introduction, lists the complex composition of
the Aroclors,



Table 2., Measured Vapor Pressures of PCBs
-

PC3 Temperature(°C) Vapor Pressure (Torr)

2',3,4 25 0.8 x 10™4(al
25 1.0 x 10~4(9) (extrapolated froem 30°C)

30 1.3 x 1074(2)

2,2',5,5" 25 5.5 x 10-3(3)
25 1.9 x 10-3(B) (extrapolated frem 30°C)

10 3.6 x 10-3(D)

2,2',4,5,5" 25 9.2 x 10-8(a)
' 25 7.2 x 10-6(9) (extrapolated from 30°C)

30 1.3 x 10-3(b)

3,3 25 2.0 x 10-4(2)

2,2',4,4',6,6" 25 1.2 x 1o0=3(a)

q4estcott and Bidleman (1981).

bWestcott et al. (1l98l).



are insensitive to location of chlorine atoms on the biphenyl .
rings so that, for example, all pentachloro biphenyls will be

predicted to have identical vapor pressures and boiling points.

Table 3 lists estimated vapor pressures of all possible PCB

congeners (with the above mentioned caveat) as estimated, using

estimated boiling temperatures, by the method preferred for PCBs.

In summary, it is apparent that there is only limited
experimental data on vapor pressures of a few PCBs., Furthermore,
the estimation technigues used to estimate the vapor pressures of

the various PCB congeners have two limitations:

1) these estimation techniques cannot distinguish between
congeners of PCBs containing the same number of .
chlorines; and ’
2) the estimation techniques for the vapor pressure of the
PCB congeners containing 7 to 10 chlorine atoms are not
reliable since these PCBs have vapor pressures below the

useful limit of the estimation technigue,.

It is thus obwviocus that earefully conducted experiments must
be performed on a series of PéB congeners to cobtain reliable
vapor pressures. With these data, one should be able to develop
empirical correlations for determining the vapor pressure of all

PCB congeners.



Table 3, Estimated Vapor Pressures of PCB Congeners (a)

Estimated
vapor Pressure

# of Ci1's (Torr @ 25°C) Physical State
0 7.3 x 172 Liquid
1 2.8 x 10-2 Liguid
2 1.1 x 1072 Liquid
3 8.5 x 1073 solid
4 3.7 x 10786 Solid
5 7.6 x 10”7 solid
6 1.7 x 1077 Solid
7 (3.6 x 10-8)° Solid
8 (7.6 x 109 solid
9 (1.9. x 1072)° Solid

10 (4.0 x 10°10)° Solid

dpredicted by vapor pressure estimation method 2 as described in
Lyman et al. (1982).

bValues in parenthesaes are outside of the useful ranqge of the

estimation technique and must be used with caution.



II. MEASURED VALUES OF PCB VAPOR PRESSURE

The vapor pressure data on Aroclors (PCB mixtures) is given
in Table 1 [USEPA (1979), Monsanto (1974)]. These data were
either estimated or measured. It should be noted that Monsanto
was the only US manufacturer and supplier of PCBs for a number of

years.

The PCB vapor pressure data listed in Table 2 has been
determined by two techniques. Westcott et al. (1981) measured
the vapor pressure of a few PCBs by the gas saturation method at
temperatures of 30, 35, and 40°C and the data were then
extrapolated to 25°C using the Clapeyron or Antoine equation.
The gas saturation technique which was used is very similar to
the one published by EPA as an OTS Test Guideline ({USEPA
(1982)]., In the method used by Westcott et al. (1978), air was
used as the carrier gas rather than the nitrogen recommended in
the EPA procedure. The second technigque used by Westcott
[Westcott and Bidleman (1981)] utilized a capillary gas
chomatographic technique which determines vapor pressure by
measuring the PCB retention times relative to a reference

compound of known pressure.
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II. ESTIMATED VALUES OF PC3 VAPOR PRESSURE

Several of the Aroclor vapor pressure values listed in
Table 1 were estimated [USEPA (1979)]. The exact source and/or
method of estimation of these values is unknown., These values

appear to be in agreement with expected values.

Vapor pressures of the pure PCB congeners were estimated by
the methods recommended by Lyman et al. (1982). These methods
require a boiling temperature as an input. Boiling temperatures
were not found in the literature and thus they were estimated by
the method recommended by Lyman et al. (1982). The recommended
methods (Lyman et al. (1982)] for the estimation of both vapor
pressure and boiling temperature are not sensitive to position of
chlorine atoms on the biphenyl rings so that all cdngeners will
have identical estimated vapor pressure and boiling
temperature., Table 4 lists the calculated boiling points of the
PCB congeners. Lyman et al., (1982) recommended two methods for
estimating vapor pressures and these are designated as Methed 1
and Method 2. Method 1 is applicable only to liquids or super-
cooled ligquids. Method 2 is applicable to both solids and
liquids. Method 1 has a lower vapor pressure limit of 1073 Torr
while Method 2 is useful down to 10~/ Torr. Values less than
10”7 Torr are out of the useful range of the estimation
techniques but have been included in both Tables 3 and 4 as they
are only the available numbers. These values must be used with
caution. Method 2 makes corrections for variations in AHV/AZ

with temperature (AHv is the heat of vaporization while AZ is the
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compressability factor) while Method 1 assumes that this ratio is
invariant., For the above three reasons, Method 2 values are
preferred. Values estimated by both techniques are listed in

Table 4.




Table 4, Estimated Zoiling Temperaturss and Vapor Pressures of PCBEs

30iling Tem.(a) Vapor Sressurse Physical

4+ of cd's (°C ac 1 atm) wethod 1(P) method 2(¢) state(d)
s < 247 5.2 x 1072 7.3 x 1072 Liquid
1 268 1.7 x 1072 2.8 x 1072 Liquid
2 288 5.6 x 1073 1.1 x 1072 Liquid
3 308 (1.8 x 107)® 8.5 x 10~3 solid
4 326 (5.9 x 10°%® 3,7 x 10°6 solid
5 344 (1.9 x 1074 7.6 x 10”7 Solid
5 361 (6.4 x 1075)® 1.7 x 1077 solid
7 378 (2.1 x 10°9)® (3.6 x 1087 solid
8 395 (6.3 x 10°9)2 (7.6 x 10°9)¢ solid
) 410 (2.1 2 10792 (1.9 x 1079 solid
10 426 (6.6 x 10°7)® (4.0 x 10719)®  so1ig

2cstimated by method of Meissner as described by Lyman et al., (1982).

-
(1982).

Estimated by vapor pressure estimation method 1 as described by Lyman et al.

CEstimated by vapor pressure estimation method 2 as described by Lyman et al.

{1982).
d

Based upon estimated melting temperatures.

®value cut of range of usefulness of the estimation technique.
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I. INTRODUCTION AND SUMMARY

Volatilization from water bodies to the atmosphere can be a
significant environmental pathway for hydrophobic chemicals such
as polychlorinated biphenyls. Volatilization rate data is needed
to estimate the amount of chemical that enters the atmosphere and
the change in concentration of pollutants in the water bodies.
The mass transfer of chemical from water to the atmosphere is
dependent upon chemical and physical properties (e.g., water
solubility, vapor pressure, and thus Henry's law constant), the
presence of other pollutants in the water body, and environmental
properties (e.g., water body depth, flow rate, and turbulence;

and the wind speed above the water).

Henry's law constaﬁt (H) is an important phfsical property
of the chemical which is used in the calculation of rates of
volatilization. Under equilibrium conditions, the value of H
gives the direction of transfer. Chemicals having H in the range
3x 1077 to 1 x 1073 atm m> mole~! are considered to be
moderately volatile, Chemicals with higher or lower values of H

are considered to be very volatile or nonvolatile, respectively.

Mackay and Leinonen (1975) estimated H from the vapor
pressure and water solubility of Aroclors 1242, 1248, 1254, and
1260 and the results are summarized in Table 3, Section II.B.
Doskey and Andren (1981l), based on some experimental data,
reported H for the Aroclor 1016 and this result is summarized in
Table 3. The Aroclors are complex mixtures of PCBs and the
composition of each Aroclor is defined in the Introduction,

Figure C.
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Mackay and Leinonen (1975) developed a model and equations

to predict the liquid-~phase mass transfer coefficient (K;) and

ct

he hali-lives (¢ Ly ) These equations were used to estimate K
and ¢ 9éat a depth of 100 cm for the Aroclors 1242, 1248, 1254,
and 1260, Table 3, Section II.B. The half-lives ranged from 10-
12 hours and thus they are gquite volatile from pure water.

Doskey and Andren (198l1), based on experimental work published in
the literature, estimated Ky for the Aroclors 1016, 1221, 1242,
and 1254 and these results are summarized in Table 4, Section

III.B.

No literature data has been found on the determination of
rates and half-lives of volatilization for any of the PCB
congeners. Hence, estimation techniques were employed to obtain
these data. One of the best methods of estimating volatilization
nalf-lives from water bodies is described by Lyman et al. (1982).
The method is based on the two-film concept for estimating the
£lux of volatile chemicals across an air-water interface and the
work of Mackay and Leinonen (1975). Detailed procedures are
described by Lyman et al. (1982) to estimate the overall liquid-
pnase mass transfer coefficient (Kp,) and half-lives (t.ya) under

environmental conditions.

Rates of volatilization from pure water and half-lives were
estimated for all the PCBs listed in Tables 1 and 2. The
environmental conditions were: depth in water body = 100 cm;
river flow rate = 100 cm sec —1; wind speed = 300 c¢cm sec~l. The

volatilization half-lives for the PCBs listed in Table 1, in
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wnich 8 was estimated from the measured water solubility and

»
vapor pressure, ranged from 5.7 hours to 14 hours. Thusg, these
?C3s are very volatile from pure water under these specific

environmental conditions.

The volatilization half-lives for selected PCBs for each
class of congehers (i.e., monochloro, dichloroe,....., decachloro)
under the specific environmental conditions are listed in
Table 2. It must be emphasized that H, used in these
calculations, was obtained from measured water solubility data
but from estimated values of the vapor pressure for these
congeners. For the mono to the hexachloro congers (exclusive of
the 2,2',3,3',6,6' congener) t 9§ranged from 5-32 hours and thus
they are very volatile to moderately volatile. The half-lives
for the hepta to the decachloro congeners ranged from 31-210
nours and these are moderately volatile. Howewver, the latter
results nmust be used with caution since the vapor pressures of
these congeners fell outside the useful range of the vapor
pressure estimation techniques (Chapter 2) and thus H and ¢ yéaxe
uncertain. In general, the data indicate that all PCBs are very
'volatile to moderately volatile in pure water. However, reliable
volatilization data are needed on selected PCB congeners to

confirm these results.



II. DISCUSSION OF RESULTS

A. Background

Volatilization from water bodies to the atmosphere is
recognized as a significant environmental pathway for solutes
such as gases and some hydrophobic organic pollutants such as
hydrocarbons and chlorinated hydrocarbons. Volatilization rate
data are necessary to estimate the amount of chemical that enters
the atmosphere and the change in concentration of pollutants in
the water bodies. The mass transfer of a chemical from water to
the atmosphere is dependent upon (l) the chemical and physical
properties of the chemical; (2) the presence of other pollutants
present in the water body: and (3) environmental properties such
as the water bedy flow velocity, depth, and turbulence and the

atmospheric conditions above the water bedy (e.g., wind speed).

Henry's law constant H is an important physical property of
a chemical used in calculating rates of volatilization. Under
equilibrium conditions, the value of H immediately gives. the
direction of transfer. In most cases, the distribution of
resistance to mass transfer between the atmosphere and a water

body, and hence the overall rate of volatilization, depends on H.

Henry's law constant is defined as the ratio of the vapor
pressure of a solute above an aqueous soclution to the
concentration of the solute in the water body at a fixed
temperature at equilibrium. Mathematically, it is defined by the
equation

H = VB/C, (1)



where VP 1s the vapor pressure of the solute above the water .
phase and C4 is the water solubility. Mackay et al. (1979)

describes one of the best methods for measuring 4 directly.

Henry's law constant can also be estimated from the measured

vapor pressure and the water solubility of a solute at a given
temperature. # is often expressed in the units atm m3 mole ~1 so

that in equation 1, the vapor pressure (VP) is expressed in

atmospheres and the water solubility (Cg) is expressed in holes

m~3. 1In addition, it is often convenient to express H as a

dimensiconless parameter H' defined by the equation
H' = H/RT ' (2)

where B is Henry's law constant in atm m3 mole'l, R is the gas .
constant and is equal to 8.21x10-5 atm m3 mole ~l °k-l and T is

the absclute temperature in °K.

A class of chemicals having a value of the H less than
3x10"7 atm m> mole~! is considered to be nonvolatile from
water. Examples of chemicals that fall in this class are 3-
bromo~-l-propenol, Dieldrin, and ionic organic compounds. Another
class of chemicals having H in the range 3x10~7 <H<1x10™3 atm m3
mole~l are considered to be moderately volatile. Examples of
chemicals that fall in this c¢lass are Lindane, 4-t-butylphenocl,
nitrobenzene, and phenanthrene. The remaining class of chemicals
naving H in the range >1x10-3 atm m3 mole~l are considered to be
highly volatile from water. Examples of chemicals that £all in
this class are biphenyl, methylene chloride, o-xylene, and .

ethylene.
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One of the best methods of estimating half-lives of
volatilization from water bodies 1s described in detail by Lyman
et al. (1982). The method is based on the two-film concept for
ascimating the flux of volatile chemicals across an air-water
interface and the work of Mackay and Leincnen (1975). Detailed
procedures are described by Lyman et al. (1982) to estimate half-
lives for volatilization of chemicals in water bodies under |
environmental conditions. The detailed procedures require the
following minimum data: (1) physical properties - vapor
pressure, agueous solubility, and molar mass; (2) environmental
properties -- wind speed, current speed, and depth in a water
body. The half-life for volatilization under environmental

conditions is given by
£l, = 0.693z/K; . (3)

where Z is the depth in a water body in cm and K; is the overall
liquid=-phase mass transfer coefficient in cm nrol. The method of
estimating K; under environmental conditions is described, and

examples are given to illustrate how to use the method.

B. ‘Henry's Law Constant

Mackay and Leinonen (1975) estimated Henry's law constant
from the vapor pressure and water solubility of Aroclors 1242,
1248, 1254, and 1260, Table 3. Doskey and Andren (198l), based
on experimental work of Paris et al. (1978), reported H for the
Aroclors 1016 and 1242, Table 3. Aroclors are complex mixtures

of PCB8s, and the composition of each grade is defined in Figure C

of the Introduction.



— e e ———— e —— . - e e e - e =

No literature data have been found on the direct
determination of Henry's law constant for any of the PCB
congeners. However, H can be estimated from the experimental
values of the water solubility énd vapor pressure in equation 1.
H was estimated from the experimental data for a few PCBs
((2',3,4,-trichloro), (2,2',5,5'-tetrachloro), 2,2',4,5,5'-
pentachloro), (2,2',4,4',6,6'-hexachloro)] from Chapters 1 and 2 and
the results are summarized in Table 1. H for the tri-, tetra-, and
pentachlorobiphenyls are in the range 1.9-5.5 x 104 atm m3 mole~l,
and thus these PCBs are moderately volatile. H for the
hexachlorcbiphenyl is 1.4 x 102 atm m3 mole~!, and thus this BCB is

highly volatile.

For a number of PCB congeners, the water solubility was
determined experimentally (Chapter 1l). However, experimental
values of the vapor pressure for these congeners were not
available; hence they were estimated by the procedure described
in Chapter 2. Table 2 lists the values of H for selected PCBs
for each class of congeners (i.e., moncechloro, dichlore,
trichloro,....., decachloro) using the measured water
solubilities and estimated vapor pressures. H for all the
congeners are in the range 1073 to 1073 atm m3 mole~! and thus
they are moderately volatile. However, the values of H for the
heptachloro to the decachloro congeners must be used with caution
since the estimated vapor pressure of these congeners fell
outside the useful range of the vapor pressure estimation

technigque (Chapter 2).
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Aroclor

1016
1242
1248
1254

1260

Table 3.

Half-Lives

m

mole”

)

Estimated Henry's Law Constant,

Sor Several Arsclors

1072
10
1073
1073

1073

T s

(cm hr

)

Rates,

and

12.1

9.5

10.3

10.2
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C. Rates and Half-Lives of Volatilization from Water

Mackay and Leinonen (1975) develcoped a model and equation
to predict the liguid-phase mass transfer coefficient Kp and the
half-life, and this model formed the basis of the method of Lyman
et al. (1982) as described in Section II.A. These equations were
used by Mackay and Leinonen to estimate K; and t,%éat a depth of
1l meter (100 cm) for the Aroclors 1242, 1248, 1254, and 12640,
Table 3. The half-lives ranged from 10-12 hrs, and thus these

Aroclors are gquite volatile.

Doskey and Andren (198l), based on experimental data
published in the literature, estimated K for the Aroclors 1016,
1221, 1242, and 1254, and these results are summarized in

Table ¢.

Paris et al. (1978) studied the volatilization of Aroclors
1016 and 1242 in the presence of sediments in three pond waters
by the reaeration rate method developed by Smith et al. (1979,
1980). Thus, volatilization and adsorption were taking place
simultaneously. These researchers determined the ratio of the
rate coefficients k/k,, where k is the rate coefficient for PCB
loss and k, is the reaeration rate constant, and compared these

results with the theoretically estimated ratio.

3-12
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The results are given in Table 5, and the agreement is gquite .
good. These researchers concluded that for water containing no
sediments, volatilization woulé be an important pathway. For

water containing sediments, in which Aroclors are highly

adsorbed, these Aroclors would be transported within the aquatic

environment in association with the sediments.

