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® Aqueous solubilities of polychlorinated biphenyls show
a linear relationship between logarithms of aqueous activity
coefficients and total surface areas (TSA) or total molec-
ular volumes (TMV). The aqueous activity coefficients
were calculated from experimental solubility data and
values taken from the literature. The correlations im-
proved substantially if a differential heat capacity between
supercooled liquid and solid chemical (AC,) equal to the
entropy of fusion (AS)), instead of AC, = 0, was assumed.
In addition, it was found that dissolution of 2,2’ 4,4’-tetra-
and 2,2’ ,4,4’,5,5-hexachlorobiphenyl was accompanied by
positive enthalpy and entropy changes, the entropy being
dominant at room temperature. For the former compound,
it was shown that the entropy of fusion is approximately
60 J K™! mol™, which is in agreement with the Walden rule.
For 2,2’ ,4,4’,5,5-hexachlorobiphenyl, it was shown that a
Hildebrand plot (the logarithm of the mole fraction solu-
bility versus temperature) provides a constant slope. This
supported the assumption that differential heat capacity
(AC,) equals the entropy of fusion.

Introduction

Hydrophobicity often plays an important role in de-
scribing and explaining the fate of many pollutants. Al-
though the term hydrophobicity seems explanatory (i.e.,
“phobic” behavior in a “hydro” environment), a debate is
going on about the exact nature of hydrophobic interac-
tions (I, 2). The discussion is not limited to the nature
of the hydrophobic interactions. It includes also the
physicochemical parameter(s) that is (are) mainly con-
trolled by the interactions and that might be used to
represent them. In general, two types of parameters are
used as representatives.

First, hydrophobic properties of a compound are usually
measured by an equilibrium distribution ratio between two
different physicochemical phases, such as octan-1-ol/water
partitioning (K. (3-6). However, since partitioning is
not entirely regulated by interactions in the aqueous layer
of the two phase systems (7), distribution or partition
coefficients are debatable descriptors of the compound’s
hydrophobicity. Therefore, it seems to be more appro-
priate to use aqueous solubility as a hydrophobicity pa-
rameter (8, 9). However, solution of nonelectrolyte mol-
ecules is not only regulated by interactions between solute
and solvent but also by interactions between the solute
molecules (1, 9-11). In particular when the compound’s
melting point is above the experimental temperature, the
solute—solute interactions make application of aqueous
solubility as a hydrophobicity parameter rather compli-
cated (7, 12-18). Although solute—solute interactions below
the solute's fusion temperature are only one factor in the
whole range of solute-solute, solute-solvent, and sol-
vent—solvent interactions, they are important from both
a theoretical and an experimental point of view.
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Exclusion of the fusion term from the aqueous solubility
expressions gives better information about the hydrophobic
interactions in the aqueous phase, i.e., the solute’s hy-
drophobicity (19-21). This is because all interactions,
except those associated with fusion of solute molecules
below the melting point, are considered in the hydrophebic
interactions concept as defined by Kauzmann (22), and
later by Ben-Naim (1, 11).

The hydrophobic interaction concept is likely to provide
a better framework for the investigation and an under-
standing of the relationship between the hydrophobicity
and solute structure.

In this study, the aqueous solubilities of 45 chlorinated

.biphenyls are investigated. Relationships between activity

coefficients and chemical structure parameters [total
surface area (TSA) and total molecular volume (TMV)]
of extremely hydrophobic chemicals are studied, since such
relationships may help to understand the nature of hy-
drophobicity. In addition, the relationships may enable
one to make rapid estimates of the aqueous solubility of
all 209 PCB’s.

Materials and Methods

Chemicals. In the experiments, polychlorinated bi-
phenyls were used that were available from previous ex-
periments (23). The purity of all PCB’s was >97% as
confirmed by gas chromatography-electron capture de-
tector (GC-ECD) and gas chromatography—-mass spec-
trometry (GC-MS). Water samples were extracted with
redistilled n-pentane, n-hexane, or toluene (Merck).

Water Saturation System. Two types of water cir-
culation systems were used throughout the experiments.

(A) For most compounds, a water circulation system was
used that has been described previously (23). The system
contained 40 L of water at 22.0 £ 0.1 °C, which was cir-
culated at a rate of approximately 40 L/h. The water was
gradually saturated with the test compounds by pumping
it through a column to which impregnated Chromosorb
was added. The Chromosorb (W acid washed, 130-150
mesh) was previously washed with hexane and toluene.

(B) In a system comparable to that of system A, 2.5 L
of water was circulated at a flow rate of 2 L/h. Two
Millipore cellulose filters (0.22 pm) were placed directly
after the circulation pump. In between these filters, im-
pregnated Chromosorb was placed to saturate the water
continuously. The filters were added to remove contam-
inated particles from water. For the thermodynamic in-
vestigations, the water was thermostated at temperatures
between 22.2 + 0.1 and 76.0 £ 0.1 °C.

Chemical Analysis. During the experiment, samples
of 100, 250, or 500 mL of water were sampled and extracted
twice with 25, 50, and 75 mL of organic solvent, respec-
tively. After combining the two fractions, the extract was
concentrated to 1 mL and analyzed on GC-ECD. A Tracor
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Figure 1. Relationships between solid, supercooled liquid, and dissolved
states of solutes.

