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Introduction 

In this chapter wc will focus on the equilibrium partitioning of  neutral organic 
compounds between aqueous solutions and water-immiscible, well-defined organic 
liquids. Our focus will be on situations in which the organic compound is present at 
a low enough concentration that it does not have a significant impact on the proper- 
ties of either bulk liquid. 

As will be discusscd in Chapters 9 to 11, the distribution of neutral organic 
compounds between water and natural solids (e.g., soils, sediments, and suspended 
particles) and organisms can in many c a m  be viewed as a partitioning process 
between the aqueous phase and organic phases present in those solids. This 
conceptualization cvcn applies somewhat to “solids” that are alive! As early as 1900, 
investigators studying thc uptake of nonpolar drugs by organisms discovered that 
they could use watcr-immiscible organic solvents like olive oil or n-octanol as a 
reasonable surrogatc for organisms insofar as accumulation of pharmaceutically 
important organic molecules from the water was concemcd (Mcycr, 1899; Overton, 
1899). Although the extent of uptake from water into these solvents was not 
identical to that into organisms, it was proportional. That is, within a series of’ 
compounds, higher accumulation into an organism corresponded to more favorable 
partitioning into the organic solvent. More recently, environmental chemists have 
found similar correlations with soil humus and other naturally occurring organic 
phascs (Chapter 9). 

Furthermore, knowledge of the molecular factors that dctermine the partitioning of 
an organic compound betwcen a liquid organic phase and watcr is of great interest in 
environmental analytical chemistry. This is particularly important when dealing 
with enrichment (i.e., extraction from water samplcs) or separation steps (i.e., 
revcrscd-phase liquid chromatography). Finally, understanding pure solvent-water 
partitioning will also be applicable to the problem of dissolving organic compounds 
in water when those organic substances are present in complex mixtures. In practice. 
we necd such knowledge whcn dealing with contamination of the environment by 
mixtures such as gasoline, petroleum, or PCBs (Section 7.5). 

We start, howcvcr, with some general thermodynamic considerations (Section 7.2). 
Then, using our insights gained in Chapter 6, we compare solvent-water partition 
constants of a serics of model compounds for different organic solvents of different 
polarity (Section 7.3). Finally, because ti-octanol is such a widely used organic 
solvent in environmental chemistry> we will discuss the octanol-water partition 
constant in somewhat more detail (Section 7.4). 

Thermodynamic Considerations 

The Organic Solvent-Water Partition Constant 

In Section 3.4, wc derived the equilibrium partition constant of a compound between 
two bulk liquid phases (Eq. 3-40). Denoting the organic phase with a subscript 6 ,  we 
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express the organic solvent-water partition constant on a mole fraction basis 
(superscript prime) as: 

Hence, Klbw is simply given by the ratio of the activity coefficients of the compound 
in water and in the organic phase. Note that this result applies whether the partitio- 
ning compound is a gas, liquid, or solid as a pure substance under the conditions of 
interest because the dissolved molecules exist in a liquid-like form in both phases. 
For many of the compounds of interest to us, we know that xw can be quite large 
(e.g., lo2 to >lo8, see Table 5.2). In contrast, in most organic solvents, organic 
compounds exhibit rather small activity coefficients (e.g., < 1 to lo2, see Tables 3.2 
and 6.1). Consequently, we can expect that in many cases, the magnitudes of organic 
solvent-water partition constants will be dominated by xw. As a result, within a 
series of structurally related compounds, we may generallyfind increasing organic 
solvent-water partition constants with decreasing (liquid) water solubilities [recall 
that yiw z y:;t is given by (vw . Cis;lt (L))-' ; Section 5.21. 

A more common way of expressing organic solvent-water partition constants is to 
use molar concentrations in both phases (Eq. 3-45): 

where vw and 6 are the molar volumes of water and the organic solvent, 
respectively. Note that in Eq. 7-2 we have to use the molar volumes of the mutually 
saturated liquid phases (e.g., water which contains as much octanol as it can hold 
and water-saturated octanol). Considering the rather limited water solubility of most 
water-immiscible organic solvents, we can assume that we can often justifiably use 
the molar volume of pure water (i.e., 0.018 L.mo1-' at 25°C). Similarly for apolar 
and weakly polar organic solvents, we may use the molar volume of the water-free 
solvent. Only for some polar organic solvents, may we have to correct for the 
presence of water in the organic phase (e.g., water-wet n-octanol has a value of 
0.13 L -mol-' as compared to 0.16 L . mol-' for "dry" octanol). 

If we may assume that the mutual saturation of the two liquid phases has little effect 
on xW and y i j ,  we may relate KIew to the respective air-solvent and air-water 
partition constants (see Eq. 6- 11): 

(7-3) 

Effect of Temperature and Salt on Organic Solvent-Water Partitioning 

As for any partition constant, over a temperature range narrow enough that the 
enthalpy of transfer may be assumed nearly constant, we may express the 
temperature dependence of Kitw by: 

In Kirw = - + constant A t w  Hi 1 
R T  (7-4) 
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where Arw Hi is the enthalpy of transfer of i from water to the organic solvent. This 
enthalpy difference is given by the difference between the excess enthalpies of the 
compound in the two phases: 

A,,H, = H$ -Hi", (7-5) 

The magnitude of the excess enthalpy of a given compound in the organic phase 
depends, of course, on the natures of both the solvent and the solute. For many 
compounds H,"w has a fair1 small absolute value (e.g., Table 5.3). Substantial devia- 
tion from zero (i.e., I H E  7 >10 kJ.mo1-l) occurs for some small monopolar com- 
pounds (e.g., diethylether, H E  = - 20 kJ.mol-I) and for large apolar or weakly 
monopolar compounds (e.g., PCBs, PAHs which exhibit positive H,"w values, Table 
5.3). Typically, HZ for organic solutes and organic solvents does not exceed 
f10 kJ.mol-' (Section 6.3). Exceptions include small bipolar compounds in apolar 
solvents (e.g., the excess enthalpy of solution for ethanol in hexadecane is 
+26 kJ . mol-I, see Table 3.3). Since, at the same time, such compounds tend to have 
negative H,"w values, the AewH, value may become substantial (e.g., +36 kJ.mol-l 
for hexadecane-water partitioning of ethanol, Table 3.4). However, for the majority 
of cases we are interested in, we can assume that organic solvent-water partitioning 
is only weakly dependent on temperature. 