No literature data has been found on the determination of
rates and half-lives of volatilization for any of the PCB
congeners. Rates of volatilization (Ky) and half-lives (t 1y )
were estimated for all the PCB congeners listed in Tables 1 and 2
as described by the method ocutlined in Section II.A. These
values are summarized in Tables 1 and 2. The environmental
conditions were: depth of water body (Z) = 100 cm; river flow
rate = 100 cm sec™L; wind speed = 300 cm sec~l. The ‘
volatilization half-lives for the PCBs listed in Table 1, in
which H was estimated from the measured water solubility and
vapor pressure, ranged from 5.7 hours for the congener
2,2',4,4',6,6'~hexachlorobiphenyl to 14 hours for the congener

2,2',4,5,5'-pentachlorobiphenyl. Thus, these PCBs are very

volatile under these specific environmental conditions.

The volatilization half-lives for selected PCBs for each
class of congeners (i.e., monochloro, dichloro, trichloro,...e.,
decachloro) under the specified environmental conditions are
listed in Table 2. It should be noted that H, used to estimate
t %@ , was obtained from measured water solubility data and

estimated values of the vapor pressure for these congeners.
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cr most of the congeners, t%@ ranged from 5-32 hours for the

monochloro to the hexachloro cpngeners {excluding the congener
2,2',3,3'3,6,6'-nhexachlorobiphenyl). Thus, these PCBs range from
very volatile to moderately volatile chemicals. The other PCB
congeners from heptachloro to decachloro had half-lives ranging
from 31-210 hours and are thus moderately volatile chemicals.
However, these results must be used with caution since the vapor
oressure of these congeners fell outside the useful range of the
vapor pressure estimation techniques (Chapter 2) and thus H and

£ 9éare uncertain. In general, the data indicate that all PCBs
are very volatile to moderately volatile in pure water. However,
reliable volatilization rate data are needed for selected PCB

congeners to confirm these results.
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I. INTRODUCTION AND SUMMARY

The extent to which an organic chemical partitions itself
between water and soil or sediment is determined hy several
ohysical and chemical properties of both the chemical and the
soil or sediment. In most cases, it is possihle to express the
tendency of a chemical to be adsorbed (or sorbed) in terms of the
equilibrium constant K3 derived from the PFreundlich isotherm
equation. It is generally accepted that for a given soil or
sediment, the sorption of neutral organic.molecules can be well
correlated with the organic matter content in the soil or sedi-
ment [Rarickhoff (1981), Rarickhoff et al. (1979), Lyman et al.
(1982) 1. Consegquently, the adsorption constant X3 can be con-
verted to the more generally useful constant X;., defined by the
relationship Koo = Kd/oc' where oc is the fractional mass of

organic carban in the soil or sediment.

There are very little published data on the experimental
determination of log X,. for the PCRs adsorhed to soils or sedi-
ments., What experimental data are available is discussed in
section II.B. and all these results are summarized in Tables 4

and S,

Since there are very little data available on the adsorption
(sorption) of PCBs to soils and sediments, estimation techniques

were used to determine log X Chiou et al (1979) reported the

oc*
correlation of log Roc with the log water solubility for 15
chlorinated hydrocarbons, including three PCBs, However, even

though a good corYelation was obtained, the correlation was

a-1



deficient in that several of the compounds were crystalline
solids at 25°9  and a crystal energy correction term must be added

to the correlation [Karickhoff (1981)].

Karickhoff carried out two adsorption (sorption) studies
and correlated log K,, with log K, [Karickhoff et al. (1979),
Karickhof£f (1981)}. 1In the research work published in 1981,
Karickhoff chose five reference compounds (benzene, naphthalene,
phenanthrene, anthracene, and pyrene) and the K, and Kye data

were fitted to give the equation

log Koo = log K , = 0.386 ’ (1)

with a correlation coefficient (r?) of 0.994. Karickhoff also
expressed the correlation in the more traditional form and

obtained the equation
log K . = 0.989 log K, - 0.346 ' (2)

with a correlation coefficient (rz) of 0.997., It should be noted

that for these five reference compounds, k and K . varied by

ow

only three orders of magnitude.

Karickhoff (1981) listed the published experimental values
of K., and K, . for 17 hydreccarbons and chlorinated hydrocarbons
(including two hexachloro PCBs), six chlocro-s-triazines, three
carhamates, four organophosphates, six phenyl ureas and six

miscellaneous compounds. The predicted 'values of K,. were within



0.48 log units or within a factor of three except for certain
classes of compounds. That is, comoounds for which solute
sveciation could he expected were excluded., The phenyl urea
class was also excluded for either speciation or for poor

experimental data.

In developing a regression equation which would have more
widespread applicability to more different hydrocarbons and
chlorinated hydrocarbons, it was decided to use all 722 hydro-
carbons including Rarickoff's five reference compounds and the
four high molar mass chlorinated compounds (i.e., PNT, methoxy-
chlor, and the two hexachloro-biphenyls). Linear correlation

analysis on all 22 compounds gave the relationship

with a correlation coefficient (r2) of 0.985. This equation is
more applicable to a larger set of hydrocarbons and chlorinated

hydrocarbons (N=22) and both ¥ and R,, vary by 4.5 and 4.7

ow
orders of magnitude, respectively, in comparison to equations 1
and 2 which only apply to a data set of 5 compounds and both X ow

and X . only vary by three orders of magnitude.

Equation 3 was then used to estimate log K Whenever

oc*
precise experimental values of log Kow were available for
specific PCB congeners (see Chapter 1), these values were used to
estimate log Roce In addition, log Row Was estimated for all

other congeners of a given type fe.g., monochlorobiphenyls,

4-3



dicnlorobiphenyls, trichlorobiphenyls, etc.] using the method .
outlined in Chapter 1. These values were used to estimate log
Kye frem equation 3. All these data are summarized in Table 1.

Inspection of all the data indicates that PCBs are strongly

adsorbed (sorbed) to soils and sediments high in organic content

andéd are immobile.



Table ', Log Kae for the PCB Congeners from Estimated and

Experimental Values of Log Kow

Using Equation 3

4-5

log Kow

PCB Congener Est. EXp. Log Koc
Monochloro~ 4.51 4.10
2- 4.442 4.04

3- 4.58 4,17

4~ 4.49 4.09
Dichloro- 4.94 4,51
2'2" 4.90 4.47
214'- 5014 4.70
2,5=- 5.16 4.72
2'6‘ 4-93 4950
3,4" 5@29 4.84
4'4"‘ 5033 4088
Trichloro- 5.37 4.92
2,2',5- 5.60 5.13
2,4,5- 5.662 5.19
2,4',5- 5.79 5.31
2,4,6~ 5.47 5.01
Tetrachloro- 5.80 5.32
2,2'43,3'- 4.63° 4.22
2,2',4',5~ 5.73 5.25
2,3,4, 5- 5.72 5.24
2,3,5,6~ 5.46° 5.00
Pentachloro~ 6.24 5.73
2,2',4,5,5'~ .29 5.43
2,3,4,5,6- 6.30 5.79
Hexachloro=- 6.67 6.14
2,2'3,3¢ 4,4 - 6.98 6.43
2,2',3,3',6,6'~ 6.85 6.12
2,2',4,4',6,6'= 7.595 6.97
6.34° 5.83
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Table 1, Log Xoe for the PC3 Congeners (Continued)

log Kow

PCB Congener Est. EXp. Log Koc
Heptachloro- 7.10 6.54
2,2',3,3',4,4',6~ 6.68 6.15
Octachloro- 7.53 6.95
2,2',3,3',5,5',6,6'~ 7. 11 6455
Nonachloro=- 7.96 735
2,2',3,3%,4,5,5',6,6'~ 8.16 7.54
Decachloro-

2,2',3,3',4,4',5,5',6,6'~= 8.26 7.64

Almost all experimental data were obtained from the coupled column
generator--chromatographic method, Chapter 1.

a. These values represent the average of the experimental
results of NBS and Woodburn.

b. These values were measured by the reverse-phase liquid
chromatographic methed.

c. This value was measured by the conventional shake-flask method.
method discussed in Chapter 1.

All estimated by Kow values for the PCB Congeners were obtained by
the method discussed in Chapter 1.
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. DISCUSSION OF RESULTS

A, Background

The extent to which an organic chemical partitions
itself between water and soil or sediment is determined by
several physical and chemical properties of both the chemical and
the soil or sediment. In most cases, it is possible to express
the tendency of a chemical to be adsorbed (or sorbed) in terms of

the equilibrium constant, Rar in the PFreundlich isotherm equation
x/m = Rgel/m (4)

where x/m is the uagm of chemical adsorbed/gm of soil or
sediment, C is the concentration of chemical in the acqueous
solution, and n is a constant. In general, 1/n is close to unity
[Rarickhoff (1981), Rarickhoff et al (1978), Lyman et al. (1982)]

and equation becomes

x/m = K4C . (5)

It is generally accepted that for a given soil or
sediment type, the sorption of neutral organic molecules can be
well correlated with the organic matter content in the soil or
sediment [Rarickhoff (1981), Rarickhoff et al. (1978), Lyman et
al. (1982)1 and the adsorption constant Kg can be converted to
the more general and useful constant X,. defined by the

relationship



Roe = Xg/oc , (/)
where oc is the fractional mass of organic carbon in the soil or

sediment.

The conventional method for measuring adsorption
coefficients is to determine an adsorption isotherm with one or
more soils or sediments with well defined characteristics.
Specific soil/solution ratios of soil or sediment are prepared in
water using at least six different initial concentrations of the
chemical b»eing studied., The mixture is generally shaken for at
least 48 hours to achieve equilibrium and the concentrations in
the water and on the soil or sediment are then measured. The
amount adsorbed (x/m) and the equilibrium solution concentration
are fitted to equation 4 to determine Xy and n. Using the
is

fractional mass of organic carbon in the soil or sediment, X .

obtained from equation 6.

Helling and Turner (1948) introduced an alternative
method for measuring the mobility of chemicals on soils which is
related to adsorption. This method is called soil thin-layer
chromatography (soil TLC) and is analogous to conventional TLC
with the use of soils instead of silica gels, oxides, etc. as the
adsorbent phase. The term designating movement in the soil TLC
method is Rg, defined as the furthest distance traveled by a
chemical on a soil TLC plate divided by the distance traveled hy
the solvent front (arbitrarily set at 10.0 cm in soil TLC

studies). Based on considerable research work, a relationshio

48



has been established between Xy, Rg, and mobility on soils, and
the results are summarized in Table 2. The details of this work
and soil TLC are discussed in depth in an EPA test gquideline and

support document [US EPA (1981)].

B. Experimental Data on Soil/Sediment Adsorption
(Sorption) and Mobility of Polychlorinated Biphenyls

Griffin et al. (1978) measured Rg values for the
Aroclors 1242 and 1254 on four soils and the results are given in
Table 3. The principal PCB components in these two commercial
products are (49 percent trichloro, 25 percent tetrachloro, 16
percent dichloro) and (48 percent pentachléro, 23 percent
hexachloro, 21 percent tetrachloro), respectively. Figure C of
the Introduction gives the complete composition of these two
Aroclors. The Rg values with water as the solvent is in the
range 0.02-0.03. For landfill leachates as the solvent, the
range was 0.02 to 0.04. Thus, these two Aréclors are highly
adsorbed and are immobile, Table 2. However, it should be noted
that this metheod does not give precise measures of adsorption for

Rg values less than 0.1.

Haque et al. (1974) reported the adsorption
coefficients for Aroclor 1254 on Woodburn soil. The values for
the constants n and K3 from equation 4 are given in Table 4. The
composition of Aroclor 1254 has been described previously. Haque
and Schmedding (1976) continued these studies with the PCB
congeners (2,4'-dichloro), 2,2',5,5'=-tetrachloro), and
2,2',4,4',5,5'~hexachloro) on Woodburn soil and humic acid at 24

& 2°C and the values of n and Xgq are given in Table 4.
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Table 3.

Rf Values for Two Arcclors on
with the Solvents Water and Landfill Leachate

Four Different Soils

{Land£ill

Aroclor Soil Type (Water) Leachate)
1242 Qttawa Sand Q.03 0.03
Catlin loam C 0.02 0.03

Ava silty clay lcam B 0.02 0.02

Catlin silt loam Ap 0.02 0.04

1254 Ottawa Sand 0.03 0.03
Catlin lecam C 0.02 0.03

Ava silty clay loam 82 0.02 0.02

0.02 0.04

Catlin silt lcam Ap
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In general, the dichloro congener showed some adsorption to soil
and humic acid and some mobility on these soil profiles may be
expected., The tetrachloro congener exhibits less mobility while

the hexachloro congener should be immobile.

Rarickhoff et 2al. (1979) determined Koo for
2,2'4,4'6,6"'-hexachlorobiphenyl from adsorption isotherm
experiments using Doe Run Pond and Hickory Run Pond sediments at
25°C. The average K,, value for both of these sediments is

listed in Table 5.

Rarickhoff (198l), using the experimental data of Haque
and Schmedding (1976}, calculated Roc for the congener
2,2',4,4',5,5'-hexachlorobiphenyl and found that log Koo Was

equal to 5.62.

" Paris et al. (1978) carried out a simple adsorption
experiment for Arocler 1016 and 1242 on three different pond

sediments at 25°C and characterized adsorption by the equation
where C, is the concentration of the component on the sediment

and C, is the concentration of the component in water at

equilibrium. These results are summarized in Table 5.
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C. Estimation of Adsorption (Sorption) to Soils and

Sediments from the Octanol/Water Partition Coefficient
. and Water Solubility

Since there are very little experimental data on the

adsorption to soils and sediments, estimation technigues were

used to evaluate adsorption (sorption) to these substrates.

Using thermodynamic concepts, Rarickhof (1981) showed

that for liguids

log Kye = =a 1log Xgo1 + 8 ’ (8)

where Xs01 is the mole fraction water solubility and ¢ and 8 are

constants. However, for crystalline solids at room temperature,

a crystal energy must be added. That is
log RKye = =alog Xg, 1 + "crystal energy term"” + g, (9)

Chiou et al. (1979) reported the correlation of Roe
with the water solubility for 15 chlorinated hydrocarbons
including the PCB congeners (2,4'=-dichloro),
(2,2',5,5'-tetrachloro)

and (2,2',4,4',5,5'-hexachloro) by the
regression eguation

log Koo = 4.040 - 0.557 log § (10)

where S is the solubility in p moles/L and with a correlation

coefficient (rz) of 0.988. Though the correlation is good,

’ several of the compounds are crystalline at 25°C and a crystal
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energy correction term must be added to equation 10 as described

above.

Rarickhoff (1981l) clearly showed the improvement in the
correlation for five liquid and solid hydrocarbons [benzene,
naphthalene,, phenanthrene, anthracene, and pyrene] when using
equation 9 in comparison to equation 8. Linear regression

analysis of the K, and R . data in equation 8 gave

c

log Rge = -0.594 log Xg o1 - 0.917 (11)

with a correlation coefficient (rz) of 0.945. Linear regression
analysis of the same data in equation 9 containing the crystal

energy term gave
log Koo = -0.921 log Kgoy - 0.00953 (mp-25)-1.405, (12)

where mp is the melting point of the compound (in °C) and the
correlation coefficient (r?) was 0.995. Thus, the crystal energy

term significantly improves the correlation.

Octanol/water partitioning provides a much better
estimator for soil or sediment-water partitioning than doces water
solubility. This is because in octanol/water partitioning, the
partitioning already involves the distribution of monomers
between the two phases. However, in water solubility, the
formation of a saturated solution involves the equilibration

between monomers in solution with the crystalline solid. As a
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result, crystal energy contributions enter into the formation of
saturated solutions in water but do not affect the distribution
of the species between octanol and water or soil/sediment and
water since the molecules are already present in the monomeric

state.

Karickhoff et al, (1979) carried out adsorption
isotherm experiments at 25°C with 15 aromatic compounds using Doe
Run and Hickory Pond sediments and determined K, .. These
researchers correlated K,, with Rgy using linear regression

analysis to give the equation
log Kye = 1.00 log Ky, - 0.21 ' (13)

with a correlation coefficient (r2) of 1.00.

Using thermodynamic concepts, Karickhoff (198l) showed

that

log Ky = log Ky, + A ' (14)

where A is a constant. Five compounds [benezene, naphthalene,
phenanthrene, anthracene, and pyrene] were chosen as reference

compounds based on the following criteria:

1. they form a hydrocarbon framework for a large
percentage of aromatic organic compounds and thus
constitute a gecod reference set from which to

extrapolate to other compounds;

4-17



2. they hydropﬁobically sorb with little potential for
sorption involving solute dipoles or hydrogen
bonds;

3. k and K, span three orders of magnitude; and

ow

4, there is good agreement for the experimental values

of K and Ky, published by other research

oW

scientists.

Fitting the experimental data for these five reference compounds

to equation 14 gave
log Rge = log Ky, = 0.386 ’ (15)

with a correlation coefficient (rz) of 0.994.

A more general equation correlating XK,, with K,

traditionally has taken the form

log Koe = C log Row * D ’ (16)
where C and D are constants. Applying linear correlation
analysis to the experimental data for the five reference
hydrocarbons gave

log Koo = 0.989 log K, - 0.346 ' (17)

with a correlation coefficient (rz) of 0.997.
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Rarickhoff listed the published experimental values of
XKow 2nd Koo for a number of pesticides and other organic
compounds including: (a) 17 hydrocarbons and chlorinated hydro-
carbons, including two hexachloro PC3s [the two hexachloro-
oiphenyl congeners are (2,2',4,4',6,6'-) and (2,2',4,4',5,5'-)1].
The log K, values for these two congeners are 6.34 and 6.72,
respectively (Table 2, Chapter 1); the log Ky, values for these
two congeners are 6.08 and 5.62, respectively (Section II.B of
this Chapter)]; (b) six chloro-s-triazines; (¢) three
carbamates; kd) four organophoshates; (e) six phenyl ureas; (f)
six miscellaneocus compounds including heterocyclics, a ketone,
and a brominated quinone. The predicted values of K, . from
equation 15 were then compared to the experimental values.
Compounds for whiéh solute speciation could be expected were
excluded (e.g., organic bases with pK, greater than 3). The
phenyl ureas were excluded as a class because the predicted Roc
values were an order of magnitude less than the measured
values. This could be due to speciation but Rarickhoff
attributed the deviation to poor experimental data. Overall, the

agreement between estimated and measured K, . for the remaining

compounds agreed to within 0.48 log units or within a factor of 3.