300 GC equipped with a $3Ni ECD was used, with a 2 m
X 2 mm i.d. Dexil 300 column (2% Chromosorb WAW
130-150 mesh).

TSA and TMV Calculations. The procedure for the
shorthand calculations of TSA and TMYV of the test com-
pounds has been published elsewhere (13). The following
interatomic distances and van der Waals radii were used:

van der Waals radii, A interatomic distances, A

-C, 1.70 C-H aromatic, 1.08
~H, 1.20 C-C aromatic, 1.40
~Cl, 1.80 . C-C] aromatic, 1.70

For these compounds, planar rigid structures were con-
sidered with bond angles of 120°. The influence of vi-
brations and rotations on both TSA and TMV was ne-
glected.

Aqueous Solubility Concept. Generally, the mole
fraction aqueous solubility of a solute i (X,,;) can be
considered to be an equilibrium partitioning between pure
chemical and solution. Equilibrium is achieved if the
solute’s activities in pure solute (a;) and in solution (a,g;)
are equal (8, 10). Mole fraction solubilities are related to
activities by

A

Xeai = QYaqi™ 0

in which v,; denotes the solute’s activity coefficient. The
mole fraction solubility can related to temperature changes

by (10, 15)
d ln x.qi AH‘IOU AH.QU AHH 9
= - +
ar " mre e Em @
in which AH*,,;, AH,,; and AH{; are the enthalpies of
solution of a solid solute, solution of a (supercooled) liquid
solute, and of fusion, respectively (Figure 1).

For a liquid solute g; i8 unity, i.e., AHj; is zero, so that
eq 2 can be simplified to
AH,,;

din X,y ®
dT ~ RT®

Since for solid solutes In a; does not equal zero, eq 2,
after integration, shows

AH® (Tg; = T) + AC,; (Tgy~T)
R TT., R T

Acpi Tm.i
R (1“ “T‘) @

in which AH™;; indicates the solute’s heat of fusion at the
melting point (T,) and AC,; denotes the differential heat
capacity of solute i, between solid and supercooled liquid
state, which can be expressed as

ACp; = Cpjisotid = Cpiiiiquid )

1na,-=-

AH;; can be related to AH™;; by
AHu= AHBU—ACPJ(TEJ—T') (6)

Since, to date, actual AC, values are rather scarce for

halogenated aromatic hydrocarbons, no simple calculation
of In a; is possible for most nonelectrolyte solutes.
Therefore, three assumptions about the differential heat
capacity are made (7): (i) AC,; =0, (ii} AC,; = constant,
(iii) AC,; = variable.

For cﬁlorinauzd biphenyls and related compounds, it is
often suggested that the first assumption holds, so that eq
4 can be expressed by (12, 15, 16, 19-21, 23)

tn g = -t Tmi = 1) )
! R TT,;
Since at the melting point
AH®,, = T, ,AS™, ©)
eq 7 can be expressed as
Inag = - 91;# E‘T;Q (©)

Recently it has been proposed that assumption ii, i.e.,
AC, = constant, is more likely for nonelectrolytes (7), so
that eq 4 is valid. In addition, Hildebrand et al. (10)
reported that the assumption

ACPJ' = AS‘“U (10)
is at least as good as AC,,; = 0, so that eq 4 can be rewritten
by (15)

ASme' Tm
Ina; = - R (ln —,1:— (11)

For the third assumption, i.e., AC,; is a variable, some
evidence is reported for solutes that are unstable with
temperature changes, such as proteins or micelles (24, 25).
However, hitherto no indications of the validity of this
assumption has been reported for nonelectrolyte solutes.

With the above assumptions, the aqueous mole fraction
solubility for liquid and solid solutes can be expressed as
follows:

(i) liquid solutes

-ln X, = In vy (12)
(ii) solid solutes (if AC,; = 0)
AS™; (Tg; - T)
_lnX‘q“"=1n7‘q"'+T——T_- ) (13)

(iii) solid solutes (if AC,; = AS™))

_ AS™; Toi
“ln Xy = Inyiq + —— | In (14)

R T

Results

TSA and TMV Calculations. The results of TSA and
TMYV calculations by the shorthand estimation method,
for all PCB congeners for which solubility data are
available, are shown in Tables I and II. In the shorthand
TSA estimation method, only the surface area of the pure
solute is calculated. This is in contrast with alternative
methods in which a contribution is implemented for the
solvent radius (26-28). The latter methods, however, have
the disadvantage that the solute’s TSA is dependent on
the solvent’s nature.

As shown, the TSA contribution from chlorine substi-
tution is dependent on the place of substitution, which is
due to the overlap of the substituent with adjacent atoms
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Table I. Average TSA and TMV Changes of Hydrogen
Replacement by Chlorine in Biphenyl

Cl place of substitution ATSA, A? ATMV, A?
isolated 3- or 4-position 12.9 17.0
isolated 2-position 8.2 10.9
2-substitution in 2,2',6 or 2,2',6,6 39 4.1
CI-Cl overlap in phenyl -2.5 -3.7

(Table I). For 2,2',6 and 2,2’,6,6’ substitutions, additional
subtractions of T'SA resulted from the overlap between the
ortho substituents of the two phenyl rings.

As is shown in Table I, TSA data reported by Mackay
et al. (21) differ significantly from the data of this study.
In particular, for the higher chlorinated compounds large
deviations are found. This is mainly due to the large
Giffereace in calculated TSA overlaps between adjacent
chlorine atoms and the estimated contributions from
chlorine substituents at isolated 3- or 4-positions.

To date no accurate literature data of the TMV’s of
chlorinated biphenyls are available to which the results
of the present calculations could be compared.

Measuring Aqueous Solubility of PCB’s. In both
aqueous saturation systems, variation of the percentage
Chromosorb impregnation [when >0.01% (w/w)] had no
influence on the measured equilibrium concentrations.