Using a similar approach, one may deduce how other factors should influence 
organic liquid-water partitioning. For example, we know that the addition of 
common salts (e.g., NaC1) to water containing organic solutes causes the aqueous 
activity coefficients of those organic solutes to increase. Since ionic substances are 
not compatible with nonpolar media like apolar organic solvents, one would not 
expect salt to dissolve in significant amounts in organic solvents. Consequently, the 
influence of salt on activity coefficients of organic solutes in organic solvents would 
likely be minimal. Combining these insights via Eq. 7.2, we can now calculate that 
the influence of salt on organic liquid-aqueous solution partitioning of organic 
compounds will entirely correspond to the impact of this factor on the aqueous 
activity coefficient, and hence (see Eq. 5-28): 

Comparison of Different Organic Solvent-Water Systems 

General Comments 

Since the organic solvent-water partition constant of a given compound is 
determined by the ratio of its activity coefficients in the two phases (Eq. 7-2), we can 
rationalize how different compounds partition in different organic solvent-water 
systems. Consider the values of log Kitw for a series of compounds i partitioning 
into five organic solvents 1 exhibiting different polarities (Table 7.1). First, focus on 
the partitioning behavior of the apolar and weakly monopolar compounds (octane, 
chlorobenzene, methylbenzene). These undergo primarily vdW interactions (ie., 
n-octane, chlorobenzene, methylbenzene for which a, and pi are small or even zero). 
In general, such compounds partition very favorably from water into organic 
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solvents. This is not too surprising since these compounds have rather large 
yi,-values (Chapter 5). Furthermore, their log Kiew, values do not vary much among 
the different organic solvents. For example, n-octane’s partition coefficients vary 
only by about a factor of 4 for the five solvents shown in Table 7.1. For the strictly 
apolar solutes, lower values of log Kit, , can be expected in bipolar solvents such as 
n-octanol. In the case of such a bipolar solvent, some so1vent:solvent polar inter- 
actions have to be overcome when forming the solute cavity. 

In contrast, partitioning from water into organic solvents may be somewhat 
enhanced if the solvents exhibit complementary polarity to monopolar solutes. One 
example is the partitioning of methylbenzene (toluene) between water and tri- 
chloromethane (Table 7.1). Each additional polar effect may become very substan- 
tial if the solute is strongly monopolar. This is illustrated by the trichloromethane- 
water partition constants of pyridine and acetone. Both of these solutes are quite 
strong H-acceptors or electron donors (i.e., pi 0.5). This causes these solutes to be 
strongly attracted to trichloromethane’s hydrogen and results in significantly higher 
log K,, values of these two compounds than for the other solvent-water systems. 
Note that the electron-accepting properties of trichloromethane (and of other 
polyhalogenated methanes and ethanes, e.g., dichloromethane, see Table 6.1) make 
such solvents well suited for the extraction of electron-donating solutes from water 
or other environmentally relevant matrices including soil or sediment samples. 

When considering bipolar solutes (e.g., aniline, 1 -hexanol, phenol, hexanoic acid), 
we can see that depending on the relative magnitudes of the solvent’s a, and pi 
values, so1ute:solvent interactions may become quite attractive. For example, for 
aniline, for which a, < pi, trichloromethane is still the most favorable solvent, 
whereas for phenol (a, > pi), diethylether wins over the others. Finally, due to the 
lack of polar interactions in hexane, bipolar solutes partition rather poorly from 
water into such apolar solvents (Table 7.1). 

LFERs Relating Partition Constants in Different Solvent-Water Systems 

Often we may want to quantitatively extrapolate our experience with one organic 
solvent-water partitioning system to know what to expect for new systems. This is 
typically done using a linear free energy relationship of the form: 

log KilW = a . log Kj2, + b (7-7) 

where partitioning of solute, i, between some organic liquid, 1, and water is related 
to the partitioning of the same solute between another organic liquid, 2, and water. 
However, we should recall from our qualitative discussion of the molecular factors 
that govern organic solvent-water partitioning that such simple LFERs as shown in 
Eq. 7-7 will not always serve to correlate Klcw values of a large variety of com- 
pounds for structurally diverse solvent-water systems. Nonetheless, there are 
numerous special cases of groups of compounds and/or pairs of organic solvents for 
which such LFERs may be applied with good success. Obvious special cases include 
all those in which the molecular interactions of a given group of compounds are 
similar in nature in both organic phases. This is illustrated in Fig. 7.1 for the two 
solvents hexadecane and octanol (subscripts h and 0, respectively). In this case, a 
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Figure 7.1 Plot of the decadic 
logarithms of the hexadecane-wa- 
ter partition constants versus the 
octanol-water constants for a va- 
riety of apolar, monopolar, and 
bipolar compounds. Data from 
Abraham (1994b). The a and b 
values for some LFERs (Eq. 7-7) 
are: apolar and weakly monopolar 
compounds (a = 1.21, b = 0.43; 
Eq. 7-8), aliphatic carboxylic acids 
(a = 1.21, b = -2.88), and aliphatic 
alcohols (a = 1.12, & = -1.74). 
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good correlation is found for all apolar and weaklypolar compounds, for which the 
vdW interactions are the dominating forces in both organic solvents: 

log KW = 1.2 1 (k 0.02) * log &ow - 0.43 (rtr 0.06) 

(N = 89, R2 = 0.97) 
(7-8) 

The slope of greater than 1 in Eq. 7-8 indicates that structural differences in the 
solutes have a somewhat greater impact on their partitioning behaviors in the 
hexadecane-water, as compared to the octanol-water system. This can be ration- 
alized as arising from the different free-energy costs related to the cavity forma- 
tion in the two solvents, which is larger in the bipolar octanol (see discussion in 
Chapter 6).  

A second important feature shown in Fig. 7.1 is that, for the two organic solvents 
considered, the more polar compounds do not fit well in the LFER expressed in 
Eq. 7-8. This is particularly true for bipolar solutes. Here, LFERs may be found only 
for structurally related compounds. For example, good correlations exist for a 
homologous series of compounds such as the aliphatic carboxylic acids or the 
aliphatic alcohols. In these cases, within the series of compounds, the polar contri- 
bution is constant; that is, the compounds differ only in their ability to undergo 
dispersive vdW interactions. This example shows that we have to be carefkl when 
applying one-parameter LFERs to describe systems in which more than one 
intermolecular interaction is varying. Such is the case when we are dealing with 
diverse groups of partitioning chemicals and/or with structurally complex organic 
phases including natural organic matter (Chapter 9) or parts of organisms (Chap- 
ter 10). If we are, however, aware of the pertinent molecular interactions that govern 
the partitioning of a given set of organic compounds in the organic phase-water 
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systems considered, appropriately applied one-parameter LFERs of the type Eq. 7-7 
may be extremely useful predictive tools. 