In developing a regression equation which has more
widespread applicability to more different hydrocarbons and
chlorinated hydrocarbons, it was decided to use the R, and R,
data for all twenty-two hydrocarbons including the five reference
compounds and the four high molar mass chlorinated compounds
(DDT, methoxychlor, and the two hexachlorobiphenyls). Linear
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correlation analysis on all the data for the set N=22 using

equation 1§ gave

log Koo = 0.942 log Ry, = 0.144 ’ (18)

with a correlation coefficient (r?) of 0.986. This equation is
now applicable to be a larger set of hydrocarbons and chlorinated
hydrocarbons (22) and Ry, and Ky, vary by 4.5 and 4.7 orders of
magnitude, respectively, in comparison to equation 17 which
applies to a data set of 5 compounds and both Kj

w and Ko on;y

vary by 3 orders of magnitude.

Precise values of K , and PCBs have been obtained by
the coupled column generator-chromatographic method, Chapter 1.
These values (log Kow) are summarized in Table 1, Section I, for
the various PC3 congeners measured and those estimated for the
various congeners of a given type [e.g., dichloro-, trichloro-,
etc.]. These values were substituted into equation 18 to
estimate log K, . and the results are summarized in Table 1. Aall

PCB congeners are immobile.
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I. INTRODUCTION AND SUMMARY

One very important aspect of the environmental fate of
PC3s is the prediction of the extent to which these chemicals
will achieve concentrations in f£ish which may be several orders
of magnitude greater than the concentration of PCBs in the water
phase. A convenient equilibrium constant which describes this
process is the bioconcentration constant, Kz, defined as the
ratio of the concentration of PCB in fish to the concentration in

the water,

There is only a small amount of published data on the
experimental determintion of log Kg of PCBs in fish. What
experimental data are available is discussed in Section II.B. and
all these results are summarized in Table 2 for the Aroclors and

Table 3 for individual PCB congeners.

Since there is only a small amount of data available on
the bioconcentration of most of the PCB congeners in fish,
estimation techniques were used to estimate log Kz. Veith et al.
(1981) developed a regression equation correlating log Kg with
7 for 122 different chemicals and 13 different species of

log K,y

fresh and marine water fish. This equation is
log Kg = 0.79 log K,, = 0.40 ’ (1)

and had a correlation coefficient (rz) of 0.86. 1In a recent
publication by Mackay (1982), the data of Veith et al. (1979)
were carefully analyzed, suspect data were eliminated, and the

regression equation



log Ky = log K, - 1.32 (2)

was developed with a correlation coefficient of 0.95 for
approximately fifty chemicals. One of the major differences
between equations 1 and 2 is that the slope of equation one is
0.79 while the slope in equation two is 1.0. Furthermore,
equation two is only valid for log K,, less than 6.0. Clearly,
there is a need for precise and reliable Kow and Kg data in the

region log K,, > 6.0 to test equation two.

At present, the best correlation is given by equation one,
since it is based on the most extensive data set (122 chemicals)
for 13 different fresh or marine water fish. Thus, this equation
was chosen to estimate log Ké for the various PCB congeners and
the results are listed in Table 4, Section II.C. Whenever
precise experimental log K,, data were available for specific PC3
congeners (see Chapter 1), these values were used to estimate log
Kg. In addition, log K, was estimated for all other congeners
of a given type [i.e., monochlorobiphenyls, dichlorobiphenyls,
trichlorobiphenyls, etc.] using the method outlined in
Chaptef 1. These values were then used to estimate log Kz. All
these data are given in Table 4 and are summarized in Table 1.
For comparison purposes, the average experimental values of log
Ry for each group of congeners, for all aquatic species (obtained
from the data listed in Table 3), are listed in Table 1.
Comparison of both sets of data for each group of congeners

indicates that the agreement, in general, is very good and
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further substantiates equation one and the data, for the PCBs
presented in Table 4. It should be noted that there is an

experimental spread in the data (Table 3) and thus the data are

probably good to + 0.5 log units or within a factor of 3.

All the data listed in Tables 1 to 4 indicate that PCBs
nave the potential to bioconcentrate to a large extent in fish.
However, one must consider transformation of PCBs before making
final assessment of bioconcentration potential. For the higher
chlorinated species, where transformation is most likely slow,

these estimated values of log Ky should be reasonably reliable.



Taple 1. Comparison of Estimated Log Ka values of Groups of PCB Congeners
(from Estimated Values of Log K, and Equation 1) with the
Average Experimental Values,

- Estimated Log Kg
ongeners Log Kg, Estimated Experimental

Monochloro=- 4.51 3.16 3.26
Dichloro- 4.94 3.50 3.61
Trichloro- 5.37 * 3.84 3.56
Tetrachloro-~ 5.80 4.18 3.95
Pentachloro~- 6. 24 4.53 4.14
Hexachloro- 6467 4.87 527
Heptachloro 7.10 | 5.21 a
Oc¢tachloro- 7.53 5.55 a
Nonochloro=- 7.96 5.89 a
Decachloro=- 8.26 6413 5.10

a, No experimental data was found in the literature,



II. DISCUSSION OF RESULTS

A, Background

One very important aspect of the environmental fate of
a chemical is the ability of a chemical to partition from the
water phase into a hydrophobic phase. For example, consider the
environmental scenario in which a fish is in a water body
containing a dissolved organic chemical. If the chemical is
hydrophobic, it will have a tendency to partition out of the water
phase and into the fatty tissue of the fish (i.e., the
hydrophobic phase). Thus, over a period of time, the hydrophobic
chemical will bioconcentrate in the fish. A convenient
equilibrium constant which describes this environmental process

is the Dbloconcentration constant, Kg, defined by the relationship

where Cy is the concentration of the chemical in the fish and Cy
is the concentration of the chemical in water, at equilibrium,
Since Cy and Cy are usually expressed in the same concentration
unics, Ky is a dimensionless constant. Hydrophobic chemicals
have high values of Ky and will thus bioconcentrate in £ish.
Since X5 can span several orders of magnitude, a convenient

expression for bioconcentration is log Kg-

The bioconcentration process is often viewed as a
Dalance tetween two kinetic processes, uptake and depuration

(Veith et al. (1979), Mackay (1982)]. If one defines the uptake
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s 1 . L4
and depuration as first-order processes with rate contants Ky and

K5, respectively, then the increase in concentration of a
chemical in the fish (Cg) with time (t) is given by the

differential equation

(dCB/dt) = KICM - KZCB ’ .(5)
where Cy is the concentration of the chemical in water.
Integrating equation 5 for the boundary conditons t=0, Cg=0 and
t, Cqs yields

Cg = (K1Cy/Ky) [1 = exp(=kyt)] . (6)

If Xz is defined by the ratio of the uptake and depuration rate

constants
Rg = K1/K, ' (7)
then equation 6 becomes
Cg = KgCy (1 = exp (=Kjyt)] . (8)

After a long time (i.e., as t += ), which corresponds to.

equilibrium conditions, equation 8 yields

which is the expression for bioconcentration defined in equation

S5~6



4. Values of Kg can be obtained from long term exposure
measurements to give CB or by kinetic measurements. It must be
emphasized that this approach is only valid for chemicals which
are not degraded to any appreciable extent in the aquatic
environment by chemical or biological processes. This is true

for the higher chlorinated biphenvyls.

Mackay (1982) proposed an alternative approach to
bioconcentration by viewing the f£ish as an inanimate volume of
material that approaches thermodynamic equilibrium with the water
as defined by the chemical potential or fugacity of the biocon-
centrating-persistent solute. In this case, the differential
equation (eg. S5) can be reformulated to give a first-order
process in which Cp approaches KgCy after long exposure ( +>),
but has the attractivé'feature that Ky can be related to
physical-chemical properties. Support for this approach has been
demonstrated by the fact that Ky is well correlated with the
octanol/water partition coefficient (Kow)' Traditionally,

correlations of Kg and Kow have taken the form
log Kg = n log K, + b , (10)
where n and b are constants evaluated from a large body of

experimental data on Kz and K, for a wide variety of

chemicals. [Veith et al. (1979, 1981) and Mackay (1982)1].



B. Experimental Data on Bioconcentration and Ecological
Magnification of Polychlorinated Biphenyls

Hansen (1975) reported the uptake of two Aroclors, 1016
and 1254, in oysters, shrimp, and fish in a laboratory estuarine
environment. The principal PCB components in these two
commercial products were: (57 percent trichloro, 20 percent
dichloro, and 21 percent tetrachloro) and (48 percent
pentachloro, 21 percent tetrachloro, and 23 percent hexachloro),
respectively. Figure C of the Introduction gives the complete
composition of these Aroclors. Considerable bioconcentration was
observed for these two Aroclors and the log Ky is given in
Table 2. Bioconcentration factors were estimated from Escambria:
Bay data for Aroclor 1254 for oysters, shrimp, and fish,

Table 2. Again, the data indicated considerable bioconcentration
in these estuarine species. A comparison of the field data with
the laboratory data indicated that the laboratory experiments
underestimated bioconcentration. More experimental data is

needed to verify these results.,

Veith et al. (1979) reported laboratory biocon-
centration data in fathead minnows in fresh water for several
Aroclors [1016, 1254, 1248 and 1260], Table 2. The principal PCB
components of the first two Aroclors have been given above and
the principal PCB components of the last two Aroclors are (40
percent tetrachloro, 18 percent trichloro, and 36 percent
pentachloro) and (41 percent heptachloro, 38 percent hexachloro,
and 12 percent pentachloro), respectively. Figure C of the

Introduction gives the complete composition of these two
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Table 2. Experimental Bioconcentration Factors for Several
Aroclors in Aquatic Species

aroclor Lab. Field Aguatic Species Reference

1254 5.00 - 5,02 »5% Oyster Hansen (1975)

1254 4. 42 5.362 shrimp Hansen (1975)

1254 4.51 5.82% Fish Hansen (1975)

1016 4.53 - Fish Hansen (1975)

1016 4.63 Fathead Minnow Veith et al. (1979)
1048 4.85 Fathead Minnow Veith et al. (1979)
1254 S.00 Fathead Minnow Veith et al. (1979)
1260 5.28 Fathead Minnow Veith et al, (1979)
1254 4.60 Brook Trout Veith et al. (1981)
1254 4.43 Spot Veith et al. (1981)

2calculated from Escambria Bay data.



Aroclors. Since the log % values reported in Table 2 are

ow

greater than 4.4, bicconcentration is considerable in these fresh

B

3,

ater species.

Veith et al. (1981) reported laboratory biocon-
centration data for Aroclor 1254 in the fresh water species Brook
Trout and Spot, Table 2. Since the log k,  values reported in

Table 2 are greater than 4.4, bioconcentration was substantial.

sugiura et al. (1978) measured the uptake of several
pCBs [(4-chloro), (2,2'-dichloro), (4,4'-dichloro), (2,2',3,3'-
tetrachloro), (2,3,5,6,=-tetrachloro), (3,3',4,4'-tetrachloro) and

(3,3',5,5'=-tetrachloro)] in killifish (oOryzias latipes) and

calculated Ky from the data. However, these researchers used
Tween 20° at 1 or 100 ppm to prepare solutions of PCBs. They
claimed that Tween 20R had no effect on the uptake of these PCBs
which is quite surprising since the Tween concentrations were

considerably greater than the concentration of the PCBs.

Sanborn et al. (1975) measured the uptake of .three
chlorinated biphenyls [(2,2',5-trichloro-), (2,2',5,5'~
tetrachloro-, and (2,2',4,5,5'-pentachloro-)] in green sunfish

[Levonis cyanellus Raf] in tap water in the laboratory and found

substantial bioconcentration for all three congeners. Table 3

lists the log Ky for these three PCBs.

An extensive literature review has been recently made
by Vabholz (1983) on the determination of bicconcentration or
ecological magnification (EM) in the laboratory for various PCB
congeners and the results are summarized in Table 3 together with

the literature references. It should be noted that EM is



Table

PC3 Congener

3. Experimental Bioconcentration Factors for Several
PCB Congeners in Agquatic Species

log X

Species

Reference

Monochloro-
2=

-
4~

Dichloro-

2, 3-
2( 5-

Trichloro-

2' 2"5-

2'4.15"
2']3’4-

Tetrachloro-

2'2'13'5'-
2,2‘;4;4.-
2' 2.'5;5'-

2,3:4,5

3. 30
3.02
3.72
2.95
3.60
3.26
2.98

3.08
4. 14

1.73*
3.76,
2. N
4.30
3.8

4.63
3.79

4.04
3.98
4.60'
4.02
4.69
L
4.07
3.87
2.66

4.29
3.57
3.94
3.90

unknown fish sp.
unknown fish sp.
Golden Orfe
carp.

Brown Trout

Guppy
unknown species

Oyster
Goldfish

Green Sunfish
Snail

Mosquito Larvae
Goldfish
Gambusia (fish)

Goldfish
Oyster

Qyster

Rainbow Trout
Snail

Mosquito Larvae
Goldfish
Gambusia (£ish)
Oyster

Green Sunfish

Golden Orfe

Carp
Brown Trout

Guppy

S=11

Moolenar (1982)
Moolenar (1982)
Sugiura et al. (1979)
Sugiura et al. (1979)
Sugiura et al. (1979)
Sugiura et al. (1979)
Moolenar (1982)

Vreeland (1974)
Bruggeman et al, (1981)

Sanborn et al. (197%)
Metcalf et al. (1973)
Metcalf et al. (1975)
Bruggeman et al. (1981)
Metcalf et al. (197S)

Bruggeman et al. (19795)
Vreeland (1974)

Vreeland (1974)

Branson et al. (1975)
Metcalf et al. (1975)
Metcalf et al. (197S)
Bruggeman et al, (1981)
Metcalf et al. (197S)
Vreeland (1974)

sanhorn et al. (1979)

Sugiura et al. (1979)
Sugiura et al. (1979)
Sugiura et al. (1979)
Sugiura et al. (1979)



Table 3. Experimental Bioconcentration Factors for Several
PCB Congeners in Aguatic Species (Continued)
PC3 Congener leg Kg Species Reference
2,3',4',5=- 4,62 Goldfish Bruggeman et al., (1979)
3,3',4,4'- 3.85 Rainbow Trout Stalling et al., (1979)
3.90 Golden Crfe Sugiura et al. (1979)
3.24 Carp Sugiura et al. (1979)
3,63 Brown Trout Sugiura et al. (1979)
4.15 Guppy Sugiura et al. (1979)
Pentachloro-
2,2',3,4,5'~ 4.43* QOyster Vreeland (1974)
2,2',4,5,5'~ 4.78* Snail Metcalf et al. (1975)
4.24* Mosguitoc Larvae Metcalf et al. (197%)
4,09 Gambusia (f£ish) Metcalf et al. (1975)
3.18 Green Sunfish Sawborn et al. (19795)
Hexachloro-
2,2',4,4',5,5'~ 5.00 Snail NRC (1979)
5.02 Mosquito Larvae NRC (1979)
4,62 Gambusia (£fish) NRC (1979)
4.68 gyster Vreeland (1974)
5.67 Benthic Amphipod Lynch and Johnseon (1982)
6.03 Benthic BAmphipod Lynch .and Johnson (1892)
5.20 Benthic amphipod Lynch and Johnson (1982)
5.93 Benthic Amphipod Lynch and Johnson (1982)
Decachloro
2,2',3,3',4,42 5.97 Snail NRC (1979)
5,5',6',6"
4.34 Mosquito Larvae NRC (1979)
4,99 Gambusia (£ish) NRC (1979)

*log (Ecological

Magnification) or log (EM).
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determined from laboratory model ecosystems and is defined as the
increase in concentration of the PCB over the concentration in
the water and the uptake is bioconcentration and biomagni-
fication. These EM data are starred in Table 3. The average
values of the log bioconcentration for the different species
within a class of congeners is summarized in Table 1. Inspection
of the data in Table 3 indicates that there is a spread in the
Eesults and thus these data are probably good to +0.5 log units
or within a factor of 3. The spread in these data can be
attributed to: (1) both EM and bioconcentration are reported and
EM data involves both bioconcentraticn and biomagnification and
(2) the inherent difficulties in measuring precise values of
bioconcentration or ecological magnification: Inspection of all
the data indicates that bioconcentration in all cases is

substantial.

C. Estimation of Bioconcentration from the Octanol/Water
Partition Coefficient

Since there is only a small amount of experimental data
on the bioconcentration of individual PCB congeners in £ish,
estimation techniques were used to estimate the bioconcentration
factor Ky from the octanol/water partition coefficient. 1In
Section IIA., it has been shown that Kz is related to K,
(equation 10). Veith et al. (1979) determined log Ky for 30

different chemicals in fathead minnows (Pimephales promelas) and

found a relationship between log Kg and log K,,. This

«
relationship is given by the equation
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log Kg = 0.85 log Ky, - 0.70  ,(11)

where the constants in equation 10 were found to be n=0.85 and b=
-0.70. The correlation coefficient (rz) for the linear

regression analysis was 0.90,

Veith et al. (1981) expanded the work to include 122
different chemicals with 13 different species of fresh and marine
water f£ish. Linear correlation analysis of these data gave the

equation
log K = 0.79 log Row ~ 0.40 ’ {(12)

with a correlation coefficient (rz) of 0.86. An important
conclusion of the evaluation of the relationship of KB.to Row is
that the prediction limits of the regression did not change
significantly (i.e., £2 only changed from 0.90 to 0.86) by
quadrupling the number of test chemicals and increasing the

number of species from one to thirteen.