For determination of the aqueous solubilities of PCB’s
reported in Table II, load percentages between 0.1 and
1.0% were used. All experimental solubility data are
means of at least four replicate measurements. Standard
deviations as percentage of the mean value ranged from
5.7 (2,2',4,4’-tetrachlorobiphenyl) to 24.8% (decachloro-
biphenyl). Additional solubility data obtained from the
literature are also listed in Table IL

In Table II it is shown that a large variation in the
measured solubility data between the various studies is
observed. The difference between the data cannot be
explained by the small temperature differences applied in
the various studies. Hence, the differences may be caused
by the different methods applied for introduction of solutes
into water (29). Sometimes organic cosolvents or cosolutes
have been used for the introduction of hydrophobic
chemicals into water, which can have significant influence
on the measured solubility (30, 31). In several other
studies, flow-through systems for saturation with loaded
column techniques were applied (32-36). In this study,
methods comparable to those reported by Weil et al. (32)
and Bruggeman et al. (33) have been used.

The experimentally determined solubilities were in good
agreement with data reported by Weil et al. (32), Brug-
geman et al. (33), Miller et al. (34), and Dickhut et al. (48).
Several other studies reported values that differed sig-
nificantly (37, 38). Due to the variation of data originating
from various studies, relationships between solubility data
and chemical structure parameters will never have ex-
cellent correlation coefficients.

Thermodynamics of Solution. The aqueous solubility
of 2,2,4,4’-tetrachlorobiphenyl (mp 42 °C) was measured
at various temperatures between 22.0 and 76.0 °C.

From a van't Hoff plot of In X, ; versus 7! at tem-
peratures >42 °C (eq 3), an enthalpy of solution (AH,,)
of 13 kJ mol™! is calculated (Figure 2a). It can be calcu-
lated that at 42 °C the whole process of solution of

2,2’ 4 4’-tetrachlorobiphenyl is dominated by the entropy,
since
TAS,, = AH,, - 53 kJ mol™! =

-40 kJ mol™
Both the negative entropy and the endothermic enthalpy

1 — AG, = 13 kJ mol™!

£AN  Eruviran A Tarhnal Vel 22 No € 1QRR

26 29 3.2 35

T'x10°

220

224

26 29 32 35

224

570 575 5.80 585
InT
Figure 2. (a) van't Hott plot (~In X,  versus T of 2,2',4,4'-tetra-
chlorobiphenyl; mp Indicates the meltmg point. (b) van't Hoff plot of
2,2',4,4’ 5 5'-hexachlorobiphenyl. (c) Hildebrand plot (=X oq versus In
T) of 2,2',4,4'.5,5'-hexachlorobiphenyi.

(AH,; > 0) are unfavorable for the solution process.

As shown in Figure 2a, a further decrease in aqueous
solubility is observed below 42 °C due to the contribution
from the endothermic heat of fusion. A van’t Hoff plot
at lower temperatures gives a value for AH*,;; of 32 kd
mol™. Thus, according to eq 2, assuming AC, = 0, the
values of AH;; = 19 kJ mol™ and AS;; = 60 J ‘mol K1
for 2,2',4,4"-tetrachlorobiphenyl are calculated. Application
of eq 14, assuming AC, = AS;, results in a similar value
for the enthalpy and entropy of fusion, because the min-
imum experimental temperature was only 17 °C below the
melting point. The value of the entropy of fusion is in
agreement with those reported previously for other PCB’s
(18, 21, 34). In addition, it is consistent with the Walden
rule (18) about the constancy of the entropy of fusion for
aromatic hydrocarbons at approximately 58 J mol™! K1,
The calculated value of the enthalpy of solution of 32 kJ
mol! for 2,2’,4,4’-tetrachlorobiphenyl is close to the en-
thalpies of solutlon of blphenyl and seven solid PCB's
reported recently (48).
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In Figure 2b the van't Hoff plot of 2,2,4,4,5,5"-hexa-
chlorobiphenyl is shown. From this plot it can be con-
cluded that the enthalpy of solution is not constant over
the experimental temperature range, which is not in
agreement with eq 13, in which it is assumed that AC, =
0. In contrast, as shown in Figure 2¢, a Hildebrand plot
of In X, versus In T yields a straight line, which supports
the assumption that AC, = AS; (10).

From the slope of the line in Figure 2¢, and by assuming
the validity of the Walden rule for the entropy of fusion,
an enthalpy of solution of supercooled liquid
2,2',4,4',5,5-hexachlorobiphenyl (AH,,) of +10 kJ mol™!
can be calculated. This value is very close to the enthalpy
of solution of 2,2',4 4’-tetrachlorobiphenyl calculated above.
Hence, the lower aqueous solubility of the hexachlorobi-
phenyl relative to the tetrachloro congener is mainly a
result of the much greater loss of entropy during solution.
For instance, at T = 42 °C the value of TAS, is -40 kJ
mol™! for the tetrachloro congener, whereas a value of —52
kJ mol™? can be calculated for the hexachloro congener.

In addition, since the values of the enthalpies of solution
(AH*,)) of both PCB congeners are very close, i.e., 10 and

"13 kJ mol™, respectively, the 61 K difference between the

melting points of the two congeners has, due to the fusion
energy, significant influence on the relative aqueous sol-
ubilities.