Model for Description of Organic Solvent-Water Partitioning 

Multiparameter LFERs for description of air-organic solvent (Eq. 6- 13, Table 6.2) 
and air-water (Eq. 6-21) partition constants have been developed. If we can assume 
that dissolution of water in the organic solvent and of the organic solvent in the water 
have no significant effects on the partitioning of a given compound, the organic 
solvent-water partition constant, K,,, is equal to Kia, divided by Kid (Eq. 7-3). 
Consequently, we can develop a multiparameter equation for K,, and immediately 
deduce the coefficients from these earlier LFERs: 

In this case, the coefficients s, p ,  a, b, v, and constant in Eq. 7-9 reflect the 
differences of the solvent interaction parameters (i.e., dispersive, polar, H-donor, 
H-acceptor properties, and cavity formation) for water and organic solvent 
considered. As for the other multiparameter LFERs discussed in earlier chapters, for 
a given solvent-water system, these coefficients can be obtained by fitting an 
appropriate set of experimental Kiew values using the chemical property parameters 
vi,, nDi, ni, a,  and pi. If such experimental data are not available, but if a multi- 
parameter LFER has been established for the corresponding air-organic solvent 
system (Eq. 6-13, Table 6.2), Eq. 7-9 can be derived by simply subtracting Eq. 6-13 
from Eq. 6-21, provided that we are dealing with water-immiscible organic solvents. 
Conversely, a multiparameter LFER for air-solvent partitioning can be obtained by 
subtracting Eq. 7-9 from Eq. 6-21. When doing so, one has to be careful to use 
equations that have been established with the same molecular parameter sets (e.g., 
the same calculated molar volumes (see Box 5. l), as well as the same compilations 
of published q, a,, and pi values. Furthermore, the equations that are combined 
should preferably cover a similar range of compounds used for their derivation. 
Finally, we should note again that we are assuming that dissolution of water in the 
organic solvent and of the organic solvent in the water have no significant effect on 
the partitioning of a given compound (Section 6.3). 

Such multiparameter LFERs have been developed for a few organic solvent-water 
systems (Table 7.2.) The magnitudes of the fitted coefficients, when combined with 
an individual solute’s V,,, nDi, n, a,  p, values, reveal the importance of each inter- 
molecular interaction to the overall partitioning process for that chemical. To 
interpret the various terms, we note that these coefficients reflect the differences of 
the corresponding terms used to describe the partitioning of the compounds from air 
to water and from air to organic solvent, respectively (see Chapter 6). Some appli- 
cations of Eq. 7-9 are discussed in Illustrative Example 7.1. 
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Illustrative Example 7.1 

n-octane (Oct) 

p:L = 1826 Pa 
Kx = 123.6 cm3 rno1-l 
n,, = 1.397 
n, = o  
a, = o  
P, = o  

I-methylnaphthalene (1 -MeNa) 

p:L = 8.33 Pa 

V,, = 122.6 cm3 mol-' 

nD, = 1.617 
n, =0.90 
a, = o  
p, = 0.20 

4-f-butylphenol (4-BuPh) 

p:L = 6.75 Pa 
V,, = 133.9 cm3 mo1-l 
n,, = 1.517 

7c, =0.89 
ar = 0.56 
0, = 0.39 

Evaluating the Factors that Govern the Organic Solvent-Water Partitioning 
of a Compound 

Problem 

Calculate the n-hexadecane-water (In and the n-octanol-water (In K,,,) 
partition constants at 25°C of n-octane (Oct), 1 -methylnaphthalene (1-MeNa), 
and 4-t-butylphenol (4-BuPh) using the polyparameter LFER, Eq. 7-9, with the 
coefficients given in Table 7.2. Compare and discuss the contributions of the 
various terms in Eq. 7-9 for the three compounds in the two solvent-water 
systems. Note that the three compounds have already been used in Illustrative 
Example 5.2 to evaluate the polyparameter LFER describing the aqueous activity 
coefficient. 

Answer 

Get the nDi values of the compounds from Lide (1995). Use the a,, pi and n, values 
given in Tables 4.3 and 5.5. The resulting data sets for the three compounds are given 
in the margin. Insertion of the respective values into Eq. 7-9 with the appropriate 
coefficients (Table 7.2) yields the following results: 

~-~ ~~ 

Term Oct 1 -MeNa 4-BuPh 

A In Klhw A In K,,, A In Klhw A In K,,, A In Klhw A In Ki, 

s . disp. vdW a +4.47 +3.70 +6.47 +5.35 +5.94 +4.91 

+ P . (nil 0 0 -3.25 -2.28 -3.21 -2.25 

+ a . (a,) 0 0 0 0 -4.51 -0.20 

+ b ' (Pi) 0 0 -2.28 -1.58 -4.45 -3.07 

+ V .  ( K X )  +8.52 +7.78 +8.46 +7.72 +9.24 +8.44 

+ constant -0.16 -0.25 -0.16 -0.25 -0.16 -0.25 

In K1rw 12.8 11.2 9.24 8.96 2.85 7.58 

observed 13.3 11.9 9.21 9.19 2.20 7.23 

First, note that the three compounds are of similar size. Hence, the two terms that 
reflect primarily the differences in the energy costs for cavity formation and the 
differences in the dispersive interactions of the solute (i.e., v. yi, and s. disp. vdW) in 
water and in the organic solvent are of comparable magnitudes for the three 
compounds. Note that the values in the table reflect variations on a natural logarithm 
scale. So, for example, the effect of the product, v . V,, , is to vary K,,, by a factor of 
5 between these compounds and the product, s . disp vdW, also contributes a factor of 
5 variation to these compounds' K,,, values. Because of the higher costs of cavity 
formation in the water as compared to n-hexadecane and n-octanol, both terms 
promote partitioning into the organic phase (i.e., they have positive values). This 
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promoting effect is somewhat larger in the n-hexadecane-water system than in the n- 
octanol-water system because of the somewhat higher costs of forming a cavity in 
the bipolar solvent, n-octanol. 

Significant differences in the partition constants of the three compounds, in 
particular for the n-hexadecane-water system, are also due to the polar interactions, 
also including the dipolarity/polarizability parameter, n,. For the two organic sol- 
vent-water systems considered, due to the strong polar interactions of mono- and 
bipolar compounds in the water as compared to the organic phase, all these terms are 
negative. Therefore, these polar intermolecular interactions decrease the Kiew value. 
These polar effects are more pronounced in the n-hexadecane-water system (e.g., 
1-MeNa partitioning reduced by a factor of 26) as compared to the n-octanol-water 
system (e.g., 1-MeNa partitioning reduced by a factor of 10). 

Finally, with respect to the H-acceptor properties of the solvents (a-term), water and 
n-octanol are quite similar. Therefore, for a hydrogen-bonding solute like 4-BuPh, 
the corresponding product, a .  (ai), is close to zero. This is not the case for the 
hexadecane-water system where loss of hydrogen bonding in this alkane solvent 
causes both the H-acceptor and H-donor terms to contribute factors of about 100 to 
4-BuPh's value of I&,. 