In a recent publication by Mackay (1982), the physical=-
chemical factors influencing bioconcentration were studied in

detail. Using purely thermodynamic concepts, Mackay showed that

log Rg = log Ky, + leg A ' (13)
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where A is a constant. 1In this case the slope n is equal to
one. Using equation 13 and the data by Vieth et al., (1979),

Mackay eliminated suspect chemicals and found that
log Rg = log Ky, =~ 1.32 ' (14)

with a correlation coefficient (rz) of 0.95. Mackay concluded
that this correlation will satisfactorily predict Kg using one

constant and that indeed n=1.,

Since the reliability of Rz and K , measurements is
often suspect, it is apparent that it is difficult to determine n
precisely and reliably. Mackay indicated log K,, values in
excess of 6.0 may be suspect since many were measured using HPLC
technique and extrapolated outside the range of values measured
under equilibrium conditions. However, the HPLC technique is one
of the best and most precise méthods for estimating high log K,
values for hydrophobic compounds. This method measures the
retention time of a chemical on a hydrophobic column to estimate
the value of log K,,. Given the nature of the experimental
procedure for measuring Ky, it is apparent that the Ky data is
far less precise. Clearly, there is a need for precise and
reliable K, and Ky data in this region to test the linearity

hypothesis proposed by Mackay.

At present, the most extensive set of data and the most
reliable correlation equation is the one proposed by Veith et al,
(1981), given by equation'l2, and this one was chosen to estimate

log K3 from R, data.
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Very precise v;lues of K, for PCBs have been obtained .
from the coupled cqlumn ;enerator-chromatcgraphic method,
Chapter 1. These values are summarized in Table 4 for the
various PCB congeners measured and for those estimated for all
the other congeners of a given type [i.e., monochloro, dichloro,
trichloro, etc.]. These values were-substituted in equation 12

to estimate log Xg and the results are summarized in Table 4.

The log Kg values for all the congeners of a given type
(i.e., monochloro, dichloro, trichloro, etc.) are given in Table
4 and have been summarized in Table 1, Section I, for convenience
of presentation of the data. 1In addition, the average
experimental values of log Ry for each group of congeners, for
all aquatic species (obtained from Table 3), are also listed in
Table 1. Comparison of both sets of data for each group of .
congeners indicates that the agreement, in general, is very good
and further substantiates equation 12 and the data for the PCBs
presented in Table 4. It should be noted that there is a spread
in the experimental data (Table 3) and thus the data are probably

good to £ 0.5 log units or within a factor of 3.

All the data indicates that PCBs have the potential to
bioconcentrate to a large extent in fish. However, one must
consider the transformation of -PCBs before making a £inal
assessment of bioconcentration potential. For the higher
chlorinated species, where transformation is most likely very

slow, these estimated values should be reasonably reliable.
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Table 4.

Log KB for the PCB Congeners from Estimated and
Ixperimental Values of Log Row Using Equation 12.

log Kow

PCB Congener Est. EXp. Qg KB
Monochloro=- 4.51 3.16
2- 4. 442 3.11
3- 40 58 3' 22
4- 4. 49 3. 15
Dichloro- 4.94 3.50
2,2" 4- 90 30 47
2,4~ 5.14 3,66
2‘ 5- 50 16 31: 68
2' 6-’ 4- 93 30 50
3' 4‘ 50 29 30 78
4,4~ S.33 3.81
Trichloro- S.37 3.84
2p 2',5- 5660 4002
2,4,5- 5.662 4,07
2,4%,5~ 5.79 4.17
2,4,6~ S.47 3.92
Tetrachloro- S.80 4.18
2,2'3,3'- 4.63° 3.26
2,2',4',5- 5c73 4013
2y3'4'5" 5w72 4512
2' 3' 5' 6-' 5-46 3'91
Pentachloro- 6. 24 4.53
2,2',4,5,5'~ 5.92 4,28
2’ 3, 4( 5' 6- 6. 30 4.58
Hexachlorc- 6.67 4.87
2,2',3,3',4,4'~ 6.98 Se11
212'13'3"6'6"‘ 6055 4085
2'2',4'4.,6'6" 7«355 5057
6.34° 4.61

S=17



Table 4. Log Kg for the PCB Congeners from Estimated and

txverimental values of Log Kow Using Egquation 12 {Continued)
log Kow
PCB Congener Est. Exp. Log KB
Heptachloro- 7.10 S. 21
2,2',3,3',4,4',6- 6.68 4.88
Qctachloro- 7.53 S5¢55
2,2'3,3',5,5',6,6'~ 7.11 5.22
Nonachloro- 7.96 5.89
2,2',3,3',4,5,5',6,6"', 8.16 6.05
Decachloro=-
2,2',3,3',4,4',5,5',6,6"'~ 8. 26 6,13

Almost all experimental data were cbtained from the coupled column
generator--chmomatographic method, Chapter 1.

a. These values represent the average of the experimental
results from NBS and Woodburn.

b. These values were measured by the reverse-phase liguid
chromatographic methed.

¢. This value was measured by the conventional shake-flask
methed.

All estimated by log Kow values for the PCB congeners were cbtained by the
metnod discussed in Chapter 1.
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3 INTRODUCTION AND SUMMARY

If polychlorinated biphenyls (PCRBs) are transported into the
atmosphere (i.2., the troposphere), then there are two principal
modes of oxidation that can occur, 2CBs may be transformed by
reaction with the oxidants hydroxyl radicals or ozone. However,
Decause of the chemical structure of PCBs, the dominant oxidative
reaction occurs with hydroxyl radicals (OH). Consequently, this
chapter is devoted to the determination of the rate of OH

reaction with PCS8s.

There are no experimental data published in the literature
on the rates of transformation of PCBs in the atmosphere with OH
radicals., Cupitt (1980), using structure-reactivity
relationships developed by Hendry and Kenley (1979), estimated
the second order fate constant (Xgy) for PCBs as less than
1 x 10712 em3 molecule~! sec.”! and the atmospherié resonance
time (%) as greater than 1l days (note: the atmospheric
r2sonance time is defined as the time required to reduce the
chemical concentration to l/e of its original value). These
va;ues of kg and ¥ represent composite values for all the
congeners. Cupitt made no attempt to calculate kgy for every
possible PCB congener. Using the method of Hendry and Xenley
(1379), which was updated by.SRI (Mill et al. (1982)], kg was

estimated for the various PCR congeners. The structure-



raactivity framework involves the calculation of the two major

pathways for the reaction of OH with PCBs: H abstraction (kzpg,)
add. )

and addition to the double bonds in the aromatic rings (karom

The second-order rate constant kgy is then the sum Of Kipg
and szg& . Detailed calculations were carried out for a large

number of the PCR congeners and all the rate constants are
summarized in Table 1. In addition, the half-lives were
calculated for these congeners assuming that the average global
concentration for reasonably polluted air was 1 x 10% molecules
cm™3 (Hendry and Kenley (1979), Sprung (1977), and Crutzen and
Ffishman (1977)]. All the half-lives for the PCB congeners are

summarized in Table 1.

From a detailed analysis of the data, the following

generalizations can be made:

(1) The value of kpyy is not significantly affected by the
position of the chlorines on the ring. For example,
for three chlorines on one ring, koy was essentially
the same for the wvarious congeners.

(2) The dominant reaction pathway is the addition of OH

radicals to the double bonds in the aromatic ring

add,

arom.)'

(k
(3) As the number of chlorines on a ring
increases,k decreases. As a result, koy

decreases and the half-life (t%? increases.,
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a 1. Second-Order

Rate Constants

(Xog) and Half-Lives (qff

for Polychlorinated Biphenyls Estimated from
structure-Reactivity Relationships

Structure lolszH(cm3 rnolec"l sec"l) qifdays)

Cl

1, 2.7 3.0
Cl,

2. 2.3 3.5

3. 1.3 5.2
C!3

4. 201 3.8
Cll. cl

6=3
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" Tanle 1. Continued

12 3 -1 a
Structure 107"k, (cm™ molec ™ sec ) g, (days)

Cl-s C
7. 7.0 11
<l
c C\a
8 /TN 0.41 20
Cle
3 / 1N\ 7 N\ 2.1 3.8
— \:/
Cly ¢l
0. /N 0.65 12
\—/
cla Cly
L1. //l\\/ 0.26 31
\—/




Tanle 1.

Continued

a
qfxdays)

12 -1 -1
ructure 10-°k molec sec ~)
Cle ct
/
Cly Q‘l
13. 0.22
Cly Cly
14. @_@ 0.13
|
15, (/'Y O 021
]
o A e
7. 0.069

13

36

62

38

94

120



Table 1. Continued

12 3 -1 -1
Structure 107 %kyy (cm™ molec sec )
Clye C.lg{.
13. O O 0.039
s cly
9. /71N AN 0.024
Cle ¢
20. /71N 0.0049

a
qfﬁdays)

210

330

1700

a. The half-life was calculated _based on an average value of
{OH] =1 x 10° molecules en~3 for the global concentration of
OH radicals produced by sunlight in reascnably polluted air.
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. (4) For unsymmetrical chlorinated biphenyls with all the
chlorines on one ring, Koy is dominated by the rate of
addition of OH to the double bonds of the unsubstituted
ring. Therefore, kpy and Q@ are approximately the same
regardless of the number of chlorines on the one ring.

(5) For a given group of chlorinated congeners (e.g., the
tetrachlorobiphenyls) the totally unsymmetrical
chlorinated congener has the largest kgy and the
smallest ﬂ%r As the number of chlorines becomes more
symmetrically distributed between the two rings, kpy
decreases and qé increases. For the congeners with the
most symmetrical distribution of chlorines on the
rings, kgy has the lowest value and ﬂ%Zhas the largest

. value (and therefore these congeners are the most
persistent).

() For symmetrically distributed chlorinated congeners
with both rings containing high numbers of chlorines

(e.g., Cly, CL,, with x +y =7, 8, 9, 10), as the

i
total number of chlorines increase, kgy decreases
rapidly and qé.increases rapidly. For example, the
nonachlorobiphenyl has a half-life of 330 days while
the decachlorobiphenyl has a half-life of 1700 days.

Hence, these compounds are reasonably persistent.

for a large number of the PCB congeners especially those
containing a small number of chlorines and those with all or most

. of the chlorines on one ring, atmospheric transformation occurs
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2t a reasonable rate by reaction with OH radicals. These results
are based on the structure-reactivity relationships developed by
Hendry and Xenley (1979) and Mill et al. (1982). It should be
emphasized that these results are tentative and must be verified
experimentally. Experiments should be carried out to measure Kom
by £lash photolysis and flow through techniques on selected PCBs
at room temperature and elevated temperatures. The OH radicals
should be produced by the flash photolysis of HONO or N,0 in the
presence of H,0 or Hy. The OH decay should be monitored by

fluorescence spectroscopy Or resonance absorption.

II. OXIDATION OF POLYCHLORINATED BIPHENYLS

BY HYDROXVYL RADICALS

The reaction of PFCBs with OH can be treated mathematically

in the following manner:

PCB + OH + Products (1)
_ d(PCB] _
—3F— = kOH[OH][PCB] ' (2)

where kOH is the second-order rate constant in cm3 molecule~™t

sec."l

and (OH] and [PCB] are the concentrations of hydroxvyl
radicals and polychlorinated biphenyls, respectively. Since very
low concentrations of PCBs exist at any given time in the

atmosphere and a steady-state concentration of OH radicals is



orcduced by sunlight in polluted air, the hydroxyl radical
concentration can be treated as a constant and equation 2 becomes

a pseudo first-order rate eguation.

_ dlpce] _
— k [PCB] ' (3)
where K = kOH[OH] . (4)

The pseudo first-order rate constant k is in the units of
reciprocal time (usually in seconds). Since equation 3 is a
pseudo first-order rate equation, the half-life (i.e., the time

to reduce the initial concentration of PCBs by one half) is

y, = 02693 . 0.693 (5)
I i

ITII. STRUCTURE-REACTIVITY RELATIONSHIPS FOR

HYDROXYL RADICAL REACTION WITH

POLYCHLORINATED BIPHENYLS

Hendry and Renley (1979) developed a structure-reactivity
method for estimating values of the second-order rate constant,
kogr Eor the reaction of OH radicals with an organic molecule.
There are three major reaction pathways in the gas phase: (1) H
atom abséraction; (2) addition to olefinic bonds; and (3) addition

to aromatic rings. Since the structure of PCBs is
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> (5)

where x and/or v is equal to 0 to 5, only H abstraction and
addition to aromatic rings need to be considered. Each of these

reaction pathways has an intrinsic reactivity constant for each

add.

arom. These reactivity constants

reaction center, k,pg, and k
are modified by substituents at the reaction center {(« position)
and adjacent to the reaction center (3 position) and these

substituent constants are denoted by e« and 8. Thus, the general

expresssion for the second-order rate constant, kgygr in terms of

the two reactivity constants is

= add.
Koy = kabs. * Karom. * (7
The rate of hydrogen atom abstraction is affected by
substitution on the same and adjacent functional groups. The
total reactivity rate constant for hydrogen abstraction, Xapg,:
may be expressed as the summation of the rate constants for each

reactive hydrogen according to equation

~
\

abs. = ini“HiBHikHi ’ (8)

Anj
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whera Xg; is the reactivity of the ith hydrogen atom towards OH
and depends on the degree of substitution on the adjacent
functional group and whether a vinyl or phenyl group is

attached. The term i represents the effect of substituents in

the a2 position for atoms other than hydrogen (for hydrogén

Ty = 1) and 34 represents the effect of the substituents in
the 3 position for atoms other than hydrogen (for hydrogen

SHi = 1). The term @ps represents the product £fdr each

& substituent or‘ﬂzai. For example, for the group H-CX,, the two
. =Wey, = (ay,)?

Hi Xi Xi

5i represents the product of each 3 position or'ﬂ%ai. For

a substituents are X and T« . Similarly,
3

example, for the group

C = (Yc)3
where Y_, Y,, and Y, can represent the different g positions,
there are a maximum of nine 8 substituents and
'VSHi = (sYa)B(sYb)3(SYc)3. Hendry and Kenley (1979) developed
the values of ky for various hydrogens on different functional
groups and the values of ¢ and g8 for various substituents. The
term n; represents the number of times the same type of hydrogen
with the same a and 8 substituents appear in the molecule. The

development of the values of these constants was based on a

detalled study of an extensive list of published rate constants

6-11 e



for each kind of reaction or composite reacticns which were
dissected into the contributory constants for each pathway

{Table 4, Hendry and Kenley (1979)].

The rate of addition of OH to aromatic rings is given by the

eguation
2 6 .
sz‘g;n. = ;aAlkAl ’ (9)

where K,; is the reactivity of the 10 aromatic ring towards OH
and depends on the degree of substitution on the ring (e.g.,
alkyl, methoxy, or aldehyde groups). The term ay is a factor
which takes into account the effect of halogen atoms substituted
represents the product of «, for each 1th

Al A
halogen atom on the ring. Hendry and ﬁenley (1979) developed

on the ring and a

values for k, and ay based on a detailed analysis of published
rate constants for aromatic compounds and these results are

summarized in Table 6 of the Hendry and Kenley report.

Further work was carried out by SRI to further validate the
method of Hendry and Kenley [Mill et al. (1982)]. Detailed
kinetic studies were carried out for the model compounds
2-chlorobutane, 2,3-dichlorobutane, 2-chloropropene,
3-chlorogropene, chlorobenzene, and p-dichlorobenzene and the
precisely measured second-order rate constants (kgy) were
compared to the calculated values using the methced of Hendry and
Xenley. The results for the first four compounds were, in

eneral, good. However, the values of X, and «, for the aromatic

uw)

A



zompounds had to be adjusted to obtain a better fit between the
experimental and the estimated values from the structure-
r2activity method. SRI found that X, = 2.0 x 10°12 cm3 molecule~!
sec.™! for an aromatic ring (Hendry and Kenley listed a value of

1.4 x 10~12 cm3 molecule~! sec.”l) and « = 0.30 (Hendry and

Cl

Kenley listed a value for a« < 1.0). All the updated values for

cl
tne reactivity constants for hydrogen abstraction, OH addition to
aromatic rings, and OB addition to olefinic double bonds are
summarized in the report by Mill et al. (1982), Tables 9-12, of
the Section on Oxidation in Air. Detailed calculations are given

for each of the model compounds to illustrate the application of

the Hendry and Kenley method of estimating kg

Iv. CALCULATION OF THE SECOND-ORDER RATE

CONSTANTS (kny) FOR POLYCHLORINATED BIPHENYLS

USING STRUCTURE-REACTIVITY RELATIONSHIPS

The method outlined in Section III was used to calculate the
second-order rate constant, Kkgy: for the congeners of the
polychlorinated biphenyls (PCBs). A few examples are included in
this Section to illustrate how the method of Hendry and Kenley
#as used to estimate Kpyy. Since no experimental rate constant
data are available for PCBs, the assumption was made that there
ls no interaction between the two rings and that each ring could
De treated separately. The second-order rate constants kpy wers
then calculated as the sum of the rate constants for each

separate ring.

=13
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A. 2-Chlorobiphenyl

The structure of 2-chlorobiphenyl is:

where A and B designate each ring.

1. OH Addition to the Rings

a. Ring A

Since ring A contains one chlorine, « = 0.30;

Cl
ky = 2.0 x 10712 cm3 molec.™! sec-l. Using these results

equation 9 yields

kZig&.= 0.30(2.0 x 107+2) = 0.60 x 10712

b. Ring B
Since ring B does not contain a chlorine

2.0 x 10742 |

<3123

kadd.

c. Total arom.

cLadd. _ .2 . LA
Rarom. * Kaig%. N kagg%.

6-14
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x294. L 9,60 x 1071% + 2.0 x 10~
arom,

1 -1

3 molec. ™t sec. (10)

kadd.
“arom.