Discussion

Among the various types of chemical structure param-
eters, the total surface area (TSA) of nonelectrolyte solutes
is often employed for correlations with aqueous solubility
(20, 21, 27). For liquid solutes such relationships can be
expressed by )

~-In X, ; =a(TSA) + b (15)

agd
Since it is unlikely that the heat of fusion of solid solutes
is influenced by the TSA, a more general expression of eq
15 for either solid or liquid solutes is (21, 50, 51)

In v,; = a(TSA) + b (16)
In Table III data from least-squares linear regression of
this equation are shown, resulting from calculations with
the following options: (1a) total surface areas reported by
MacKay et al. (21) (TSA*); (1b) total surface areas cal-
culated in this study (TSA); (2a) all available X, ; data;
{(2b) selected solubility data, i.e., those measured in this
study and those reported by Weil et al. (32); (3a) assuming
the validity of AC, = 0, eq 13; (3b) assuming the validity
of AC, = AS;, eq 14; (4) application of the Walden rule,
ie, AS®; = 58 J mol™ K1,

As is shown in Table III, application of all available
solubility data to eq 16 gives correlation coefficients
ranging from 0.929 to 0.952 due to the large scattering of
measured solubilities. Since the aqueous saturation me-
thod used by Weil et al. (32) is comparable to the one used
in this study, better results are obtained when only solu-
bility data from selected studies are employed. It is re-
markable that although the absolute TSA and TSA*
ranges are completely different the correlations of eq 16a
and 16¢ in Table III are almost equal. The difference in
total surface area range between these equations is ex-
pressed in the different slopes and intercepts. Better
harmonization of the foundations of TSA calculation might
reduce the scattering of the slopes and intercepts. The best
relationship listed in Table IlI is eq 16h, which is based
on the solubilities measured in this study and those re-
ported by Weil et al. (32); the assumption AS; =~ AC, and
TSA values calculated in this study.

Furthermore, it is shown that estimation of the solute’s
activity with AS; ~ AC, gives better correlation coeffi-
cients than AC, ~ 0 for all combinations of In X, ; and
TSA data. If tﬁe TSA data from Mackay et al. (2 3 only
were used, a better correlation is obtained if it is assumed
that AC, = 0. :

According to eq 16h in Table IIT, the aqueous solubilities
at T = 22 °C for all PCB’s can be estimated by

-In X,, = 0.108(TSA) + 30.281 - 6.976 In T, 17)
Correlation of estimated aqueous mole fraction solubilities
employing eq 17 (X ; ww) to the measured mole fraction
solubilities by means of least-squares statistics shows

1.005 In (X, cata) — 0-251 = In X, ;neasd  (18)
n =45 = 0.991 F =651

Correlation of all measured solubility data to estimated
solubilities shows (Figure 3)

1.000 In (an,i,end) - 0.458 = In quj,meand
n =117 r = 0.990 F =629

The correlations obtained for these relationships are
satisfactory. Hence, combining calculated TSA and
melting points with eq 18 or 19 may give reliable estimates
of the aqueous solubilities for all 209 PCB congeners.

The validity of eq 15 is based on the solution model
initially proposed by Eley (52), which was later adopted
by Hermann (27) and others (563-60). In this model, so-
lution of a nonelectrolyte solute is a three-step process,
including (1) loss of solute—solute interactions, (ii) creation
of a cavity in the aqueous phase of the dimension of the
solute, and (iii) placement of the solute into the cavity.

It has been advocated that a linear relationship between
the TSA of solute and the Gibbs free energy of solution
of the nonelectrolyte solute exists (27, 53, 54). For the
enthalpy contribution of free energy, this has been sup-
ported by the studies of Krishnan and Friedman (62) and
of Spencer et al. (57). Here it was assumed that step ii,
where creation of cavities in water or other polar solvents
occurs, results in a loss of polar interactions and hydrogen
bonds. The corresponding enthalpic changes are shown
to be proportional to the total surface area of the cavity.
Placement of the hydrophobic chemical into the cavity
(step iii) is accompanied by creation of London-dispersion
interactions between solute and solvent, which are also
proportional to the solute’s surface area. _

Furthermore, since it can be concluded from the data
of Abraham (58) that the enthalpy of vaporization is also
proportional to the solute’s TSA, it follows that at least
the enthalpy of solution is linearly related to the solute’s
total surface area.

However, as shown in this study, the thermodynamics
of solution of 2,2’,4,4’-tetrachlorobiphenyl and
2,2’ 4,4’ ,5,5-hexachlorobiphenyl! are not dominated by an
endothermic enthalpy change but by the enormous loss
of entropy during solution of these chemicals. For com-
pounds of lower hydrophobicity, this contribution of the
entropy to the standard free energy change is significantly
less (10, 52, 53).

According to the data of Cabani et al. (61) and Abraham
(58), it can be proposed that the negative solution entropy
must be a result of contributions from the cavity formation
and the actual placement of the solute into the cavities
(steps ii and iii). This is because vaporization (step i)
always gives a positive entropy change (57). On the basis
of the observed dominating role of the large negative en-
tropy of solution of PCB’s in this study, it can thus be

19)
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Table II. Some Physicochemical Properties and Structure Characteristics of Some PCB’s

compd

biphenyl

moucchlorobiphenyls
2

dichlorobiphenyls
22 .

2,4
2,4’

2,5

2,6
4,4

trichlorobiphenyls
2,25

2,34
24,4

24,5

24,5

2,4,6

3,34
tetrachlorobiphenyls

2,2/.3,3

2,2°,3,5°

2,244

2,2',4,5
2,2,5,5

2,2,6,6"
2,344
2,3,4,5

2,345

3,344

pentachlorobiphenyls
2,2',34,5
2,2',3,4,5

2,2,3,4,6

M,
154.2

188.7

188.7

188.7

223.1

223.1
223.1

223.1

223.1

223.1

257.5

257.5
257.5
257.5
257.5
2576
257.5
297.0
292.0
292.0

292.0
292.0

292.0
292.0
292.0
292.0

292.0

326.4
326.4

326.4

mp, °C  TSAs A?