The n-Octanol-Water Partition Constant 

General Comments 

Because n-octanol is still the most widely used organic solvent for predicting parti- 
tioning of organic compounds between natural organic phases and water, we need to 
discuss the octanol-water partition constant, K,,,, in more detail. Note that in the 
literature, K,,, is often also denoted as P or Po, (forpartitioning). From the preced- 
ing discussions, we recall that n-octanol has an amphiphilic character. That is, it has 
a substantial apolar part as well as a bipolar functional group. Thus, in contrast to 
smaller bipolar solvents (e.g., methanol, ethylene glycol), where more hydrogen 
bonds have to be disturbed when creating a cavity of a given size, the free-energy 
costs for cavity formation in n-octanol are not that high. Also, the presence of the 
bipolar alcohol group ensures favorable interactions with bipolar and monopolar 
solutes. Hence, n-octanol is a solvent that is capable of accommodating any kind of 
solute. As a result, the activity coefficients in octanol (Fig. 7.2) of a large number of 
very diverse organic compounds are between 0.1 (bipolar small compounds) and 10 
(apolar or weakly polar medium-sized compounds). Values of '/io exceeding 10 can 
be expected only for larger hydrophobic compounds, including highly chlorinated 
biphenyls and dibenzodioxins, certain PAHs, and some hydrophobic dyes (Sijm et 
al., 1999). Therefore, the K,, values of the more hydrophobic compounds (i.e., 
'/iw >> lo3) are primarily determined by the activity coefficients in the aqueous 
phase. 
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Figure 7.2 Plot of the decadic 
logarithms of the octanol-water 
partition constants versus the 
aqueous activity coefficients for a 
variety of apolar, monopolar, and 
bipolar compounds. The diagonal 
lines show the location of com- 
pounds with activity coefficients 
in octanol (calculated using Eq. 
7-2) of 0.1, 1, 10, and 100, respec- 
tively. 
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For sets of compounds with the same functional group and variations in their apolar 
structural portion, we can also see that xo is either constant or varies proportionally 
to l/iw (Fig. 7.2). Thus, for such groups of compounds, we find one-parameter LFERs 
of the type: 

log Ki,, = a.log l/iw + b (7-10) 

Since l/iw is more or less equal to y$ for many low solubility compounds (xw > ca. 
50), we have y,, =(v, .C;'(L))-l. Considering such sets of compounds, we can 
rewrite Eq. 7-10 as: 

log K,,, = -0. log c;;t(L) + b' (7-1 1) 

where b' = b - a.log v, = b + 1.74 a (at 25°C). Note that in Eq. 7-11, C:G'(L) is 
expressed in mol . L-' . 

Such correlation equations have been derived for many classes of compounds 
(Table 7.3). These examples illustrate that very good relationships are found when 
only members of a specific compound class are included in the LFER. One can also 
reasonably combine compound classes into a single LFER if only compounds that 
exhibit similar intermolecular interaction characteristics are used (e.g., alkyl and 
chlorobenzenes; aliphatic ethers and ketones; polychlorinated biphenyls and poly- 
chlorinated dibenzodioxins). 

When properly applied, LFERs of these types may be quite useful for estimating 
K,,, from l/iw or C$'(L). Additionally, these relationships can be used to check new 
K,,, and/or C;;' (L) values for consistency. 
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Availability of Experimental Data 

The most common experimental approaches for determination of octanol-water 
partition constants are quite similar to those for water solubility. These employ 
shake flask or generator column techniques (Mackay et al., 1992-1997). The 
“shake flask method,” in which the compound is partitioned in a closed vessel 
between given volumes of octanol and water, is restricted to compounds with K,,, 
values of less than about 1 05. The reason is that for more hydrophobic compounds 
the concentration in the aqueous phase becomes too low to be accurately mea- 
sured, even when using very small octanol-to-water volume ratios. Hence, for 
more hydrophobic compounds “generator columns,” coupled with solid sorbent 
cartridges, are commonly used. Briefly, large volumes of octanol-saturated water 
(up to 10 L) are passed through small columns, packed with beads of inert support 
material that are coated with octanol solutions (typically 10 mL) of the compound 
of interest. As the water passes through the column, an equilibrium distribution of 
the compound is established between the immobile octanol solutions and the 
slowly flowing water. By collecting and concentrating the chemical of interest 
with a solid sorbent cartridge from large volumes of the effluent water leaving the 
column, enough material may be accumulated to allow accurate quantification of 
the trace level water load. This result, along with knowledge of the volume of 
water extracted and the concentration of the compound in the octanol, ultimately 
provides the K,,, value. 

As for vapor pressure and aqueous solubility, there is quite a large experimental 
database on octanol-water partition constants available in the literature (see, 
e.g., Mackay et al., 1992-1997; Hansch et al., 1995). Up to Ki,, values of about 
1 06, the experimental data for neutral species are commonly quite accurate. For 
more hydrophobic compounds, accurate measurements require meticulous 
techniques. Hence, it is not surprising to find differences of more than an order 
of magnitude in the Ki,, values reported by different authors for a given highly 
hydrophobic compound. Such data should, therefore, be treated with the 
necessary caution. Again, as with other compound properties, one way of 
deciding which value should be selected is to compare the experimental data 
with predicted values using other compound properties or Ki,, data from 
structurally related compounds. 

One-parameter LFERs for Estimation of Octanol-Water Partition Constants 

There are also various methods for estimating the Ki,, of a given compound. This 
can be done from other experimentally determined properties and/or by using 
molecular descriptors derived from the structure of the compound. We have already 
discussed some of the approaches (and their limitations) when evaluating the one- 
parameter LFERs correlating Ki,, with aqueous solubility (Eq. 7- 11, Table 7.3) or 
with other organic solvent-water partition constants (Eqs. 7-7 and 7-8). A related 
method that is quite frequently applied is based on the retention behavior of a given 
compound in a liquid-chromatographic system [high-performance liquid chroma- 
tography (HPLC) or thin-layer chromatography (TLC)]. Here, the organic solute is 
transported in a polar phase (e.g., water or a water/methanol mixture) through a 
porous stationary phase which commonly consists of an organic phase that is bound 
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to a silica support (e.g., C2-C,8 alkyl chains covalently bound to silica beads). As the 
compounds of interest move through the system, they partition between the organic 
phase and the polar mobile phase. 

Hence, in analogy to organic solvent-water systems, particularly for sets of struc- 
turally related apolar or weakly polar compounds for which solute hydrophobicity 
primarily determines the partitioning behavior, good correlations between Kiow and 
the stationary-phaselmobile-phase partition constant, Ki,,, of a given compound 
may be obtained. Since, in a given chromatographic system, the travel time or 
retention time, ti, of a solute i is directly proportional to K,,,, an LFER of the 
following form is obtained: 

logKio,=a.logti+b (7-12) 

To compare different chromatographic systems, however, it is more useful to use the 
relative retention time (also called the capacity factor, k l ) .  This parameter is defined 
as the retention of the compound relative to a nonretained chemical species, such as 
a very polar organic compound or an inorganic species such as nitrate: 

kj' = [( ti - t o )  /to] (7-13) 

where to is the travel time of the nonretained species in the system. Eq. 7-12 is then 
written as: 

or: 

log Kiow = a .log[-]+ b' 

(7-14) 

It should be pointed out that the coefficients a and b or b' in Eqs. 7-12 and 7-14 must 
be determined using appropriate reference compounds for each chromatographic 
system. With respect to the choice of the organic stationary phase and reference 
compounds (type, range of hydrophobicity) and the goodness of the LFER, in 
principle the same conclusions as drawn earlier for organic solvent-water systems 
are valid. For a given set of structurally related compounds, reasonably good 
correlations may be obtained. Finally, we should note that when using an organic 
solvent-water mixture as mobile phase, the (rather complex) effect of the organic 
cosolvent on the activity coefficient of an organic compound in the mobile phase 
(Section 5.4) has to be taken into account when establishing LFERs of the type Eqs. 
7-12 and 7-14. 