2.60 x 1072 cm

2. H Abstraction on the Rings

a. Ring A

Ring A has the structure

Hg <\
Hb .
Hc H&
(1) H, has a 8 chlorine substituent and no

a substituent. Therefore SCl = 0.4; n = 1;
ky = 0.01 x 10-12 ¢cm3 molec.'l sec.‘l. Using
these values in equation 8 yields
k.. (1) = 1(0.4)(0.0L x 107%2) = 0.004 x 107+%2
abs.
(ii) Hy, H,, Hyg are equivalent hydrogens. There

are no a substituents and only 38 hydrogens.

Therefore, n = 3; 8, = 1; kg = 0.0L x 10712

cm3 molec. ! sec.~l.

12 12

k (2) = 3(1)%(0.0L x 10712y = 0.03 x 10~

abs

12 12

(1) + kabS(Z) = 0.004 x 10 + 0.03 x 10

x _. = X
aps. abs. .
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, 7

3
Kabs.

1

= 0.034 x 10712 cm3 molec. ! secT? (11)

b. Ring B

There are five hydrogens on the ring with no a substituents,

no halogen substitution, and only 8 hydrogens. Therefore, n = 5;

= 1; kg = 0.01 x 10712 cm3 molec. ! sec."l .

LY

H
k:bs. = 5(1)%(0.0L x 107%2)
k7 = 0.05 x 10722 cm3 molec.™d sec.”l. (12)
abs.
c. Total Kaibs.
Kope. = Kaps. * Kopg, = 0-034 x 10772 + 0,050 x 10712
Kupg, = 0-084-x 10712 cm? molec.™ secT! (13)

3. Total kQH

add.
OH abs. arcm.

Using equations 10 and 13 yields

12 12

k.. = 0,084 x 10 °° + 2.60 x 10~

CH

Kog = 2.68 x 10712 cmd molec. ! sec.”? . (14)
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/
3, 2,2-Dichlorobiphenvl

o , .
The structure of 2,2-dichlorobiphenyl is

ql Cl

O=0 -

A e

where A and B ‘designate each ring.

1. OH Addition to the Rings

a. Rings A and B

Since rings A and B are identical and the same as the ring
in Section IV.A.l.a, the same

kagi& is obtained. Therefore,
ardm.

kZig&. = 0.60 x 10712

add.
b. Total karom.

add. _ a - -12
k393 =2 kaig&a = 2(0.60 x 10713
add. _ -12 3 -1 -1
‘arom. = 1,20 x 10 cm” molec. sec. (15)

6~17.



2. H Abstraction on the Rings

a. Rings A and B

Since rings A and B are identical and the same as the

ring

/
in Section IV.A.2.a., the same k is obtained (equation 1ll).

abs.

Therefore

% _ -12
K pg, = 0-034 x 10 \

b. Total kabs.

= 2x”. = 2(0.034 x 10712

k abs.

abs. )

3 1 1

k = 0.068 x 10712 cnd molec. ™t sec.”

abs.

3. Total knpy

- add.
OH abs. arom.

Using equations 15 and 16 yields

12 12

K... = 0.07 x 10 "“ + 1.20 x 10~

OH

1 1

k = 1,27 x 10-12 em3 molec. ! sec.™d .

oH

6-18 *
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C. 2,4=Dichlorobiphenyl

The structure of 2,4-dichlorobiphenyl is

¢l

Q\

1. OH Addition to the Rings

a. Ring A

Since ring A contains two chlorines, = 0.30;

%c1
kp = 2.0 x 10712 ¢pd molec.'l_sec.'l. Using these results in

equation 9 yields

k23301 = (0.300%(2.0 x 107H%)

kgzg%. = 0.18 x 1072 cn3 molec. ! sec.”? .

b. Ring B

Since ring B does not contain a chlorine

kzig%. = 2.0 x 107%% cn® molec. ™t sec. .

6-19



c. Total kadd‘
arom.

12 12

; kaié& = 0.18 x 1072 + 2.0 ¢ 10~
a O 1

kadd.

- -12 3 -1 -1
irom. © 2.18 x 10 cm” molec. sec. (18)

2. H Abstraction on the Rings

a. Ring A

Ring A has the structure

He cl
Ci .

Hy He

(i) Hy; n = 1; there are two 8 chlorines and no
a substitution; 8oy = 0.4; kg = 0.0l x 10712,
Using these results in equation 8 yields

12

/ 2 -
kK h&) = 1(0.4)7(0.01 x 10 )

12

4 - 3 -1
kaé%? = 0.0016 x 10 cm” molec. sec. ’
(i1) Hy; n = 1; there is no o substitution, only

one 3 hydrogen, and only one 38~-chlorine;
-12

3c1 0.4; By = L; kH= 0.01 x 10

6-20



7 12

kaé%? = 1(1)(0.4)(0.01 x 10 )
/ -12
kaé%? = 0.004 x 10 .

(iii) He; n = 1; there is no « substitution and

only a 8 hydrogen; 8, = l; kg = 0.01 x 10712

k”(3) = 1(1)(0.01 x 10712,
aég ; *

- -12
k,43) = 0.0L x 10

/ _ / / k/
kabs - kaé%? * kaé%? * aéél

x’ = 0.001% x 10~ 12

abs.

12 12

+ 0.004 x 107 °° + 0.0l x 10~

/ 3

1 -1
abs. sec. . (19)

K = 0.0156 x 10712 cm® molec.”

(b) Ring B

This ring is the same as in Section IV.A.2.b. Therefore,
from equation 12
/7

. - -12 3 -1 -1
kabs. = 0.05 x 10 cm” molec. sec. . (12)

{c) Total kabs.



————————— - s

Jsing eguations 12 and 19 yields .

o -12

. . -12
Kabs. = 0.016 x 19 « 0.050 x 10
< = 0.066 x 1012 cm® molec. ! sec.”! |, (20)
abs.
3. Total kQH
_ add.
kOH --kabs. karom.

Using equations 18 and 20 yields

Kog = 0.07 x 10712 & 2,18 x 10712 .

kOH = 2.25 x 10"12 cm3 molec.'l sec.‘l . (21)

The rate constants for these PCB congeners are summarized in

Table 1.

V. CALCULATION OF THE HALF-LIFE OF POLYCHLORINATED BIPHENYLS

Hydroxyl radicals are formed as a result of a complex set of
chemical reactions in the atmosphere in the presence of sunlight. The
concentration is a function of the solar light intensity (which
is a function of time of day, or zenith angle, and season of the

/23r), latitude, pollutant concentrations, temperature, and altitude.

3ased on the research work of several scientists, a global .

§=-22



b o = e Aven

. average Zor the OH concentration for reasonably polluted air in
tn1e troposphere is 1 x 10% molecules cm™3 {Hendry and Kenley
(1979, spruny (1977), Crutzen and Fishman (1977)]. WUsing these

results in equation 5 yields a half-life of

g = 0:693
Yo~ Koy (OH]
0.693

»

Y, = - "
72 kOH[l x 10%°molecules cm 3][8.64 x 10%sec. day -]

-12
t,(day) = 3.02 x 10 . - (22)
2 k.. .(cm” molec. sec. %)
OH
. Consider the calculation of the half-life of 2-chloro-

hiphenyl. From Section VI.A.3, the second-order rate constant,
Xagr is 2.68 x 10=12 cm3 molec.”! sec.! (equation 14).

Substitution of this result in equation 22 yields

g, = B:02 % 10712
2 2,68 x 10”12
t1/2= 2.99 days
t1/2= 3.0 days . {23)

This half-life is listed in Table 1.



[}

. DISCUSSION OF RESULTS

Section II1 discusses in detail the general framework for
calculating the rate constants for the two majdr pathways for the
raaction of hydroxyl radicals with chlorinated biphenyls:

H abstraction (kabs.) and addition to double bonds in the

add.

aromati i %
omatic rings ( arom.

). The second-order rate constant (kgy)
for the reaction of OH radicals with chlorinated biphenyls is
then the sum of kznhg, and k:gg&. (equation 7)., Detailed
calzulations were carried out for a large number of the
chlorinated congeners and the rate constants are summarized in
Table 1. Section IV illustrates the methods of calculating kpy

for a few selected PCB congeners.

Section V illustrates the method of calculating the half-
life (u@) fbr PCR congeners and specifically for 2-
chlorobiphenyl. The calculated values of qé for all the
congeners are summarized in Table 1. A detailed analysis of the

data indicates that the following generalizations can be made.

(1) For a given class of chlorinated biphenyls, for
example, the tetrachlorobiphenyls, obvious trends were
ohserved. For the congeners with four chlorines on one

ring:

2,3,4,5-tetrachlcrobiphenyl kog = 2.1 x 10712 cm3 molec.”l sac-!

2,3,5,h=-tetrachlorobiphenyl Koy = 2.1 x 10712 em3 molec.” ! sac.”!
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Tnat is, changing the positions of the chlorines on the ring did

not change the value of kgy. Hence, all these congeners can be

jrnuped together as the tetrachloro PCB congener using the

general expression:

c

e

/

(2)

(3)

\ kog = 2.1 x 10712 cm3 molec.~! sec.-!

The dominant reaction pathway is addition of OH

radicals to the double bonds of the aromatic ring

(kggg& ). This leads to cleavage of the ring or the

formation of hydroxy PCB8s.

As the number of chlorines on the rings increase,

add.
arom.

k

kOH decreases, 4@ increases.

For unsymmetrical chlorinated biphenyls

cly

@ Q ) where x = 1, 2, 3, 4, 5,

it is evident that kgy is dominated by the rate of
attack on the unsubstituted ring and this process
controls the value of kgy. For example, for the

congener with x =1, kgy = 2.7 x 10712 cm3 molec.-!

decreases and consequently kOH decreases. Since

[



(5)

-1

sac. and q& 3.0 days while for the congeners with x
=3 or 5, kgy = 2.1 x 10712 om3 moleq.'l sec.”! and s
= 3,8 days. 1In other words, the presence of chlorines
on one ring deactivates this ring relative to the
unsubstituted ring and the overall kay is dominated by

the rate of reaction on the unsubstituted ring.

Consider the pentachlorobiphenlys:

12 3 -1 -1
< v 107 Ky (em™ molec. © sec. J qﬁédays)
5 0 2.1 3.8
4 1 0.65 12
3 2 0.26 31

(a) The unsymmetrically chlorinated congener with x =
5 and y = 0 has the largest kpy and the smallest
ﬁVZ This occurs because the rate of addition is
dominated by the extremely large reactivity of the
unsubstituted ring (rule 4).

(b) As the chlorines become more symmetrically
distributed between the two rings. kgy decreases
and qé increases.

(c) For the congener with the most symmetrical

distribution of chlorines between the rings [i.e.,

) '



three chlorines on one ring and two chlorines on
the other ringl, kgy has the lowest value and ﬂ@
is a maximum. This general pattern is true for
all groups of chlorinated biphenyls: e.g.,
monochloro-, dichloro=-, trichloro~ etc. biphenyl

classes of congeners.

The data for the symmetrically distributed chlorinated
congeners with high numbers of chlorines can be

summarized as follows:

1012 3 1 l)

< v Koy (e~ molec. = sec. g /Q(days )
4 3 0.088 94

4 4 0.039 210

5 4 0.424 330

5 5 0.0049 1700

v

As the total number of chlorines increases, kgy
decreases rapidly and q@ increases rapidly. The half-
life for the last two congeners is fairly large and

thus these two congeners are reasonably persistent.
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. I. INTRODUCTION AND SUMMARY

There are no experimental data published in the literature
on the hydrolysis of polychlorinated biphenyls (PCBs) under
environmental conditions. However, all the PCB congeners contain
chlorines which are attached directly to the aromatic ring and as
a result they should not hydrolyze under environmental conditions
[Mabey and Mill (1978)]. Furthermore, PCBs are so hydrolytically
stable that even under severe acidic and basic conditions,
hydrolysis does not occur [Gustafson (1970), Hutzinger et al.
(1974)]. Hydrolysis, therefore, is not an important

environmental transformation process.

PCBs are extremely resistant to oxidation [Hutzinger et al.
‘l’ (1974)]. Gustafson references a Monsanto, technical bulletin on
PCBs which states "they can be heated to 140°C under 260 psi of
oxygen pressure without showing any evidence of oxidation as
judged by the development of acidity or formation of sludge.”
Oxidation, therefore, is not an important environmental

transformation process.
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I. INTRODUCTION AND SUMMARY

Two important factors must be considered when studying the
photolysis of polychlorinated biphenyls (PCBs) in solution and
estimating rates of photolysis in the enviromment. These factors
are: (1) the absorption of ultraviolet light by the PCBs in the
solar region (A greater than 290 nm) and (2) the quantum yield
(¢ ) in aqueous solution. Considerable work has been done on the
study of the ultraviolet adsorption (uv) spectra of PCBs in
nonagueous solvents [Hutzinger et al. (1974)] and very useful
information has been obtained on the relationship of tﬁe
structure of PCBs to uv absorption. With caution, one can use
these results to obtain some insight into the behavior of the
absorption of uv light by PCBs in aqueous media. An analysis of
the uv absorption spectra of PCBs in nonaquecus media indicates
that the absorption maxima in the uv region 200-300 nm are
affected by the location of chlorines on the rings, the number of
chlorines on the rings, and, in particular, by the degree of
substitution at the positions ortho to the Ph-Ph bond (i.e., at
the positions 2,2',6,6'). For PCBs with one or no chlorines in
an ortho position, the two principal absorption maxima shift to
the red. For PCBs with two or more chlorines in the ortho
positions, the two principal maxima shift to the blue and a
series of weak absorption maxima appear in the spectral region
270-300 nm with absorption tails extending into the region beyond
290 nm. The significance of these changes in the absorption
spectrum with respect to photolysis in the environment is that in

the solar region of the spectrum (A > 290 nm), highly chlorinated
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biphenyls absorb most strongly, PCBs lacking ortho substitution .

are intermediate, and PCBs having one or two ortho chlorines are
the least absorbing. Nevertheless, all the PCBs are weak

absorbers at A > 290 nm.

A number of papers hgve been published on the photolysis of
PC3s in solution. Unfortunately, most of these experiments were
carried out in nonaquecus media. However, an understanding of
these data can be very useful and with caution, one can use these
results to obtain some insight into the photolysis of PCBs in éhe
environment; that is, photolysis in aqueous media in sunlight.
Bunce et al., (1978) published a paper on the photolysis of some
PCBs in the solvent system water-acetonitrile (l:4) containing
oxygen. Quantum yields were reported for several PCBs along with
molar absorptivities (5300). Using the method of Zepp and Cline
(1977) and Mill et al., (1982), direct photolysis rate constants
(ka) and half-lives (tl/zs) were calculated for several PCBs and
two Aroclors at 40° north latitude on the summer and winter
solstices at shallow depths (less than 0.5 meters) and under
clear sky conditions. All the results are summarized in
Table 1. Ihspection of the data indicates that in general, as
the chlorine content increases, the photolysis rate constant
increases and the half-life decreases. Decachlorobiphenyl
photolyzes rapidly on the summer and winter solstices. A few of
these PCBs decompose at a moderate rate on the summer solstice.
However, it must be emphasized that these results must be used
with caution since the solvent is predominantly acetonitrile (75
percent) and therefore does not correspond to environmental .

conditions.
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Based on all the available PCB photolysis data in the
literature, dechlorination at 300 £ 10 nm is the predominant
reaction in nonaguecus solvents including methanol containing

oxygen, a solvent which is somewhat similar to water. Thus,

PCBs, especially the more highly chlorinated congeners and those

that contain ortho chlorines, photodechlorinate. All PCBs

containing ortho chlorines yield products arising from the loss

of these ortho chlorines. 1In their absence, meta chlorines are

cleaved. Para chlorines do not cleave to any significant
extent., The differences in photolability are due to the fact
that almost all ortho chlorinated biphenyls have high quantum
yields (¢~ 0.1 or greater). PCRs lacking ortho chlorines
generally have low quantum yields (¢~ 10°2 to 1073) [Bunce
(1982)]. These results are significant, for if aqueous

photolysis is an important transformation process, then

photodechlorination results in the formation of lower chlorinated

congeners and congeners with less chlorine content are more

readily biodegradable (Chapter 9). Furthermore, PCBs with ortho

chlorines are the most readily removed by photolysis and thus
resulting dechlorinated PCBs are more readily biodegradable.
Hence, over a period of time, a combination of photolysis and

biodegradation could remove PCRs from the environment.

More reliable photolysis data is needed on selected PCBs
estimate rates of photolysis in aqueous media in sunlight and

predict the transformation products and the mechanism of this

the

to

to

transformation process. Photolysis experiments should be carried

out in water - acetonitrile (99:1) to determife the uv absorption
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spectra, the molar absorptivities (aX ), and the quantum yield

(3.

Hutzinger et al. (1974) discusses the photolysis of PCBs in
the gas phase but there are no relevant data published to predict
rates of photolysis in the atmosphere or the nature of the

decomposition products,



4
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DISCUSSION OF RESULTS .

*

a. Ultravioclet Absorption Spectra

As a prelude to the discussicn of the photolysis of
PCBs in the environment and specifically to environmentally
relevant photolysis rates, it is necessary to consider the
absorption of light by polychlorinated biphenyls (PCBs) in
aqueous media. Information on the absorption of light by PCBs
can be obtained from the ultraviolet (uv) absorption spectrum,
Unfortunately, very liétle data is available on the uv spectra of
PCBs in aqueous media and one has to resort to data from the uv
spectra in nonaqueocus solvents ([Hutzinger et al. (1974)]. An
énalysis of these data indicates that there are several very
useful correlations on uv absorption and PCB structure. With .
caution, one can use these results to obtain insight into the

behavior of the absorption of uv light by PCBs in aqueous media.