71.0

34.0

25.0

7.7

61.0

244
42.0

23.0

60.0
57.0
78.0
64.0
61.3

121.0
47.0
42.0

87.0
87.0

198.0
1280
92.0

104.0

180.0

100.0
112.0

100.0

224.1

232.3

237.0

237.0

240.5

245.2
245.2

245.2

240.5

249.9

253.4

255.6
258.1
255.6
258.1
252.7
260.3
261.3
263.8
266.3

266.3
266.3

246.7
268.5
263.5
268.5

270.7

274.2
276.7

264.4

TSA*}b A?
192.5

208.4

210.0

210.0

224.4

226.0
226.0

227.6

227.6

242.0

242.0
234.6

242.0

243.3
255.6
257.6
259.6

259.6
259.6

259.2
255.2

259.2

267.6

271.2
273.2

271.6

TMV, A?
207.0

215.2

2240

224.0

228.8

234.9
234.9

234.9

228.8

241.0

245.8

248.8
248.2
248.2
251.9
245.8
254.3
255.4
259.1
262.8

262.8
262.8

237.0
265.2
257.8
265.2

267.6

268.7
272.4

259.5

S, ug/L

6960
6700
7080
7480

4130
5057
5900
1300
3500
900

15.1

1170
1300
400

790
212
1500
900
1400
620
139
637
1880
580
200
1940
2028
540 + 24
1390
1452
56
80
62

640
61.4
248
78
67+8
260
85
92
162
90
226
15.2

34

170

54.1 + 20.1
68

16.4
153+ 1.9

42,43
45
43
32
37
38
42,43
32
33
34
46

f ()
34

46
32
42, 43
46

32
a7

38
42,43
118
32
42,43
32

34
f3)
34

32

42, 43
32

f (16)
42, 43
34
f(16)
33

34

37

a8

43

47

f (4
42, 43
32

34

33

43
£
32

43

48

32
32
43
32

-In X4

14.02
14.06
14.04
13.95

14.75
14.54
14.39
15.90
14.91
16.30
20.36
16.01
15.93
17.08

16.57
20.19
1593
16.27
16.00
16.81
18.31
16.78
15.93
16.92
17.99
15.79
15.67
16.99
16.07
16.00
19.26
18.90
19.16

16.92
19.27
18.51
19.03
19.18
17.82
19.30
18.86
18.30
18.88
17.96
20.66

19.98
18.37
19.52
19.29
20.72
20.78
19.21
20.21
20.41
20.23
19.68
21.72
22.52
19.93
20.55
20.47
20.71
19.80
22.92
23.79
18.34
24.07

21.34
22.12
20.48
21.14

lInm,

12.83
12.87
12.85
12.76

14.49
14.29
14.14
15.90
1491
1491
18.99
14.64
14.54
15.72

15.63
19.25
14.99
15.34
16.00
16.33
17.83
16.30
14.99
16.92
17.99
15.79
15.67
16.62
15.77
15.70
16.10
15.75
16.00

16.42
18.67
18.01
18.12
18.35
16.99
18.19
17.50
16.93
17.87
17.06
19.05

17.53
17.79
19.09
18.86
19.69
19.19
17.62
18.62
20.12
18.64
18.09
20.12
18.12
17.31

18.75
18.69
17.78
18.98
19.86
14.40
20.13

19.42
19.90
18.27
19.22

In v,*

12.91
12.96
12.93
12.85

14.50
14.30
14.15
15.90
14.91
15.02
19.10
14.75
14.66
15.83

15.69
19.31
15.05
15.39
16.00
16.35
17.84
16.32
15.04
16.92
17.99
15.79
15.67
16.62
15.77
15.70
16.62
16.27
16.52

16.43
18.69
18.03
18.19
18.39
17.03
18.24
17.61
17.04
17.94
17.11
19.20

17.86
17.81
19.10
18.87
19.77
19.34
17.77
18.77

18.79
18.24
20.27
19.06
17.68
19.01
18.92
18.92
18.06
19.76
20.63
15.17
20.91

19.63
20.17
18.54
19.43




Table 11 (Continued)

compd M, mp, °C  TSAf A? TSA*? A?
2,2',4,5,5 326.0 77.0 276.7 275.2
2,34,5,6 326.4 124.0 271.7 269.2

hexachlorobiphenyls
2,2°,3,3' 4,4’ 360.9 150.0 282.1 286.8
2,2',3,3' 4,5 360.9 85.0 282.1 286.8
2,2°,3,3,5,6 360.9 100.0 287.3 287.2
2,2,3,3,6,6’ 360.9 112.2 269.5
2,%2,4,4°5,5 360.9 103.0 287.1 290.8
2,2',4,4’,6,6' 360.9 114.0 272.5 291.5
heptachlorobiphenyls
2,233,446 395.3 122.4 289.9
2,2',3,4,5,6',6 395.3 149.0 298.8 302.8
octachlorobiphenyls N
2,2,3,3',4,4,5,5" 429.8 159.0 302.9 317.9
2,2',3,3',5,5',6,6" 429.8 162.0 293.3 318.7
nonsachlorobiphenyls
2,2,3,3'4,4'5,5,6 464.2 206.0 306.9 331.9
2,2,3,3'4,5,5,6,6’ 464.2 182.8 301.2
decachlorobiphenyl
2,2,3,3',4,4',5,5,6,6° 498.7 305.0 308.1 3459

TMV, A3 S, ug/L ref -InX* Inv; Inay
276.1 4.2 32 22.19 20.85 2095
189 34 20.68 19.34 19.45