In summary, appropriate use of chromatographic systems for evaluating the 
partitioning behavior of organic compounds between nonaqueous phases and water 
(e.g., octanol-water) offers several advantages. Once a chromatographic system is 
set up and calibrated, many compounds may be investigated at once. The 
measurements are fast. Also, accurate compound quantification (which is a 
prerequisite when using solvent-water systems) is not required. For more details and 
additional references see Lambert (1993) and Herbert and Dorsey (1995). 
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Polyparameter LFERs for Estimation of the 
Octanol-Water Partition Constant 

It is also possible to estimate Kio, via polyparameter LFERs such as Eq. 7-9 (with 
the coefficients in Table 7.2), provided that all the necessary parameters are known 
for the compound of interest. Note that such polyparameter LFERs are also used to 
characterize stationary phases in chromatographic systems such as the ones 
described above (Abraham et al., 1997). Such information provides the necessary 
knowledge about the molecular interactions between a given set of compounds and a 
given stationary phase. This understanding is very helpful for establishing logical 
one-parameter LFERs (Eqs. 7-12 and 7-14) for prediction of K,, values. 

The Atom/Fragment Contribution Method for Estimation of the 
Octanol-Water Partition Constant 

Finally, the fragment or group contribution approach is widely used for predicting 
Kio, values solely from the structure of a given compound. We have already 
introduced this approach in very general terms in Section 3.4 (Eqs. 3-57 and 3-58), 
and we have discussed one application in Section 6.4 when dealing with the 
prediction of the air-water partition constants (Eq. 6-22, Table 6.4). We have also 
pointed out that any approach of this type suffers from the difficulty of quantifying 
electronic and steric effects between hnctional groups present within the same 
molecule. Therefore, in addition to simply adding up the individual contributions 
associated with the various structural pieces of which a compound is composed, 
numerous correction factors have to be used to account for such intramolecular 
interactions. Nevertheless, because of the very large number of experimental 
octanol-water partition constants available, the various versions of fragment or 
group contribution methods proposed in the literature for estimating Ki,, (e.g., 
Hansch et al., 1995; Meylan and Howard, 1995) are much more sophisticated than 
the methods available to predict other partition constants, including Kjaw. 

The classical and most widely used fragment or group contribution method for 
estimating Ki,, is the one introduced originally by Rekker and co-workers (Rekker, 
1977) and Hansch and Leo (Hansch and Leo, 1979; Hansch and Leo, 1995; Hansch 
et al., 1995). The computerized version of this method (known as the CLOGP 
program; note again the P is often used to denote Kiow) has been initially established 
by Chou and Jurs (1979) and has since been modified and extended (Hansch and 
Leo, 1995). The method uses primarily single-atom “fundamental” fragments 
consisting of isolated types of carbons, hydrogen, and various heteroatoms, plus 
some multiple-atom “fundamental” fragments (e.g., -OH, -COOH, -CN, -NO,). 
These fundamental fragments were derived from a limited number of simple 
molecules. Therefore, the method also uses a large number of correction factors 
including unsaturation and conjugation, branching, multiple halogenation, proxi- 
mity of polar groups, and many more (for more details see Hansch et al., 1995). 

In the following, the atom/ fragment contribution method (AFC method) developed 
by Meylan and Howard (1995) is used to illustrate the approach. This method is 
similar to the CLOGP method, but it is easier to see its application without using a 
computer program. Here, we confine ourselves to a few selected examples of 
fragment coefficients and correction factors. This will reveal how the method is 
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applied and how certain important substructural units quantitatively affect the n- 
octanol-water partitioning of a given compound. For a more detailed treatment of 
this method including a discussion of its performance, we refer to the literature 
(Meylan and Howard, 1995). 

Using a large database of Kio, values, fragment coefficients and correction factors 
were derived by multiple linear regression (Tables 7.4 and 7.5 give selected values 
of fragment coefficients and of some correction factors reported by Meylan and 
Howard, 1995). For estimating the log Kio, value of a given compound at 25”C, one 
simply adds up all fragment constants,&, and correction factors, cj, according to the 
equation 

where nk and nj are the frequency of each type of fragment and specific interaction, 
respectively, occurring in the compound of interest. 

The magnitudes of the individual atom/fragment coefficients give us a feeling for 
the contribution of each type of substructural unit (e.g., a functional group) to the 
overall Kio, of a compound. Recall that in most cases, the effect of a given subunit on 
Kiow is primarily due to its effect on the aqueous activity coefficient of the 
compound, and to a lesser extent on ‘/io. First, we note that any aliphatic, olefinic, or 
aromatic carbon atom has a positive fragment coefficient and therefore increases log 
Kiow. For aliphatic carbons, the coefficient decreases with increased branching. This 
can be rationalized by the smaller size of a branched versus nonbranched compound 
resulting in reduced cavity “costs.” Furthermore, because of the higher polariza- 
bility of n-electrons, olefinic and aromatic carbon atoms have a somewhat smaller 
coefficient as compared to the corresponding aliphatic carbon. Except for alipha- 
tically bound fluorine, all halogens increase K,, significantly. This hydrophobic 
effect of the halogens increases, as expected, with the size of the halogens (i.e., 
I > Br > C1> F), and it is more pronounced for halogens bound to aromatic carbon as 
compared to halogens on aliphatic carbon. The latter fact can be explained by the 
interactions of the nonbonded electrons of the halogens with the n-electron system, 
causing a decrease in the polarity of the corresponding carbon-halogen bond. 

With respect to the functional groups containing oxygen, nitrogen, sulfur and 
phosphorus (see also Chapter 2), in most cases, such polar groups decrease log K,, 
primarily due to hydrogen bonding. This hydrophilic effect is, in general, more pro- 
nounced if the polar group is aliphatically bound. Again, interactions of nonbonded 
or z-electrons of the functional group with the aromatic n-electron system (i.e., by 
resonance, see Chapter 2) are the major explanation for these findings. Note that in 
the case of isolated double bonds, this resonance effect is smaller. It is only one-third 
to one-half of the effect of an aromatic system. 