The uv spectrum of biphenyl contains two important
absorption maxima: one band is at 202 nm (e = 44000) and is
designated as the main band; the other absorption maxima is at
242 nm (¢ = 17000) and is called the « band. The « band is
attributed to the conjugated biphenyl system with contributions
from both rings. The effects of chlorine substitution on the

rings on Xma are given in Tables 2 and 3 (Hutzinger et al.

X

(1974)]. Table 2 lists kmax for the PCBs with one or no

chlorine in the ortho position while Table 3 lists kmax for the

PCR congeners with two or more ortho chlorines. An analysis of



Table 2. UV Spectra of Chlorcbiphenyls (None or Qne Qrtho Chlorine)

UV Maxima and =xtinction
Coefficients (x 1073)

Chlorinated biphenyl "Main bangd” x band
Congener ' (nm) (nm)

4 199 (43.3) 253 (20.5)
3 205 (42.8) 248 (16.0)
2 204 (39,2) 240 (10.2)
4,4' 200 (41.9) 288 (22.9)
3,3 248 (23.4)
2,4 204 (42.2) 255 (12.8)
2,4,4' 205 (42.9) 250 (14.8)
2,3',4 210 (44.9) 246 (12.0)
2,3 ,4',5 214 (42.0) 248 (11.3)
3,3',4,4 260 (22.9)
2,3 ,4,4 253 (15.9)
2,4,4',5 257 (15.1)
2,3,4,4' 250 (12.6)
2,3,4',4,5 253 (2.5)

2,3,3',4,4 253 (2.9

3,3',4,4',5,% 222 (51.7 288 (27.7)




Table 3., Ulzraviolet Ppectra of Chlorobiphenyls (Two or More Orthe Chlorines)

UV maxima and Extinction
Coefficients (x 1073)

Chlorinated biphenyl "Main band" x band * 8 bands”
Congener (nm) {am) (nm)
2,2 208 (36.0) 230 (6.6) 273 (.54)

266.5 (.74)
2,2',5 197 (82.5) 267 (1.10)
278 (1.17
N 283 (0.82)
2,2',4,4 207 (51,2) 220 (29.4) 273 (1.49)
N 282 (0.83)
2,2',5,5 204 (43.3) 214 (34.9) 276 (1.32)
284 (1.25)
2,2',6,6 197 (88.9) 272 (0.78)
280 (0.65)
2,2',4,4',5,5 211 (45.95) 282 (1.6Q)
) 290 (1.,12)
2,2',4,4',6,8 202 (93.1) 267 (0.50)
275 (0.59)
288 (0.46)
2,2',3,4,5,5',6 214 (100) 268 (1.37)
277 (1.76)
286 (1.82)
297 (0.63)
2,2',3,3',4,4',5,5 210 (57.5) 285 (0.89)
294 (0.59)
2,2',3,3%,5,5%,6,6°' 210 (91.8) 285 (2.04)
295 (2.31)

2,2',3,3%,4,4,5,5',56,6' 216 (108) 291.5 (1.10)

301.5 (1.22)

'Shculder
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these data indicate that these absorption maxima are affected by
the location of chlorines on the rings, the number of chlorines
on the rings and, in particular, by the degree of substitution at

the positions ortho to the Ph-Ph bond (i.e., at the positions

2,2',6,86').

Consider the spectra of PCRs with less than two
chlorines ortho to the Ph-Ph bond, Table 2. For the monochloro-
biphenyls, the main absorption band only changed slightly in
comparison to the same band in biphenyl. However, the 3- and 4-
chloro groups induced a bathochrochromic or red shift (i.e., a
shift to higher wavelengths) of the x band with the 4-chloro
groups showing the larger shift. The x band for the 2-chloro
congener is shifted to a slightly lower wavelength (i.e., a blue
shift) with a lowering of ¢e. This effect has been attributed to

some steric inhibition of resonance between the two phenyl rings.

Similarly, for the 4,4'- and the 3,3'~-congeners, the
magnitude of the red shift of the v band is greater for the para

disubstituted derivative.

For the more highly substituted PCBs, both the main
absorption and x bands shift to the red and exhibit appreciably

more absorption tailing in the solar region beyond 290 nmm.

Upon the introduction of two or more chlorines in the
ortho positions to the Ph-Ph bond, major changes in the uv
spectrum occur, Table 3. The « band shifts to lower wavelengths

and the molar absorptivity ¢ is lowered markedly; on the cther
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hnand, the ¢ value for the main band increases significantly. 1In
addition, these highly ortho substituted congeners exhibit a
series of weak absorption maxima, called 8 bands, between 268 and
302 nm with tailing absorptions in the region beyond 290 nm. In
the same manner as encountered in 2-chlorobiphenyl, it is
generally accepted that these highly hindered PCBs are hindered
to free rotation about the Ph-Ph bond and this results in the
loss of coplanarity between the two rings. Thus, these B8 bands
have been attributed to the contributions from the individual

phenyl rings.

The significance of these changes in the absorption
spectrum with respect to photolysis in the environment is that in
the solar region of the spectrum (A > 290 nm), highly chlorinated
biphenyls absorb most strongly, PCBs lacking ortho substitution
are intermediate and Pcés having one or two other chlorines are
the least absorbing. Nevertheless, all the PCBs are weak

absorbers at A > 290 nm.

B. Photolysis Data

A number of papers have been reviewed which pertain to
the photolysis of PCBs in solution [Safe and Hutzinger (1971),
Hustert and Korte (1972), Hutzinger et al. (1972), Ruzo et al.
(1972), Ruzo et al, (1974), Nordblom and Miller (1974), Hutzinger
et al. (1974), Ruzo et al. (1975), Safe et al. (1976), Wagner and
Schere (1977), Bunce and Xumar (1978), Bunce {(1982)].

Unfortunately, almost all of these photolysis experiments were

8-10



carried out in nonaqueous media., However, a study of these data
can provide some potential insight into the photolysis of PCBs in
the environment in sunlight. The following paragraphs highlight
these resuits and Appendix IV discusses these papers in greater

detail.

All the experiments on the photolysis of PCBs were
carried out in the laboratory by irradiation in the spectral
region‘290-310 nm; and these results are environmentally relevant
with respect to solar radiation since the wavelengths of
photolysis occur beyond the solar cutoff (A > 290 nm). As
discussed in Section II.A., many of the PCB congeners, especially
those which contain several chlorines on the rings, have weak
absorption tails beyond 290 nm. Furthermore, the PCB congeners
with more than one chlorine in an ortho position exhibit weak
absorption maxima in the region 270-300 nm (8 absorptiocns) and
the absorptions tail beyond 290 mm. As a result, these PCBs all
have the potential to undergo photolysis in the scolar region at

wavelengths greater than 290 mm.

Based on a review of all the available literature, PCBs
undergo photodechlorination when exposed to radiation in the
spectral region 290-310 nm. For example, Ruzo et al. (1974)
carried out a series of photolysis experiments with the tetra-
chloro PCB congeners {(3,3',4,4'), (2,2',4,4'), (3,3',5,5"),
(2,2'3,3'), (2,2'5,5') and (2,2',6,6"')] in degassed cyclo-
hexane. The major reaction undergone by these congeners was the

stepwise dechlorination to yield tri- and dichlorobiphenyls as
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the major products. All PCBs containing ortho chlorines yielded
procucets arising from the loss of the ortho chlorines. 1In their
absence, meta chlorines were cleaved. Chlorine in the para
position did not c¢leave to any significant extent. Similar
experiments were carried out by photolyzing these compounds in
undegassed and degassed methanol at 290 - 310 nm. Again, the
major reaction undergone by these compounds was stepwise
dechlorination to yield tri- and dichlorobiphenyls as the major
products. The order of removal of the chlorines was ortho
chlorines > meta chlorines >> para chlorines. The differences in
photolability are due to the fact that almost all ortho
chlorinated biphenyls have high quantum yields (¢ ~ 0.1 or
greater). PCBs lacking ortho chlorines generally have low
quantum yields (¢ ~ 1072 o 10’3) (Bunce (1982)]. Minor amounts
of the methoxylated products were also observed (<3 percent of
reacted PCBs in all cases). It should be noted that methanol is
a hydroxylated solvent, similar in some respects to water. Thus,
one might expect a similar pattern of photodechlorination in
water, especially for the PCB congeners with chlorines in the
ortho positions. Furthermore, these results were applicable to
methanol containing oxygen. Water in the environment usually

contains oxygen.

In order to elucidate the mechanism of photo-
dechlorination described above, Ruzo et al. (1974) carried out
more detailed photolysis experimentsi the quantum yield (¢r) was
determined for several congeners in cyclohexane, Section 1V,

Table 9; the quantum yield of intersystem crossing (¢isc)’
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‘ corresponding to the conversion of the excited singlet state to
the excited triplet state, was measured for the congeners
(3,3',4,4'), (2,2'4,4"), (3,3',5,5') and was found to be 1 £0,05;
and the triplet lifetimes (r) were measured in cyclohexane and
methanol for all the congeners [Section IV, Table 9]. The
lifetimes of all the ortho congeners were approximately three
times smaller than the congeners containing no ortho chlorines.
Because of the presence of the ortho chlorines, the ground state
is non-planer while the excited triplet state is planar ([Wagner
(1967), Wagner and Scheve (1977)]. Triplet lifetime shows a
definite variation between the ortho congeners and the others.
This is undoubtedly due to the greater steric hindrance to the
preferred excited state geometry. Crowded conditions created by

. the ortho chlorines result in a greater twisting of the Ph-Ph
bond with the subsequent decrease in its double band character.
The products obtained in the greatest yield arise from the loss

of ortho chlorines; thus, the strain on that bond is. relieved.

In some recent work, Bruce (1982) reported the results
of photolysis experiments using a series of compounds of the type

Q CHa <l

N/ S
CH3 CHay

Compounds with these structures were more photolabile than the

analogous compounds lacking the ortho methyl substituents, but

wers not as photolabile as the ortho chlorine compounds. Bunce
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concluded that the relief of strain when an ortho chlorine
departs must be important. However, the extraphotolability
arises because the ortho chlorine substituent raises the energy

of the excited state and hence provides the extra energy for

- dissociation.

Based on all the data, Ruzo et al. (1974) postulated
the mechanism of photodechlorination of PCBs, As an example, the
mechanism is illustrated in Figure 1 for the congener 2,2'4,4"'-
tetrachlorobiphenyl (congener II, Table 7, Section 1IV), The
dechlorination products obtained from the u; irradiation result
from the cleavage of the C-Cl bond in the ortho position to form
a biphenyl free radical. This free radical then abstracts a
hydrogen from the solvent to form the dechlorinated product and
ACl. Photolysis of congener II in methanol yielded a small
amount of the methoxylated products (Table 8, Section IV)., These
methoxylated products would be formed by nucleophilic
displacement of chlorine by methanol. In the latest publication
by Bunce (1982), this researcher summarized the status of the
photolysis of PCBs and supported the mechanism postulated by Ruzo

et al., (1974).

Hutzinger et al. (1972) attempted to carry out photo-
lysis experiments on selected PCB congeners under environmental
conditions (i.e., photolysis in sunlight). Unfortunately, these
experiments were poorly designed and no useful data were

obtained.
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Figure 1. Mechanism of Photodecomposition of 2,2',4,4'~

Tetrachlorobyphenyl
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Bunce et al. (1978) carried out photolysis experiments
on selected PCBs to assess the impact of solar degradation of
PC3s in the aquatic environment, These researchers obtained
extinction coefficients at 300 nm and quantum yields at 254 mm
(at less than 10 percent conversion) for a series of PCB
congeners and two Aroclor samples in the oxygenated solvent
system water-acetonitrile (l:4). All their results are
summarized in Table 4. 1In general, the quantum yield for cocmplex
molecules in solution is wavelength independent so that the
quantum yield at 254 nm is the same in the spectral region
greater than 290 nm [Zepp and Cline (1977)]. These data can be
used to estimate rates of photolysis by the method of Zepp and
Cline (1977) and Mill et al. (1982) to see if photolysis would be

important in an aquatic environment in sunlight.

Zepp and Cline (1977) published a paper on the rates of
direct photolysis in aquatic environmments. The rates of direct
photochemical processes in a water beody are affected by solar
spectral irradiance at the water surface, radiative transfer from
air to water, and the transmission of sunlight in the water
body. It has been shown that in dilute solution (i.e., the
absorbance of a chemical is less than 0.02 in the reaction cell
at all wavelengths greater than 290 nm) at shallow depths
(>0.5m), the kinetic expression for direct photolysis of a

chemical at a molar concentration C is
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with .
k ’ (2)

where bg is the reaction guantum yield of the chemical in dilute
solution and is independent of the wavelength, and k, = ] Kaxt

the sum of ka values of all wavelengths of sunlight that are

A

absorbed by the chemical. The term kpE represents the photolysis
\

rate constant for water bodies in sunlight in the units of

reciprocal time. Integrating equation 1l yields
In(Cy/C) = kot , (3)

where C is the molar concentration of chemical at time t during
photolysis and C, 1s the initial molar concentration. By
measuring the concentration of chemical as a function of the time

t during photolysis in sunlight, k g can be determined using

p
equation 3, In addition, equation 3 can be solved for the

condition C, = C_ /2 and the half-life of the chemical is given by
tl/ZE = 0.693/ka . (4)

Furthermore, under the same conditions cited above
{i.e., for homogenous chemical solution with absorbance less than

0.02* in a reaction cell at all wavelengths greater than 290 nm

*At an abscrbance of 0.03, equation 5 is in error by only 1lls.
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and at shallow depths (less than 0.5 m)], the first-order direct

photolysis rate constant, ka, is

k cpEZ e,\Lk ' (%)

pE ~

where ¢, is the quantum yield which is independent of the

wavelength, e, is the molar absorptivity in the units molar -1

A
cm’l, and Ly is the solar irradiance in water in the units 2,303
x 1073 einsteins cm™2 day -l Mill et al. (1981, 1982a,
1982b1)]. Lk is the solar irradiance at shallow depths for a
water body under clear sky conditions and is a function of

latitude and season of the year.

Calculations were carried out for all the PCBs listed
in Table 4 to see if sunlight photolysis would be important. The

following assumptions were made in the calculations.

l. The molar absorptivity reported by Bunce et al.
(1978) in the solvent water-acetonitrile (l:4) was
used. It was assumed that the molar absorptivity
decreased uniformly as the wavelength increased:

€305 = (1/2) €397 €319 = (1/2) e5457 €

(1/2) €37Qieveeei €3 = 0.

315

2. A latitude of 40°N was chosen since this latitude
is approximately in the center of the United
States.

3. Calculations were made on the summer and winter

solstices.
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4. The solar irradiance values (L, ) were obtained
from Mill et al. (1982) and interpolations were
made to estimate L> at 300, 305, 310, 315,.....0m
on the summer and winter solstices,.

5. The quantum yield reported by Bunce et al. (1978)
in the solvent water-acetonitrile (1:4) was used.

6. The calculations correspond to water bodies under

clear sky conditions and at shallow depths.

The following calculation for 2,4-dichlorobiphenyl
illustrates the method of determining the rate constant (ka) and
half-life (tl/ZE) for the summer and winter solstices. Table 5
summarizes the data for % &.L, for the summer and winter
solstices. Substituting the values of X & L, from Table 5 in

equation 5 yields

Summer solstice: ka = 0.040 clays'l

Winter solstice: ka = 0.0064 days'l .

Substituting these results in equation 4 yields

Summer solstice: £y /28 17 days

Winter solstice: £1/28 = 110 days .

The results for all the PCBs are summarized in Table 1 of
Section I. 1Inspection of the data indicates that in general, as
the chlorine content increases, the photolysis rate constant

increases and the half-life decreases. Decachlorobiphenyl



Table 3. Summary of Photolysis Data for 2,4-Dichlorosbiphenyl at 40° North

Latitude

Summer Solstice

A (am) €y (4~ tem=") L.k gy Iy (day -1

300 25.0 0.66 x 1073 0.017

305 12,3 3.4 x 10™3 0.042

310 6.2 0.99 x 10™2 0.061

315 3.1 2.0 x 1072 0.062

320 0.0 -— 0.000
Winter Solstice

A (am) gy (M7 ea™) L'y €, Ly (day ™1

300 25.0 0.35 x 1074 0.001

305 12,3 0.33 x 1073 0.004

310 6.2 1.6 x 1073 0.010

315 3.1 4.5 x 1073 0.014

320 OQO -—on 00000

z EXLX = 0,029

“The uniss of L, are in 2.303 x 10~ einsteins cm™? day~!,
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photolyzes rapidly in the summer and winter solstices. A few of
these PCBs decompose at a moderate rate on the summer solstice.
However, 1t must be emphasized that these results must be used
with caution since the sclvent is predominantly acetonitrile (75
percent) and therefore does not correspond to environmental

conditions, It should be noted that ¢E and the molar absorptiv-

ities were obtained in oxygenated solvent.

Based on all the photolysis data available,
dechlorination is the predominant reaction. Thus PCBs,
especially the more highly chlorinated congeners and those that
contain two or more chlorines in the ortho positions, photo-
dechlorinate. This is a significant result, for if aqueous
photolysis is an important transformation process in the environ-
ment, then photolysis results in the formation of lower
chlorinated congeners and the lower chlorinated congeners
biodegrade more readily (Chapter 9). Furthermore, PCBs with
ortho chlorines biodegrade very slowly (Chapter 9). However,
ortho chlorines are the most readily removed by photolysis and
thus the resulting dechlorinated PCBs are more readily
biodegradeable. Hence, over a period of tiﬁe, a combination of
photolysis and biodegradation could remove PCBs from the
environment. Since this could represent a viable mechanism for
the removal of PCBs from the environment and a number of the PCB
congeners have the potential to undergo photolysis at a moderate
rate in the summer, it is important that laboratory studies be
carried out in the solvent water=-acetonitrile (99:1). Reliable

molar absorptivities and guantum yields are needed in this
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‘ solvent saturated with oxygen to verify if PCBs can transform

photolytically in the environment.
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IV. APPENDIX: DETAILED REVIEW OF THE AVAILABLE PHOTOLYSIS
LITERATURE

Safe and Hutzinger (1971) carried out some of the earliest
experiments on the photolysis of PCBs. Specifically, the PCB
congener 2,2',4,4',6,6'-hexachlorobiphenyl was photolyzed at 310
nm in the solvents hexane and methénol. Although the structures
of the products were not determined, the mass spectra of the

products indicated that dechlorination took place.