10 38 T 21.34 19.98 20.09

31 42, 43 20.19 18.85 18.95

10 46 21.34 19.98 20.09

4.24 47 22.18 20.84 20.94

12.1 48 21.13 19.79 19.09

265.4 136 + 3.1 f(5) 21.01 18.48 18.83
6.8 32 21.73 19.18 18.53

6.5 34 21.92 19.3. 19.74

282.4 0.44 32 24.54 21.36 21.89
0.28 34 24.99 21.81 22.34

9.9 49 21.43 18.25 18.78

286.1 0.85 32 23.88 2234 2248
276.9 0.91 32 23.81 2190 21.11
263.6 6.03 34 21.93 19.85 20.11
9.9 47 21.43 19.35 19.61

3.25 - 48 22.54 2046 20.77

289.4 1.15 £ 0.11 f (15) 23.54 2154 21.77
1.20 32 23.54 21.54 21.77

5.0 33 22.11 20.11 20.34

0.95 38 23.75 21.75 21.89

8.8 43 21.55 19.55 19.78

1.05 47 23.67 21.67 21.90

271.0 1.09 + 0.10 f(8) 23.63 21.36  21.65
0.90 32 23.83 21.55 21.84

041 34 24.61 2234 22.63

286.5 2.17 34 23.04 19.99 20.53
6.2 49 21.99 18.94 19.47

298.8 0.47 32 24.57 21.41 21.93
308.6 0124 £ 0009 f(6)  25.98 2275 2317
0.72 32 25.20 21.79 22.39

3.01 43 22.79 19.38 19.98

292.0 0.18 32 25.61 2213 22.75
0.39 34 24.83 2235 2297

0.15 48 25.81 22.33 2295

309.1 0.078 £ 0.010 f (4) 26.52 21.93 2294
0.112 32 26.16 21.57 22.58

0.025 48 27.64 23.05 24.59

299.8 0.18 34 25.69 21.14 22.20
309.4 0.021 £ 0.005 f(9) 27.91 20.81 2291
0.016 32 28.28 21.26 23.20

0.0075 34 28.95 21.86 23.95

0.0006 48 31.37 24.28 26.37

*TSA calculated by the method reported in ref 13. *TSA* obtained from ref 21. “Not included are theoretical values such those reported
in ref 8 and 39. X is the mole fraction solubility (mol/mol) at T = 22.0 °C. *In 4! and In 42 are calculated from In X and eq 13 and 14,
respectively (T = 22.0°C). /Experimental data from this study (7 = 22.0 °C); number of measurements in parenthesis.

Table III. Correlations of the Relationship In Yuq = 8(TSA)
+ b (Equation 16)

eq options n a b r F

16a 1a,2a,3a,4 109 0.066 1.964 0931 251
16b 1a,2a,3b,4 109 0.069 1.211 0949 418
16c 1b,2a,3a,4 117 0.098 -6.948 0.925 276
16d 1b,2a,3b, 4 117 0115 -11.678 0.947 412
16e 1a, 2b, 3a, 4 38 0.053 5.093 0.948 196
16f 1a,2b, 3b, 4 38 0.056 4.631 0936 143
16g 1b,2b, 3a, 4 45 0.093 -5.822 0953 191
16h 1b, 2b, 3b, 4 45 0.106 -9.095 0.967 335

proposed that according to the “cavity free volume” con-
cept as proposed by Frank (55) there may be a linear
relationship between In v, and solute’s total molecular
volume (TMV).

Although it can be assumed that there is some propor-
tionality between a solute’s molecular volume (volume/
molecule) and its molar volume (volume/mol), which are

not identical (51), application of the latter parameter is
less desirable. However, it was shown previously that for
a variety of hydrophobic solutes a relationship between
molar volume and aqueous solubility gives satisfactory
results (50, 51, 60, 63-65).

In Figure 4 the relationship between total molecular
volumes of PCB’s and aqueous activity coefficients is
shown, which is based on all aqueous solubility data. The
relationship can be expressed by

In X,; = 0.089TMV - 4.405 (20)

n =117 r = 0.994 F =158

The high correlation coefficient is in agreement with the
theory about the TMV-entropy relationship and with the
observed influence of entropy changes on the solution of
hydrophobic chemicals in aqueous environments.

Multiple linear regression applied to In v,,, TSA, and
TMYV will obviously improve the correlation coefficient (r%).
Although such a multiple linear relationship may be ex-

aqg,i
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Figure 3. Relationship between estimated (e, :7) and measured mole
fraction solubilities in water (X ) of all PCB's listed In Table II.
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Figure 4. Relationship between TMV and In v, of all PCB’s listed in
Table 11.

pected on the basis of the scaled particle theory of hy-
drophobic solutes in water (53), no simple interpretation
of increasing r? values can be formulated, since TSA and
TMYV are mutual dependent parameters.

The observation that both TSA - In v,, and TMV ~1n
“Yaq relationships will generally give satisfactory correlations
can probably be explained by the fact that calculated TMV
and TSA are almost proportional for most classes of so-
lutes, over limited ranges of TMV and TSA. This, for
instance, can be shown for the TSA and TMV values of
80 polynuclear aromatic and hetero aromatic compounds
reported by Pearlman et al. (51). -

In Figure 5 the TSA/TMYV relationship is shown for
PCB data reported in Table II. From this figure it can
be seen that for PCB's the TMV/TSA ratio is not con-
stant. In particular for the higher chlorinated compounds
this ratio deviates significantly from that of biphenyl, due
to the higher TMV/TSA ratio of chlorine compared to
carbon and hydrogen. For the lower chlorinated biphenyls
the deviation is very limited, so that both parameters will
give almost similar correlations when they are related to
experimental aqueous activity coefficients. In addition,
since the solubility data show large scattering, no choice
can be made for statistical preference of either a In v,q -
TMV or a In v,, — TSA relationship.