As illustrated by the examples in Table 7.5, application of correction factors is 
necessary in those cases in which electronic and/or steric interactions of functional 
groups within a molecule influence the solvation of the compound. A positive 
correction factor is required if the interaction decreases the overall H-donor and/or 
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Table 7.4 Selected Atompragment Coefficients,f, for log Kio, Estimation at 25°C 
(Eqs. 7-15 and 7-16) a 

AtomFragment f k  Atompragment fk 

Carbon 
-CH3 
-CH2- 
-CH< 
>C< 
=CH2 
=CH- or =C< 
c a r  

0.55 
0.49 
0.36 
0.27 
0.52 
0.38 
0.29 

Halogens 
al-F 
ar-F 
al-C1 
01-c1 
ar-C1 
al-Br 
ar-Br 
al-I 
ar-I 

Aliphatic Oxygen 
al-0-a1 
al-0-ar 
ar-0-ar 
al-OH 

ar-OH 
al-0-(P) 
ar-0-(P) 

01-OH 

Heteroatoms in Aromatic 
Systems 
Oxygen 
Nitrogen in five-member ring 
Nitrogen in six-member ring 
Nitrogen at fused ring location 
Sulfur 

Phosphorus 
% P O  
3 p = s  

0.00 
0.20 
0.3 1 
0.49 
0.64 
0.40 
0.89 
0.81 
1.17 

-1.26 

0.29 
-0.47 

-1.41 
-0.89 
-0.48 
-0.02 

0.53 

-0.04 
-0.53 
-0.73 
0.00 
0.41 

-2.42 
-0.66 

Carbonyls 
al-CHO 
ar-CHO 
al-CO-a1 
01-CO-a1 
ar-CO-a1 
ar-CO-ar 
al-COO- (ester) 
ar-COO- (ester) 
al-CON< (amide) 
ar-CON< (amide) 
>N-COO- (carbamate) 
>N-CO-N< (urea) 
al-COOH 
ar-COOH 

-0.94 
-0.28 
-1.56 
-1.27 
-0.87 
-0.20 
-0.95 
-0.7 I 
-0.52 
0.16 
0.13 
1.05 

-0.69 
-0.12 

Nitrogen-Containing Groups 
al-NH2 
al-NH- 
al-N< 
ar-NH2, ar -NH-, ar-N< 
al-N02 
ar-N02 
ar-N=N-ar 
al-C-N 
ar-C=N 

Sulfur-Containing Groups 
al-SH 
ar-SH 
al-S-a1 
ar-S-a1 
al-SO-a1 
ar-SO-a1 
al-SO2-a1 
ar-S02-al 
al-S02N< 
ar-S02N< 
ar-S03H 

-1.41 
-1.50 
-1.83 
-0.92 
-0.81 
-0.18 

0.35 
-0.92 
-0.45 

-0.40 
0.05 

-2.55 
-2.1 1 
-2.43 
-1.98 
-0.44 
-0.21 
-3.16 

a Data from Meylan and Howard (1995); total number of fragment constants derived: 130; 
a1 = aliphatic attachment, 01 = olefinic attachment; ar = aromatic attachment. 
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Table 7.5 Examples of Correction Factors, cj, for log Ki, Estimation at 25°C 
(E~s. 7-15 and 7-16) 

Description cj Description Ci 

Factors Involving Aromatic Ring Substituent Positions 

o-OHI-COOH 1.19 o-N< /two arom. N 
o-OH/-COO-(ester) 1.26 o-CH3/-CON< (amide) 
o-N /-CON< (amide) 0.62 2 x o -CH3/-CON< (amide) 

o-OWtwo arom. N 0.90 o,m,p-N02/-OH or -N< 
0-N< /arom. N 0.64 p-OHICOO-(ester) 

o-OWarom. N 0.45 p-N/-OH 

Miscellaneous Factors 

More than one aliph. -COOH -0.59 Symmetric triazine ring 
More than one aliph. -OH 0.4 1 Fused aliphatic ring 
&Amino acid -2.02 connection 

1.28 
-0.74 
-1.13 
-0.35 
0.58 
0.65 

0.89 

-0.34 

Data from Meylan and Howard (1995); total number of correction factors derived: 235. 
o = ortho,m = metu,p =para substitution. See Illustrative Example 7.2. 

H-acceptor capability of the compound. The factor is negative, if the opposite is true. 
Examples of the former case are ortho-substitutions in aromatic systems leading to 
intramolecular H-bonding (e.g., -COOH/-OH; -COOR/-OH; -OH/-OH), or sub- 
stituents in any position that decrease the electron density at a polar group (e.g., -OH 
or -N< with -NO2). Examples in which negative correction factors have to be 
applied include ortho-substitutions in aromatic systems that cause a disturbance of 
the resonance of a polar group with the aromatic system (the attachment has a more 
aliphatic character, e.g., -CH3/-CONH2), or the presence of several polar groups 
leading to a higher overall polarity of the molecule. For a more comprehensive 
collection of all the 235 correction factors derived for this method, see the paper by 
Meylan and Howard (1995). Some examples of the use of Eq. 7-15 are given in 
Illustrative Example 7.2. 

Finally, one should recognize that if the log Ki ,  value of a structurally related com- 
pound (rel.compd) is known, the estimation expression is simplified and the 
accuracy of the result is improved using: 

lOgKi, =logK~ow(rel.compd)-I:~k .fk + x n k  *fk - x n j  *cj +Cnj*cj (7-16) 
k k j j 

fragments corrections 
removed added removed added 

Some applications of Eq. 7-16 are given in Illustrative Example 7.3. 
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Illustrative Example 7.2 

0 
II 

CH,-C-0-CH,-CH, 

ethyl acetate 

2- s-butyl-4,6-dinitrophenol 
(Dinoseb) 

Estimating Octanol-Water Partition Constants from Structure Using the 
Atom /Fragment Contribution Method 

Problem 

Estimate the K,,, values at 25°C of (a) ethylacetate, (b) 2,3,7,8-tetrachloro- 
dibenzodioxin, (c) the herbicide 2-s-butyl-4,6-dinitrophenol (Dinoseb), (d) the 
insecticide parathion, and (e) the hormone testosterone using solely the fragment 
coefficients and correction factors given in Tables 7.4 and 7.5 (Eq. 7-15). 

Answer (a) 

Fragment . f i x  

-CH, 0.55 
-CH,- 0.49 
al-COO-(ester) -0.95 

Answer (b) 

Fragment h x  

Car 0.29 
ar-C1 0.64 
ar-0-ar 0.29 

Answer (c) 

Fragment . f i x  

-CH, 0.55 
-CHz- 0.49 
-CH< 0.36 
Car 0.29 
ar-OH -0.48 
ar-NO, -0.18 

Corr. Factor cj x 

o,m,p-NOzlOH 0.58 

IZk = Value 

2 1.10 
1 0.49 
1 -0.95 

+0.23 

logK,, (est.) 0.87 
(exp.) 0.73 

IZk = Value 

12 3.48 
4 2.56 
2 0.58 

+0.23 

log Ki,, (est.) 6.85 
(exp.) 6.53 

IZk = Value 

2 1.10 
1 0.49 
1 0.36 
6 1.65 
1 -0.48 
2 -0.36 

= Value 

1 0.58 
+0.23 

log Ki,, (est.) 3.57 
(exp.) 3.56 

Note: Since it is not clear whether in the case of two nitro substituents the correction 
factor has to be applied twice, both scenarios have been calculated. Comparison 
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with the experimental value suggests that the correction factor has to be applicated 
only once. 