Laboratory experiments were carried out by Ruzo et al.
(1972) on the photolysis of 4,4'-dichlorobiphenyl (DCB) and
3,3',4,4"'-tetrachlorobiphenyl (TCB) in hexane at wavelengths
greater than 286 nm and Amax at 310 nm. DCB decomposed to a
small extent to 4-chlorobiphenyl and no biphenyl was detected in
the reaction products. The absence of biphenyl is not surprising
since 4-chlorobiphenyl shows no téiling beyond 290 nm while CB
exhibits marginal tailing absorption at A > 2§O nm which results
in a low yield of 4-chloribiphenyl. The photolysis of TCB
yielded stepwise dechlorination: TCB decomposed to 3,4,4'-
trichlorobiphenyl which photolyzed to 4,4'-dichlorobiphenyl.
Thus, the meta chlorines were the most labile and were removed in
a stepwise sequence to form DCB. A similar pattern was observed
for the photolysis of several hexa- and tetrachlorobiphenyls

(Hustert and Korte (1972)].

Several unsymmetrical PCBs were photolyzed in degassed
cyclohexane in the wavelength region 300 £ 10 nm [Ruzo et al.

(1875)]. GC/MS analysis of the products indicated the loss of



one or two chlorines followed by hydrogen abstraction from the
solvent. The products and yields are listed in Table 6. The
quantum yield was determined for each PCB at less than 10 percent
conversion to avoid sensitization or quenching of the reaction by
the photoproducts and these results are summarized in Table 6.
The reactivity of the PCBs depends upon the position of the
chlorines on the rings: ortho chlorines cleaved first and at a
considerably faster rate than meta chlorines; para chlorines did

not cleave.

In another set of photolysis experiments, a series of
symmetrical tetrachlorobiphenyls were photolyzed in degassed
hexane and methanol and in methanol containing oxygen at 300 % 10
nm [Ruzo et al. (1974)]. The compounds studied are listed in
Table 7 and are designated as compounds I-VI, The photodegra-
dation products are listed in Table 8., The major reactions of
compounds I-VI in cyclohexane were stepwise dechlorinations to
yield tri~ and dichlorobiphenyls as the major products. Very
little monochlorobiphenyl was detected after 20 hours of
radiation (less than 1 percent of reacted PCB). All PCBs
containing ortho chlorines yielded products with the loss of
ortho chlorines. In the absence of ortho chlorines, meta
chlorines were cleaved. Para chlorines were not cleaved after 20

hours of photolysis.

In methanol, dechlorination was also found to be the major

reaction, Table 8. However, minor amounts of methoxylated



Table 6. Photoproducts and Quantum Yields of Unsymmetrical PCB's in .
Cyclohexane

T, %

PCB Product Min. Yield?
2,4,6-Trichloro- 0.02 2,4~-Dichloro 1.25 8S
biphenyl (I) 4-Chloro 0.85 15
2,4,5-Trichloro- 0.05 3,4-Dichloro 1.80 98
biphenyl (II) 4-Chloro 0.85 2
2,3,4,5~Tetrachloro-~- 0.04 3,4,5-Trichloro 3.60 95
biphenyl; (III) 3,4-Dichloro 1.80 -1
2,3,5,6=Tetrachloro-~ <0.01 2,3,5-Trichloro  2.20 50
biphenyl (IV) 3,5-Dichloro t.50 50
2',3,4-Trichloro- 0.02 3,4-Dichlore 1.80 100

biphenyl (V)

3Based on total product formation.



Table 7.

Te trachlorobiphenyls

Designation

3,3',4,4'=Tetrachlorobiptenyl
2,2',4,4'-Tetrachlorobiphenyl
3,3',5,5'-Tetrachlorobiphenyl
2,2',3,3'-Tetrachlorcbiphenyl
2,2',5,5'-Tetrachlorobiphenyl

2,2',6,8"-Tetrachlorobiphenyl

II

III

Iv

vI
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Table 3, Photcproducts in Hexane and in Methanol?

?C3 Dechlorinated preducts Methoxylated prcductsb
I 3,4,4'~-Trichlorobiphenyl Trichlorcme thoxybiphenyl
4,4'~-Dichlorcbiphenyl
Iz 2,4,4'-Trichlorobiphenyl Trichloromethoxybiphenyl
4,4'-Dichlorobiphenyl Dichlorodimethoxybiphenyl®
4-Chlorobiphenyl®
III 3,3',5~Trichlorobiphenyl®
v 2,3,3'-Trichlorobiphenyl Trichlorome thoxybiphenyl
2,2',3~Trichlorobiphenyl®
3, 3'=-Dichlorcbiphenyl Dichlorodime thoxybiphenyl®
v 2,3,5'-Trichlorcbiphenyl Trichloromethoxybiphenyl
3,3t -Dichlorobiphenyl pichlorodime thoxybiphenyl®
3-Chlorobiphenyl®
vI 2,2'6-Trichlorcbiphenyl Trichloromethoxybiphenyl®

2,2'-Dichlorobiphenyl®

3Nondegassed solutions: Twenty hours irradiation.
Only major products are shown.
Compound represented less than 1 percent of reacted starting material.



products were observed (less than 3 percent of reacted PCB in all
cases). These results are important because methanol is a
hydroxy solvent, similar in some respects to water, and thus one
might expect that dechlorination would be the major photolytic
process in aqueous media. In addition, the photolysis
experiments were carried out in methanol containing oxygen. In

general, water bodies in the environment contain oxygen.

Quantum yields for reaction (¢r) were determined in
degassed cyclohexane for compounds I-VI at 300 nm, Table 9.
Maximum conversion (of PCB reacted) was kept below 10 percent to
avoid sensitization or quenching of the reaction by the

photoproducts.

Quantum yields of intersystem crossing (¢isc)’
corresponding to the conversion of the singlet excited state to
the triplet excited state, were determined by measuring the
phosphorescence emission intensity of biacetyl at 516 nm

sensitized by either benzophenonone or PCB. Compounds I, II, and

III were tested and ¢,

isc Was found to be 1 £ 0.05 compared to

benzophenone (¢isc = 1). Thus the conversion to the triplet

state is extremely efficient,

Quenching studies were performed on the photolysis of
compounds I-VI in degassed methanol and cyclohexane. Degassed
sclutions of PCB containing various concentrations of 1,3~
cyclohexadiene (E, < 55 kal/mol).were irradiated to conversion
< 20 percent. Based on an analysis of the data, the triplet

lifetimes (1) were calculated and are listed in Table 9. The
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waple 9., Summary of Triplet State Reactivities of Polychlorobiphenyls in .

Cyclchexane
s x, 10~ 8 1/7, 107 <. 107 <q, 107
X -1 o.=1a -1b

secC sec sec secC

r 0.005 2.20 4.54 0.023 4.52
Iz 0.100 0.78 12.82 1.282 11.54
III 0.002 1.91 5.23 0.010 5.22
v 0.007 0.77 Y 12199 0.091 12.90
v 0.010 0.67 14.92 0.149 14.77
VT 0.006 0.70 14.28 0.086 14.20
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values of T were essentially the same within experimental error

in both solvents.

The properties of biphenyl and its derivatives in the
ultraviolet indicate that the ground state is nonplanar. The
excited triplet state of biphenyl is planar [Wagner (1967),
Wagner and Scheve (1977)]. Based on an analysis of the data, it
was postulated that the triplet excited states of the PCBs
- studied are planar {[Ruzo et al. (1974), Bunce (1982)]. Triplet
lifetimes show a definite variation between ortho substituted
PCBs and the others, Table 9. This is undoubtedly a result of
the greater steric hindrance to the preferred excited state
geometry. Crowded conditions created by the ortho substituents
result in a greater twisting of the Ph-Ph bond with a decrease in
its double bond character. The products obtained in the greatest
yields arise from the loss of ortho chlorine; thus, the strain in

the Ph-Ph bond is relieved.

Ruzo et al. (1974) postulated the following mechanism based

on all results

%

hy 1 * ise 3 [(p-Cl]
[P=Cl] ————— [P=C1] =1 , (6)

Ia isc"l
g
3p-c11” —X& “p-cyy , (7)
*

31p-c1] kr (products) , (8)
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* *
where °[P=-Cl), lip-c11”, and 3{P—Cl] represent the PCB in its
ground state, excited singlet state, and excited triplet state,

respectively. I, is the quanta of light absorbed by the ground

a

state PCB and $ is the gquantum yield for conversion of the

isc
excited singlet state to the excited triplet state. Kinetic

analysis of reactions 6-8 yielded

-1 -
< = kd + kr ’ (9)
¢r = ¢isc kr T * (10)
From the experimental data of T-l, br' and éisc' kg and k.,

have been calculated and these results are summarized in

Table 9. The value of k, is much greater for II, IV, V, and VI
than for I and III. Thus, the presence of ortho chlorines
decreased the lifetime and increased the reactivity of the
excited triplet state. As a result, the ortho substituted PCBs
react much more rapidly. This has been ascribed directly to the
destabilizing effect of ortho substitution. The large
differences in k, between compound II and the others may be
attributed to the increased double bond character of the Ph~Ph
bond as a result of the para chlorine. Since it has been
postulated that a para substituent may increase conjugation
between the phenyl rings by election donation, the excited state

of PCB II may be represented by structures 1 and 2.



This effect would bring about greater conjugation with increasing
driving force to planarity resulting in a faster chlorine

cleavage.

Ruzo et al. (1974) postulated the mechanism of the
photodechlorination of 2,2'4,4'-tetrachlorobiphenyl (II) and this
mechanism is depicted in Figure 1, Section II.B. The
dechlorination products obtained from the uv irradiation result
from the cleavage of the C-Cl bond in the ortho position to form
a biphenyl free radical species. This free radical species then
abstracts a hydrogen atom from the solvent. HCl was detected as
a reaction product in support of this mechanism. Photolysis of
compounds I-VI in methanol yielded a small amount of the
methoxylated products, Table 8. These methoxylated products
would be formed by nucleophilic displacement of chlorine by

methanol.

The photolysis of 4,4'-dichlcorobiphenyl was performed in
degassed methanol and isopropyl alcochol at 310 nm (Nordblom and
Miller (1974)]. The reaction yielded exclusively 4-
chlorobiphenyl which was stable. Photolysis in CH30D did not
lead to the incorporation of deuterium indicating that the
'hydrogen atom is donated from the methyl group and is typically a
free radical reaction where the weaker C-H bond is broken in

preference to the O-H bond.
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All the data on the photolysis of PCBs in solution can be ‘
summarized as follows. PCBs with chlorines in the ortho position
decompose more‘readily than congeners without ortho
substitution. This is a direct result of the fact that, in
general, ortho substituted biphenyls have higher gquantum yields
than PCBs without ortho chlorines. The ortho substituted PCBs
have a nonplanar configuration due to steric hindrance of the
ortho chlorines. Thé mechanism of photodecomposition involves
the triplet state which is planar. Crowded conditions created by
the ortho substituents result in greater twisting of the Ph-Ph
bond with a decrease in its double bond character. The products
obtained in the greatest yields arise from the loss of ortho
chlorines, thereby relieving the strain in the Ph-Ph bond. Thus,
the ortho substituted PCBs decompose photolytically in a stepwise .

fashion by removal of the ortho chlorines.
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INTRODUCTION AND SUMITARY

A review of the available literature on the deaqradation of
chlorinated niphenyls by microorganisms discloses many
conflicting findings and conclusions. There are, however, some
discernable patterns. It is quite clear that there are numerous
serobic microoraanisms in the environment that are capable of
degrading most of the chleorinated bhiphenyls present in commercial
PC3 products and that such organisms are widely distributed in
the environment, It is also evident that rates of hindegradation
are relataed to hoth the degree of chlorination of the biphenyl

structure and the positioning of those chlorines on the bhiphenvyl

rings.

Thera is no evidence for biodegradation of PCBs under
anaerobic conditions and this might be quite imbortant given the
nigh degree of sorption to solids and the likelihood that many of
those solids will reside in the environment under anaerobic

conditions.

ilith respect to the degree of chlorination, as a bhroad
qgeneralization hiodegradation procseds more slowlv as more
chlorines are added to the biphenyl. Given the information in
section III on bhiodegradation rates, it is possible to arrive at
some general conclusions about potential hiodeqradation rates in

various environments, hut it must be emphasized that these ars
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sroad generalizations and that half lives in particular
environments for specific chlorinated biphenyls may be much
larger due to certain limiting environmental variables (e.g. low
temperatures, low moisture, pH extremes) or the specific PC3B

structure.

Half Lives Resulting fram Biodegradation
Mono- & dichloro Trichloro Tetrachlore Pentacnloro
and hicher

dercbic

Surface Waters

fresh 2-4 days 5~40 days 1 wk=2+mos. >l year
Oceanic saveral months >1 year
tivated Sludge_ "§-2 days 2~3 days 3-5 days *
Soil 6-10 days 12-30 days - >l year
- )

angerchic

* It is not clear how long the highly chlorinated PCBs would last
under activated sludge treatment but there appears to be no
significant biodegradation during typical residence times.

These half-life approximations also must be tempered by the
kncwledge that positioning of the chlorine atoms on the biphenyl
rings can be important. It has been shown, for example, that
(1) PCBs containing all of the chlorines on one ring are degraded
faster than PCBs containing all of the chlorines distributed over

both rings, (2) PCBs ccntaining chlorine on 2 or more ortho



ions degragde very slewly, (3) the resistance of tetrachloro

w3
O
(1]
b
o

2C3s (s ra2atsr ,snen there are 2 chlorines on =2ach ring and, ({¢)
the initial bicdegradaticn step occurs on the biphenyl ring with

the fewest chlorines.

Biodeérada:ion possibilities are also complicated by the
fact that mucn of the PC3s released to the environment is likely
to become tightly bound to sewage solids and sediments that are
dnder anaerobic conditicns where biodegradation will not be
significant and by the possibility that a substantial portion of
the more highly—cﬁlorinated, less water-soluble PCBs will

evaporate into the atmosphere.

II. MONITQRING EVIDENCE

Among the most convincing evidence for the persistence of
the more highly chlorinated biphenyls in the environment is
actual monitoring data on various samples. There is a large
numper of reperts, mostly on samples of biota, that might bhe
cited and those presented here are not intended as a

comprehensive listing.

Tucker et al, (1973) noted that the PCBs generally found in
the eavironment are those containing 5 or more chlorine atoms per
molecule, This is strong evidence that the less highly
chlaorinartad hiphenyls ﬁegrade more rapidly because the la2ss
aigaly chlorinatad isomers constituted about 55% ¢f all of the

2C3s manufacturad.
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Ballschmiter 2t al. (1978) identifiea more than 30 PCBs in
~arine f£ish and found the ratios of ten major PCB components
{pentacnloro and higner) in che fisn were the same as the ratios
2f those congeners found in Aroclor 1254 and Aroclor 1260. They
speculated that this is true because the differences in the
degradation rates of these highly chlorinated PCBs are tco small
to produce any changes in their relative occurrence during the

time that they have been in the environment {(up to 40 years).

Nszolek et al. (1979) analyzed lake trout in 1970 and again
in 1978, from the same lake. They found PCBs similar to Aroclor
1254, but with a higher proportion of more chlorinated congeners
at about 13 ppm at both sampling times. Moein et al. (1976)
reported no reduction in Aroclor 1254 concentration over a 2-year

period in a soil contaminated by a spill of transformer £luid.

III. BIODEGRADATION RATES

A. General

Biodeyradation studies that report rates of degradation come
in many sizes and shapes. Some used commercial mixtures, sonme
pure congeners and some used both. PCB concentrations employed
range from 5 ug/l up to 500 mg/l. Many analyzed only for the
disappearance of parent compound(s), some for potential
intermediatas, and a few for mineralization to CU, and water.
Studies have been conducted using lake water, sea water, soils

and sewage, as well as various synthetic media, with a variety of
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' sicrobes and culture conditions. This hodge-podge of approaches
makas it difficult to comparz results and leads to skepticism
:d0ut some of the procedures and conclusions. Nevertheless, it
1s possible to arrive at some conclusions with respect to
hindegradation rates. Those conclusions, presented below, are
mostly Dased on studies that used mixed microbial populations
obtainsed from the environment and not those that employed pure

cultures. The pure culture work is discussed in section V.