It must be noted that describing the molal aqueous
solubility of solid solutes with low to moderate melting
points (<250 °C), both with the assumption AC, = 0 and
with AC, = AS;, will usually give satisfactory results This
since the difference between the estimated In q; values with
the methods at T = 25 °C is limited. In Flg'ure 6 the

844 Environ. Sci. Technol., Vol. 22, No. 6, 1988

300
L
= 250
>
=
-
%50 250" 300
TsA &
Figure 5. Relationships between TSA and TMV of PCB's Ested in Table
IL
a

7

6 )

5

4
o
c
T 3

2

1

0

50 i€d  15C 200 2%0
T, -T

m,

Figure 8. Relationships between solute melting point (T,) and In a, as
estimated by eq 9 (line a) and 11 (line b) for an experimental tem-
perature of 295 K.

different In a values of PCB's at 25 °C calculated with
either eq 9 and 11 are shown. It is obvious that for solutes
with melting points below 150 °C the resulting deviation
between the two In a; calculation foundations is very small.
For chemicals with high melting points such as highly
chlorinated biphenyls, however, the differences are sig-
nificant, i.e., A In a; being ~2 for decachlorobiphenyl.
Furthermore, it should be noted that AC, = 0 probably
underestimates the actual AC,, value, whlcfr may result in
an underestimate of the mole fraction solubility. This in
contrast to the assumption AC, = AS,, which may over-
estimate AC,, and thus leads to an overestimate of the
solubility (15)

For many investigations of the aqueous solubility of
extremely hydrophobic chemicals deviations between the
estimation methods will not be sufficient to indicate the
validity of either eq 13 or 14, due to the large deviations
in the experimentally determined aqueous solubilities. For
chemicals with high melting points such as highly chlo-
rinated biphenyls, however, the use of AC, = AS;, rather
than AC, = 0, may improve the relatlonshlp between
chemlcal structure and aqueous activity coefficient sig-
nificantly.

Conclusions

Saturation of water with extremely hydrophobic chem-
icals is difficult, and application of different saturation
methods usually gives variable results. This experimental
problem implies that statistical validation of relationships
between molal aqueous solubility and structure parameters




can be rather debatable. Application of solubility data
obtained with comparable saturation techniques reduces
the scattering of data.

Calculated aqueous solute activity coefficients of bi-
phenyls with 0-10 chlorine atoms correlate well with both

éeég}o%@iphenyl‘f%]o‘gﬁ%ﬂ?& o’?gE{Sﬁ%x‘i’{:ﬁ"z‘d%?%E}-’J;"i‘,'z"f
dichlorobiphenyl, 13029-08-8; 2,4-dichlorobiphenyl, 33284-50-3;
24’-dichlorobiphenyl, 34883-43-7; 2,5-dichlorobiphenyl, 34883-39-1;
2,6-dichlorobiphenyl, 33146-45-1; 4,4'-dichlorobiphenyl, 2050-68-2;
2,2',5-trichlorobiphenyl, 37680-65-2; 2,3,4’-trichlorobiphenyl,
38444-85-8; 2,4,4'-trichlorobiphenyl, 7012-37-5; 2,4,5-trichloro-
biphenyl, 15862-07-4; 2,4’,5-trichlorobiphenyl, 16606-02-3; 2,4,6-
trichlorobiphenyl, 35693-92-6; 3,3 4-trichlorobiphenyl, 37680-63-6;
2,2',3,3"-tetrachlorobiphenyl, 38444-93-8; 2,2’,3,5-tetrachlorobi-
phenyl, 70362-46-8; 2,2’,4,4’-tetrachlorobiphenyl, 2437-79-8;
2,2',4,5'-tetrachlorobiphenyl, 41464-40-8; 2,2’,5,5’- tetrachlorobi-
phenyl, 35693-99-3; 2,2’,6,6"-tetrachlorobiphenyl, 15968-05-5;
2,3',4,4"-tetrachlorobiphenyl, 32598-10-0; 2,3,4,5-tetrachlorobi-
phenyl, 33284-53-6; 2,3',4’,5-tetrachlorobiphenyl, 32598-11-1;
3,3',4,4'-tetrachlorobiphenyl, 32598-13-3; 2,2/,3,4,5-pentachloro-
biphenyl, 55312-69-1; 2,2’,3,4,6-pentachlorobiphenyl, 55215-17-3;
2,2’,4,5,5’-pentachlorobiphenyl, 37680-73-2; 2,3,4,5,6-penta-
chlorobiphenyl, 18259-05-7; 2,2’,3,3’,4,4’-hexachlorobiphenyl,
38380-07-3; 2,2%,3,3',4,5'-hexachlorobiphenyl, 55215-18-4;
2,2',3,3,5,6-hexachlorobiphenyl, 52704-70-8; 2,2,3,3",6,6"-hexa-
chlorobiphenyl, 38411-22-2; 2,2’,4,4',5,5-hexachlorobiphenyl,
35065-27-1; 2,2’,4,4',6,6-hexachlorobiphenyl, 33979-03-2;
2,2',3,3,4,4’,6-heptachlorobiphenyl, 52663-71-5; 2,2’,3,4,5,5",6-
heptachlorobiphenyl, 52663-68-0; 2,2’,3,4,5"-pentachlorobiphenyl,
38380-02-8; 2,2",3,3',4,4',5,5"-octachlorobiphenyl, 35694-08-7;