Answer (d) 

Fragment 
CH, - CH, - O-P- 

P 
y 2  

CH, 

parathion 

-CH, 
<H,- 
al-0-P 
P=S 
ar-0-P 
c a r  

ar-NO2 

testosterone 

Answer (e) 

Fragment 

-CH, 
-CH2- 
-CH< 
>C< 
=CH- or =C< 
al-OH 
01-CO-a1 

Con. Factor 

fused aliph 
ring.corr. 

f k x  

0.55 
0.49 

-0.02 
-0.66 
+0.53 

0.29 
-0.18 

h x  

0.55 
0.49 
0.36 
0.27 
0.38 

-1.41 
-1.27 

cj x 

-0.34 

nk = Value 

2 1.10 
2 0.98 
2 -0.04 
1 -0.66 
1 0.53 
6 1.74 

+0.23 

log Ki,, (est.) 3.70 
(exp.) 3.83 

1 -0.18 

nk 

2 
8 
4 
2 
2 
1 
1 

= Value 

1.10 
3.92 
1.44 
0.54 
0.76 

-1.41 
-1.27 

= Value 

6 -2.04 
+0.23 

log Ki,, (est.) 3.27 
(exp.) 3.32 

Illustrative Example 7.3 Estimating Octanol-Water Partition Constants Based on Experimental Ki,,’s 
of Structurally Related Compounds 

Problem 

Estimate the K,,, values at 25°C of the following compounds based on the expe- 
rimental K,,, values of the indicated structurally related compounds: (a) benzoic 
acid dimethylaminoethyl ester from benzoic acid ethyl ester (log K,,, = 2.64), 
(b) the insecticide methoxychlor from DDT (log K,,, = 6.20), (c) the insecticide 
fenthion from parathion [log K,,, = 3.83, see Ill. Ex. 7.2, Answer (d)], and (d) the 
hormone estradiol from testosterone [log K,,, = 3.32, see Ill. Ex. 7.2, Answer (e)]. 
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19 ,CH, Answer (a) u& 0- CH, - CH 2 q  - Fragment 
CH3 

Starting Kiow 
benzoic acid dimethylaminoethylester Add k H , -  

XH3 
al-N< 

Answer (b) 

C H 3 + - K Q - o c H 3  Fragment 

Starting Kiow 
Remove ar-C1 
Add -CH, 

methoxychlor 

al-0-ar 

f k x  nk = Value 

2.64 
0.55 1 0.49 
0.55 1 0.55 

-1.83 1 -1.83 

log Kiow (est.) 2.85 
(exp.) 2.06 

benzoic acid ethylester 

f k x  nk = Value 

6.20 
0.64 2 -1.28 
0.55 2 1.10 

-0.47 2 -0.94 

log Kiow (est.) 5.08 
(exp.) 5.08 

DDT 

Hence, by substitution of 2 chlorine atoms by two methoxy groups the Kiow value is 
lowered by one order of magnitude. Such insights are used by chemical manufactur- 
ers to adjust chemical properties to suit specific purposes. 

Answer (c) 

Fragment fk nk = Value 

Starting Kiow 3.83 
Remove -CH2- 0.49 2 -0.98 

ar-NO2 -0.1 8 1 +O. 18 
Add -CH, 0.55 2 +1.10 

ar-S-a1 0.05 1 1 +O 05 

log Kiow (est.) 4.18 
(exp.) 4.10 

P 
CH3 

fenthion 
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Answer (d) 

Fragment/ hlcj x 
Corr. Factor 

Starting K,, 
estradiol Remove -CH, 0.55 

-CH*- 0.49 
>C< 0.27 
=CH- or =C< 0.38 

hsed aliph. 

HO 

01-CO-a1 -1.27 

ring. con-. -0.34 

Add Car 0.29 
ar-OH 0.48 

nk/nj = Value 

3.32 
1 -0.55 
2 -0.98 
I -0.27 
2 -0.76 
1 +I .27 

2 +0.68 ? 

6 +1.74 

log Kio, (est.) 3.97 
or 3.29 

1 -0.48 

Dissolution of Organic Compounds in Water from Organic 
Liquid Mixtures-Equilibrium Considerations 

There are numerous cases of environmental contaminations in which we need to 
know how organic compounds present in liquid organic mixtures partition into an 
aqueous phase. Such cases include the dissolution of compounds from the mixtures 
into water from so-called light non aqueous phase liquids (LNAPLs, e.g., gasoline, 
diesel fbel, heating oil) or dense non aqueous phase liquids (DNAPLs, e g ,  coal tars, 
creosotes, chlorinated solvent mixtures, PCBs, hydraulic oils containing PCBs). The 
density distinction is made because if the liquid mixture density is greater than that 
of water, then the mixture tends to “fall” through water bodies and reside at loci like 
bedrock underlying aquifers or at river bottoms. In contrast, LNAPLs float on water 
tables or at the air-water interface. 

In this section, we evaluate the factors that determine the concentration of a given 
component of an LNAPL or DNAPL in an adjacent aqueous phase that is in 
equilibrium with the organic mixture. Hence, we consider a snapshot of the situation 
where we assume a constant composition of the liquid organic mixture. Of course, in 
reality, when exposed continuously to “clean” water, the composition of an LNAPL 
or DNAPL may change significantly with time, because a given mixture will 
become depleted in the more water-soluble compounds. Furthermore, depending on 
the contact time and contact area between the organic phase and the water, 
equilibrium may not be established. Therefore, a mass transfer approach has to be 
taken to describe the dissolution process. However, even for modeling the 
dissolution kinetics, the equilibrium partitioning of a given compound needs to be 
known to quantify the mass transfer gradient (see Part IV). 

As a starting point for describing the equilibrium partitioning of a given compound i 
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between a liquid organic mixture (subscript “mix”) and an aqueous phase (subscript 
“w”), we rewrite Eq. 7-1 as: 

XiW =x. . . y. . . y-1 1mx 1mx 1w 

or in terms of molar concentrations (Eq. 7-2): 

(7-17) 

(7-18) 

In order to calculate the aqueous concentration of compound i at equilibrium, one 
needs to know its mole fraction, ximix, in the mixture (or its molar concentration, 
Cimix, and the molar volume, vfix, of the mixture), as well as its activity coefficients 
in the organic (l/imix) and the aqueous (l/iw) phases. Very often, when dealing 
with complex mixtures, rfixis not known and has to be estimated. At a first 
approximation, this can be done from the density, pmix, of the liquid mixture, and by 
assuming an average molar mass, a,x, of the mixture components: 

- a,x v .  =- mx - 
Pfi* 

(7-19) 

For example, the molar mass of gasoline has been estimated as near 110 g . mol-’ and 
that of coal tar as near 150 g.mol-’ (Masters, 1998; Pice1 et al., 1988). 