8. Anaerobic

8iodeyradation of the PCB8s under anaerobic conditions is
probably very slow or nonexistent. This is discussed in more

detail in section IV,

C. Aerobic Aguatic

Biodeyradation of mono-, di- and trichlorinated biphenyls is
Jrobably moderately fast in most surface waters. Clark et al.
(1979), using bacteria isolated from soils in shake flask
cultures, found 10U% primary biodegradation (loss of parent
compound) in less than S5 days for monochloropiphenyl and 90 to
99% degradation of dichlorobiphenyl, 42 to 87% deyradation of
trichlorobiphenyls and 6 to 61% deyradation of tetrachlorobiphenyls
after 5 days incubation. They also examined the biodeyradation
of Aroclor 1242 and presented data on the percent biodeyradation

3% congjeners (identified by gc peaks) showing very substantial

rh

2

Q

35 of aost of the mono-, di- and trighlorinated biphenyls

[
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wiznin a 43-nour incubation time. Some cf the trichloro isomers
3id not aegrade rapidly and these may be isomers with chlorines
in tae ortho positions. Baxter et al. (1975), in shake flask
studies, found that most dichlorinated biphenyls had half lives
nf less than 10 days and the trichlorobiphenyls were half gone in
20 to 40 days. Wong and Kaiser (1975), using lake water in
stoppered shake flasks found that Aroclor 1221 was degraded
completely, in about one month, to lower molecular weight
metabolites. They also demonstrated that bipnenyl degraded
faster than 2-chlorobiphenyl which, in turn, degraded faster than
4-chlorobiphenyl. Shiaris and Sayler (1982), however, have shown
that the biodegradation of the lesser chlorinated biphenyls in
natural waters may lead to the accumulation of chlorobenzoic acid

transformation products.

while the evidence is that the less chlorinated biphenyls
degrade readily in aerobic freshwater, the same may not be true
for seawater. Carey and Harvey (1978) found very low rates of
biocdeyradation of 2,5,2'-trichlorobiphenyl with only 1 to 4% loss
after 25 days in stoppered shake flasks. And Reichardt et al.
(1981), using closed bottles of seawater at l0°, estimated the
half-lives of biphenyl, 2-chlorobiphenyl, 3-chlorobiphenfl and
4-chlorobiphenyl. The biphenyl half-life, in their seawater, was
about 3 months, and that for the monochlorobiphenyls was about 8

mdnths. Observations of considerably slower biodegradations in

T

he nceans arz2 not confined to bhiphenyls and may be related to

(r

1e low concentrations in seawater of certain essential elements,
v

especially nitrogen.
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4ith respect to these PC3s with 5 or more chlorines, it
aopears that biodegradation is very slow in all environments
iacluding surface watérs. Oloffs et al. (1972) incubated Aroclor
1260 in river water for up to 12 weeks and found no evidence of
bicdeﬂradation. They did, however, observe significant losses by
evaporation. Shiaris et al. (1980) used reservoir water and
found no apparent biodegradation of Aroclor 1254 during 2 months
incubation. They used sealed vessels and did observe that
significant amounts of the Aroclor sorbed tightly to the glass
vessel walls and to the suspended solids. oOnly about 20% of the
PC8s, initially added to a concentration of 0.1 mg/l, remain in
the aqueous phase. Wong and Kaiser (1875) compared Aroclors
1221, 1242 and 1254 and found that the microorganisms in lake
water samples could use 1221 and 1242 for growth but were not
‘ able to utilize 1254. 1In contrast to most reports, Sayler et al.

(1977), using a pure culture of Pseudomonas sp., reported 70 to

35% piodegradation of 2,4,5,2,'4,',5'-hexachlorobipnenyl in 10 to
15 days. This finding does not seem to be consistent with the

evidence from other studies.

There is little informaticon on the biodeyradation of
tetrachlorobiphenyls in surface waters. In other media the
tetrachloro congeners on the average, have biodeyradation rates
that are intermediate to those with fewer chlorines, most of
which degrade quite readily, and those with 5 or more chlorines,
which are quite persistent. The data presented by Clark et al.
(1979) show that most of the tetrachloro congeners did not

. deyrade significantly in 43 hours in shake flasks: The work by
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Carey and Harvey (1378) included 2,5,2',5'-tetracnlorobiphenyl
and they found lictle, 1f any, biodegradation after 25 days in
se@awvacer. Given the results of stuaies usinyg other media, it is
oronadly safe to assume that the bpiodegradation rates of the
tetrachloro congeners are highly dependent upon the positioning

of the chlorines on the biphenyl rings.

D. Biclogical wWaste Treatment

Studies using activated sludge or sewage organisms and
simulating biological waste treatment processes have shown that
the biodegradation rates of PCBs are dependent upon both the
degree of chlorination and the location of the chlorines. As
might pe expected, however, the rates of biodeyradation, for the
readily biodegradable PCBs, are higher under waste treatment

conditions than in surface waters or soil.

Tucker et al. (197S) studied primary biodegradation by
activated sludge microorganisms using Aroclors 1luls, 1221, 1242
and 1254 plus a non-commercial mixture, MC3-1043, containing
ahout 30% cnlorine. After several weeks of acclimation, the PCss
were tested in semi-continuous activated sludge units operated on
two 43-hour and one 72-hour cycles per week. They observed 100%
nindegradation of biphenyl, 80% for 1221, 55% for MCS-1043, 35%
for 1016, 25% for 1242 and 15% for 1254 in 48 hours. They also

claim no siygnificant losses of 1221, 1043 or 1016 through



yolaeilization. 2Zitco (1979) noted that the data of Tucker
et al. (197%) show a decreasing rate of biodegradation with

increasiny chlorine content that has the following relationship-
wnera R = % degraded in 48 hours and D = % chlorine

The evidence, however, indicates that those PCBs with 5 or
more chlorines degrade too slowly to allow any practical
application of that relationship to them. Also, it must be noted
that individual tri- and tetrachloro congeners degrade at rates
that are highly dependent upon the location of the chlorines on

the biphenyl rings.

In contrast to the work of Tucker et al. (1975), Kaneko
et al. (1976), using semi-continuou§ activated sludge units,
following 3 months of acclimation, found no biodegradation of
Lanechlor-500 (KC-500), a Japanese PCB product with an average
chlorine content of 50%. In this paper the authors claim that
the PCBs sorbed rapidly to the sludge solids and that losses of
PC3s from their units were due almost entirely to losses by
evaporation and losses of material sorbed to wasted sludge
solids. Herbst et al. (1977) also concluded that there was
littls hiodegradation of Aroclor 1221 in activated sludge and

that the PCBs were distributed unchanged between the water and



sludge solids. However, they used relatively short test periods
>f 6 hours and theres is no discussion of prior acclimation, which

may bHe important,

Tulp et al. (1978) described the use of activated sludge
inocula in shake flask and PCBs at 50 mg/l (well above the water
solubility). Some of the flasks were supplemented with 500 mg/l
additions of other carbon sources such as glucose, peptone or
humic acid. They reported that the microbial populations did not
degrade any of the PCBs during 14 days of incubation when there
were three or more chlorines on the biphenyl rings. They also
noted that the additions of other carbon sources dramatically
reduced the biodegradation of 4,4'-dichlorobiphenyl. There are
ton few details on their experimental work to permit a good
evaluation of their findings, but it is interesting to note that
their test PCBs with three or more chlorines were the 2,4'5-
tricnloro-, 2,2',5,5'-tetrachloro-, 2,2',3,4,5,5'-hexachloro- and
decachlorobiphenyls. Other evidence (Furukawa et al. 1978b)
shows that those congeners with chlorines in any two ortho

positions are degraded poorly.

Liu (1981), using a bench-scale fermentor and sewage
inoculum, found that the half-life of Aroclor 1221 was highly
dependent on the rate of miging in the fermentor. His data show
that the half-life was a logarithmic function of impellor speed
setween 0 and 800 rpm. At the top speeds, tne half-life of 1221
was aonout 2 days. Liu also claimed no more tnan 10% loss of

Arnclor 1221 warough volatilization, over a lU-day test period.
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£. Soil

As in water and sewage sludge, the biodegradation'of PCBs 1in
most soils appears to be rapid for the less chlorinated ones and
increasingly difficult with increasing chlorination. 1In their
review on the fate of PCBs, Pal et al. (1980) categorized
decomposition rates in soils in three groups. Group 1 is for
chlorinated biphenyls with 2 or fewer chlorines per molecule and
Baxter et al. (1975) have shown that these degrade rapidly with
half-lives of about 8 days. The second group ccontains the tri-
and tetrachloro PCBs which have half-lives of 12 to 30 days. The
third group, those with 5 or more chlorines, have half-lives in
excess of one year. As with the biodegradation of any chemical
in soils, biodegradation rates will vary greatly and depend upon
the nature and viability of the microbial populations, the
ptesenée of other degradable oryanic matter, the moisture and
oxygyen content of the soils, pH, temperature and other

anvironmental wvariables.

Griffin et al. (1978) also described the fate of PCBs in
soils but the section on biodegradation is not easy to follow and
presents data indicating a high percentage of biodeygradation of
tetrachloro PCB congeners (up to 99%) in only 20 hours. This
seems unlikely. Fries and sarrow (1982), on the other hand,
reported that only about 20% of labelled biphenyl and
monochlorobiphenyls could be accounted for as 14C02 after 98 days

in silt loam soil.
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Iv. ANAERCOBIC BICDEGRADATION

There 1s no evidence in the literaturs that the PCBs ara
degraded by microorganisms under anaerobic conditions. Carey and
Harvey (1978), Xaneko et al. (1976) and Pal et al. (1980) discuss
anaerobic studies with PCBs, and there is no indication of
anaerobic biodegradation. This seems somewhat surprising since
dehalcgenation is a commonly cobserved reaction for other organics
under anaercbic conditions, for example with DDT and heptachlor.
On the other hand, when DDT is transformed anaercobically to DDE
or DDD, the dehalogenation removes only c¢ne chlorine from the
ethane group and the products are more stable than the original
ODT. It may be that, even if there is some reductive
denalogenation with PCBs, the transformation product would be
very stable and that the investigations conducted to date have
not locked for those kinds of transformations. At any rate, the
resistance to bicdegradation under anaerobic conditions is
preobably quite significant. It is likely that much of the PCRs
raleased to the environment are rapidly bound to particulate
mateer and stored under anaerobic conditions in sewage sludges
and sediments. McIntyre et al. (198lb) found that about 383% of

Aroclor 1260 found in digested sludge was retained on that sludge

n

after chemical conditioning and dewatering stesos and, as
discussed in seczion VI, there is considerable 2vidence that PCS3s
can sorY rapidly to the sludge solids in sewage and waste
treatment plants. OQverall, it appears from the avidence that an

important fracticn of the PCBs released to the envirsonment will



cecome tigntly hound to particulate matter in sewage sludges, in
sediments and in flooded scils, where anaeropic conditions will
orevent or jreatly slow degradation by microorganisms.

5

V. PURE CULTURE STUDIES

Much of the literature on the biodegradation of PCB8s
describes studies made using pure cultures of microorganisms.
Those studies are of considerable value in elucidating the
gotential pathways of biodegradation and the relative rates of
niodegradation of various isomers. They do not provide much of
value in assessing the enviroanmental biodegradation rates of

specific congeners.

Lunt and Evans (1970), using pure cultures of gram-negative
dacteria, described the transformaton of biphenyl into
2,3-dihydroxybipnenyl. Ahmed and Focht (1973) subseguently
demonstrated the biodegradation of 3-chloro-, 4-chloro-,

2,2' dichloro- and 4,4'-dicnlorobiphenyl by Achromobacter sp. and

proposed a hypothetical pathway going from the PCB to a
dinydroxychlorobiphenyl followed by ring opening and degradation
to chloéinated benzoic acids. Other pure culture studies
(Furukawa and Matsumura 1976, Furukawa et al. 1lY978a, Yagi and
Sudo 1980, Ballschmiter 1977, Ohmori et al. 1973, and Wallnofer
et al. 1973) tend to confirm this general pathway and have
supplied additional details. The potential pathways of aerobic
hiodegradation are not very relevant to this review and will not

Je described in aay detail. It does appear, however, that the



a1aydroxylation requires oxygen and occurs on the less
chlorinated ring when there is uneven distributipn of the
Snlorines. If may be that the appearance of chlorines in two or
nore ortho positions sterically hinders the dihydroxylation

step. It also seems tnat the dihydroxylation may be accomplished
5y an electropnhilic form of oxygen and that the electron-
witndrawing nature of the chlorines supresses that initial

biodegradation step.

Pure culture studies have also helped in demonstrating not
only that increasing levels of chlorine lead, in general, to
decreasing rates of biodegradation, but also that the
niodeyradaoility is influenced by the positioning of the
zhlorines on the biphenyl rings. Purukawa et al. (1978b) studied
31 PCR congeners and demonstrated that (1) the resistancg ot
tetrachloro PCBs is greater when there are two chlorines on. each
ring, (2) PCBs containing chlorine on 2 or more ortho positions
(of either ring or both) are very resistant, (3) PCBs containing
all of the chlorines on one ring are degraded faster than those
with the same number of chlorines distributed over both rinys,
and (4) hydroxylation and ring fission occur preferentially on
the biphenyl ring with the fewest chlorines. Furukawa et al.

(1979), using Alcaligenes and Acinetobacter sp., have also shown

znat the positioning of chlorines has an effect on the -metabolic
pathways and kinds of degradation products formed. Liu (1982),

usiny a Pseudomonas species in a closed fermentor, also obsecrvaa




£nat the number of chlorines and the position of the chlorines on
zne cings are impecrtant factors in the relative biodegradation

ces of 2C=s.

e
-

i

VIi. SORPTION

The preceding sections on biodegradation in various
environments are complicated by the fact that a large proportion
of the PCBs released to the enviromment will sorb tightly to the
surfaces of sewage solids, suspended matter in surface waters and
various sediments and may not be available for degradation by
microorganisms in sewage treatment plants or in natural waters.
While the subject of adsorption of PCBs is covered in detail
elsewhere in this review, it is important to keep this phenomenon
in mind when considering biodegradation.potential and to ceonsider

some of the findings of those who were primarily investigating

oiodegradation.

Furukawa et al. (1978a), Bourguin and Cassidy (l9i3),
Gresshoff et al. (1977), Kaneko et al. (1976) and McIntyre et al.
(1981b) all noted, in connection with microbial studies, the
nighly sorptive nature of the PCBs. Gresshoff et al. (1977)
speculated that much of the PCBs in the environment would tend to
adsorb to rocks or sand or soil surfaces and to resistant
orjanisms. They go con to suggest that those sorbed PCRs might he
remonilized by other organic pollutants, such as oil spills.
Colwell and Sayler (1977) noted that PCBs in the environment will

oe partitioned into suspended sediments, oils and surface
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ilms. Studies at sewage treatment plants have shown that PCBs

m

e principally remcved form wastewater during sludge settling

Y]
1

n
o

eps. McIntyres et al. (198ld) demonstrated that PCBs will be
clcsely associated with the settled solids in sewage treatment
and that those PCBs will be retained on the solids during
chemical conditioning and dewatering steps. Fifty percent or
more of thne PCBs in raw sewage may be associated with the solids
ramoved in primary sedimentation. (McIntyre et al, 1981la,
Garcia-Gutierrez et al. 1982). Shiaris et al. (1980), in a study
on extraction techniques for residual 2CBs, found that when 0.1
mg/l preparations of Aroclor 1254 were incubated for 4 to 8
weeks, most of the PCB became tightly bound to vessel walls and
particulates in the water. Marinucci and Bartha, in a study on
the accumulation of Aroclor 1242 in percolatoers containing a
shredded marshgrass (Spartina sp.) demonstrated that PCR
accumulation in the litter was significantly enhanced by the
presence of litter - decaying microbes and concluded that a
significant fraction of the PCB in the litter was contained in

the microbiota.

VII. VOLATILIZATION LOSSES

There ars many cuestions that come to mind when reviewing
the literature on PéB bicdegradation. An important one concerns
the possibility that losses due to volatilization may have been
regorted as losses due to biodegradation. 3Baxter et al. (1975)
and Tucker et al. (1973) assert that their studies contained

checks on volacilizatiosn lesses and that there were no
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significanc losses to the air. Liu (l98l) demonstrated no more
than 10% loss cf Aroclor 1221 due to volatilization during 10
iays of stirring in a bench-top fermentor. It should be noted,
nowever, zhaz their claims for nc significant volatilization
losses are limited to the less-chlorinated, more water-soluble
PC3s. On the other hand, Xaneko et al. (1976) and Oloffs (1972)
regorted very high levels of evaporative losses of Xanechlor-300
and Aroclor 1260 in their studies. Many of the biodegradation
studies in the literature (e.g. Furukawa et al. 1978b, Sayler
et al. 1977, Tulp et al., 1978) are not described in sufficient
detail to allow the reader to determine whether or not the

investigators accounted for potential evaporative losses.

VIII. QTHER FACTORS

There are several other factors in the litérature oﬁ PCB
piodegradation that raise gquestions about the validity of certain
studies or present the reviewer with conflicting conclusions.
Most of them do not alter significantly the general conclusions
presented above, but they should be kept in mind by those who
might attempt to obtain better evaluations of biodegradation

possibilities or more reliable rate predictions.

Among the more interesting factors is the indication that
PC8s can affect the metabolic processes of microorganisms.
Xaneko et al. (1976) and Wong and Xaiser (1975) reported the
stimularion of microbial respiration by PCBs at concentraticns as

low as 1 ug/l. Xaneko et al. (19758) suggested that the PCRs
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A1yt act as uncouplers cf cxidative phosphorylation. These

Zindings cast some doubt on the work of cthers who used

[a Y

espiromecric technigues to study PCB biodegradation (e.g. Ahmed

and Ffocac 1973 and Sayler et al. 1877).

Qther unresolved factors include the influence of other
degradable organic matter. Clark et al. (1979) and Yagi and Sudo
{1980Q) found that PCBs degraded becter in the presence of other
substrates (acetate, meat extract or peptone). Tulp et al.
(1978), on the other hand, found that the presence of other
carbon sources (glucose, peptone, glycerol, yeast extract or
aumic acid) led to dramatically reduced biodegradation. Some
researchers have observed faster biodegradation by pure cultures
thnan oy mixed cultures (Tulp et al. 1978 and Saylear et al. 1977)
while othars have noted the oppecsite (Clark et al. 1979). Liu

(1381l) reported the isolation of a Pseudomonas sp. that degraded

Aroclor 1221 ten times faster than sewage crganisms, and he
proposed the use of that strain to seed biological treatment

plants.

One aresa that needs to be investigated more fully is the
role that acclimation may play in enhancing the rate and extent
of biodegradation of those PCBs that are relatively
siodegracdable. It would also be very interesting to investigate
anaersbic processes more fully to £ind ocut if reductive
cecnlorinatinas do aceur and wnat would happen to PC3s in
environments exposed ro alternating aerobic and anaerobic

condizions.
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