2,27,3,3,5,5",6,6’-octachlorobiphenyl, 2136-99-4;
2,2",3,3’,4,4',5,5",6-nonachlorobiphenyl, 40186-72-9;
2,2,3,3,4,5,5',6,6’-nonachlorobiphenyl, 52663-77-1;

2,2,3,3',4,4',5,5,6,6'-decachlorobiphenyl, 2051-24-3.
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. . mation of Chlorinated Aromatic Hydrocarbons by Thermal Decomposition

of Vinylidene Chloride Polymer

Aklo Yasuhara® and Masatoshi Morita

Chemistry and Physics Division, National Institute for Environmental Studies, Onogawa, Tsukuba, Ibaraki 305, Japan

® Two kinds of wrapping film made of poly(vinylidene
chloride) were pyrolyzed under an airstream, and the py-
rolysis products were identified by capillary gas chroma-
. tography-mass spectrometry. Many chlorinated aromatic
compounds and polynuclear aromatic hydrocarbons were
detected. Important products were chlorinated benzenes,
styrenes, phenols, phenylacetylenes, naphthalenes, bi-
phenyls, and benzofurans. Most of these compounds were
newly detected. It was also found that many chlorinated
aromatic compounds were produced by pyrolysis even at
200 °C. Small amounts of chlorodibenzofuran and di-
chlorodibenzofuran were detected in the pyrolysate at 600
(-]
C.

Introduction

It has been confirmed that toxic chlorinated organic
compounds such as polychlorinated dibenzo-p-dioxins
(PCDDs) and dibenzofurans (PCDFs) are formed during
combustion of compounds containing chlorine substituents
(1-8). Particularly, pyrolysis of polychlorinated biphenyls
(PCBs) has been investigated in detail regarding PCDFs
(9-16). Also, polymers containing chlorine substituents
are one of many potential sources for emission of some
chlorinated compounds into the atmosphere. Thermal
decomposition of poly(vinyl chloride) has already reported
by several researchers. lida et al. detected polychlorinated
benzenes with aromatic hydrocarbons by pyrolysis of
poly(vinyl chloride) (17, 18). Yamazald et al. reported that
aliphatic and aromatic hydrocarbons, 1,1,1-trichlorcethane,
trichloroethylene, tetrachloroethylene, and 1,1,1,2-tetra-
chloroethane were formed together with a large amount
of hydrogen chloride by pyrolysis of poly(vinyl chloride)
(19, 20). Ahling et al. have confirmed the formation of
polychlorinaied benzenes, ranging from dichlorobenzene
to hexachlorobenzene, during combustion of poly(vinyl
chloride) (21). However, it was observed by Hawley-Fed-
der et al. (22) that the major components produced during
combustion of a mixture of polyethylene, polystyrene, and
poly(vinyl chloride) over 800 °C were alkylbenzenes and
aliphatic and polynuclear aromatic hydrocarbons and that
the contents of chlorinated compounds were very low.

Poly(vinylidene chloride) is widely used as wrapping
material in the world as well as poly(vinyl chloride). Re-
ports on pyrolysis of poly(vinylidene chloride) are very few,
compared with poly(vinyl chloride). Hiramatsu deter-
mined the formation of chloroethylene by pyrolysis of
poly(vinylidene chloride) (23). Ballistreri et al. observed
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the formation of dichloroethylene, trichlorobenzene, and
tetrachloronaphthalene by pyrolysis of poly(vinylidene
chloride) in an ion source of mass spectrometer (24).
Dougherty and Collazo-Lopez (25) showed that compounds
tentatively identified on pyrolysis products of poly(vi-
nylidene chloride) at 1000 °C were hexachlorobenzene,
pentachlorophenol, chlorinated styrenes, chlorinated na-
phthalanes, PCBs, chlorinated polynuclear aromatic com-
pounds, etc. Recently, Yamaguchi et al. (26) presented the
emission of a fairly large amount of polychlorinated
benzenes and PCBs from the reclaimed land in Japan and
also suggested that the compounds might come from
thermal decomposition of polymers containing chlorine
substituents. It is extremely important and interesting to
investigate what kinds of compounds are formed from
poly(vinylidene chloride) during combustion in incinerators
or thermal decomposition in reclaimed land. Moreover,
it is a serious and emergent problem from a viewpoint of
environmental pollution and toxicology that polymers
containing chlorine substituents might be another source
for toxic chlorinated compounds such as PCBs and poly-
chlorinated naphthalenes (PCNs) even in reclaimed lands.
From these viewpoints, we investigated the pyrolysis of
poly(vinylidene chloride), which is consumed in large
quantities. It was confirmed that many kinds of chlori-
nated aromatic compounds were formed in fairly large
quantities. Many compounds were newly detected This
paper describes these results.

Experimental Section

Materials. T'wo kinds of vinylidene chloride polymers
were used. Both polymers (A and B) are food wrapping
films made by Asahi Kasei Co. and Kureha Kagaku Co.
(both in Japan), respectively, and contain derivatives of
fatty acids and epoxides of vegetable oils as plasticizer and
stabilizer.

Thermal Decomposition. Samples were put in a small
boat-type container made of quartz and inserted into a
quartz tube that was heated at 500 °C under the airflow
of 300 mL/min and then kept standing for 20 min. Air
used here was prepared by mixing pure oxygen and pure
nitrogen at the ratio of 1:4. Thermal decomposition oc-
curred immediately after insertion, and evolved gas was
passed through hexane (each 20 mL) in ice-cooled traps
joined in series. This apparatus is shown in Figure 1.
Details of samples are shown in Table I. After decom-
position, combined hexane solution was dried on anhyd-
rous sodium sulfate and concentrated earefully by rotary
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