Let us now consider the various factors that may influence the equilibrium partition- 
ing of an organic compound between an organic mixture and water. First, there are 
some cases in which the organic mixture originally contains a significant amount of 
a highly water-soluble compound that, at equilibrium with a water phase, may have 
dissolved to a great extent into the water leading to a cosolvent effect as discussed in 
Section 5.4. Prominent examples include the presence of oxygenated compounds 
such as methyl-t-butyl ether (MBTE), methanol, or ethanol in gasoline (Cline et al., 
1991; Poulsen et al., 1992; Heermann and Powers, 1998). We recall from Section 5.4 
that we can neglect the cosolvent effect in the water if the volume fraction of the 
organic solvent does not exceed 0.01 (1%). However, in some countries, by law, 
such polar compounds may make up 10 to 20% of the gasoline. In these cases, cosol- 
vent effects in the “aqueous” phase may be significant (for more details see, e.g., 
Heermann and Powers, 1998). To illustrate, the activity coefficient of naphthalene in 
a 20% ethanol/80% water mixture is 7 times smaller than in pure water (Table 5.8). 
In the following, we will focus on those cases for which we may assume that the 
effect of other dissolved mixture constituents on the aqueous activity coefficient of a 
given compound is minimal. Furthermore, we also neglect the effect of salts on xw 
(which has the opposite effect of a cosolvent, see Section 5.4, Eq. 5-28), which we 
would need to consider when dealing with the pollution of the marine environment 
or groundwater brines. Thus, for compounds for which xw Y::t (Section 5.2), we 
may substitute the term (yLw vw)-’in Eq. 7-18 by the liquid aqueous solubility, 
C;:‘(L), of the compound: 

- ciw = Cjmix ~ v,, . Emlx. cl;t (L) 
- 

or with ximix = Cimix. V,x : 

c, = Ximix. %mix.  CE‘ (L) 

(7-20) 

(7-21) 
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By rearranging Eq. 7-20, we may then also express the organic mixture-water parti- 
tion coefficient, K ~ x w ,  as: 

(7-22) 

Let us now evaluate in which cases we may, as a first approximation, assume that 
Raoult b law is valid. Said another way, in what cases may we set xmix in Eqs. 7-20 to 
7-22 equal to l?  From our earlier discussions on the molecular factors that determine 
the magnitude of the activity coefficient of an organic compound in an organic 
liquid, we would expect more or less ideal behavior, that is, yhix values not too 
different from 1 for (i) apolar compounds in mixtures in which the major com- 
ponents undergo primarily vdW interactions, and (ii) monopolar compounds in the 
same situation, but with the restriction that in the mixture there are no major 
constituents exhibiting a significant complementary polarity. As confirmed by 
experimental data and by model calculations using approaches such as the UNIFAC 
method (e.g., Peters et al., 1999b), examples meeting the above criteria include 
aliphatic hydrocarbons and BTEX compounds (Fig. 2.13) present in most gasolines 
and in other fuels (Cline et al., 1991; Hemptinne et al., 1998; Heermann and Powers, 
1998; Garg and Rixey, 1999), the components of mixtures of chlorinated solvents 
(Broholm and Feenstra, 1995), PAHs present in diesel fuels, coal tars, and creosotes 
(Lane and Loehr, 1992; Lee et al., 1992a,b), and PCB congeners present in pure PCB 
mixtures (e.g., Aroclor 1242) or in hydraulic oils consisting of other types of 
compounds [e.g., trialkylphenylphosphates (Luthy et al., 1997a); see also Illustra- 
tive Example 7.41. In all these cases, the y ~ x  values determined were found to meet 
the Raoult’s law criteria within less than a factor of 2 to 3, and, therefore, for 
practical purposes, xmix can be approximated as 1. 

We should note that, particularly for bipolar compounds such as, for example, cer- 
tain additives in gasoline (e.g., phenolic compounds, aromatic amines, see Chapter 
2), larger deviations from ideal behavior have to be expected (Schmidt et al., 2002). 
In addition, it should be pointed out that in mixtures containing major quantities of 
polar compounds, the activity coefficients of the various mixture compounds may 
change with time if these polar constituents are depleted during the dissolution pro- 
cess. Furthermore, when using organic mixture-water partition coefficients as de- 
fined by Eq. 7-22, changes in the molar volume of the mixture as a consequence of 
the preferential dissolution of the more water-soluble components may have to be 
considered. Finally, we should be aware that the preferential dissolution of more 
soluble compounds in a mixture leads to a higher concentration of the less soluble 
compounds and thus to increasing concentrations in the aqueous phase. This has to 
be taken into account when evaluating the long-term dynamics of complex organic 
mixtures in the environment (e.g., Mackay et al., 1996; Peters et al., 1999a). 
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Illustrative Example 7.4 Estimating the Concentrations of Individual PCB Congeners in Water that Is 
in Equilibrium with an Aroclor and an Aroclor/Hydraulic Oil Mixture 

0 Aroclor 1242 is a commercial PCB mixture with an average chlorine content of 
42%, an average molar mass @Armlor of about 265 g .  mol-’, and a density pAroclor 
of 1.39 g - c r r ~ - ~  at 25°C. Luthy et al. (1997a) have determined the composition of a 
pure Aroclor 1242 mixture, and they have measured the aqueous concentrations of 
some individual congeners established at 25°C in equilibrium with (a) the real 
Aroclor 1242 mixture and (b) a mixture of 5% (v/v) Aroclor 1242 in a hydraulic 
oil (Fyrquel 220) consisting of trialkyl-phenylphosphates (see margin), with an 
average molar mass @ ~ ~ ~ ~ ~ ~ l  of about 380 g * mol-’ at a density rFyrquel of 1.14 g -cm-3 
at 25°C. 

Rx\ J- -/R 9 
R 

Fyrquel220 

Chemical structure of Fyrquel220 
hydraulic oil (R is primarily n-bu- 

Problem 

Among the congeners investigated was 2,2’,5,5’-tetrachlorobiphenyl (TeClBP), 
which was determined to be present in the Aroclor 1242 mixture at about 3.2 mass 
percent (i.e., mass fraction m,Aroclor = 0.032 g, .g-aroclOr). The measured aqueous 
concentrations for this compound were 1.1 1 pg . L-’ (case a) and 0.10 pg . L-I 
(case b), respectively. Are these concentrations reasonable? What aqueous 
TeClBP concentrations would you have predicted from the above information, 
when assuming that Raoult’s law is valid in both cases? 

51) 

CI 

Q-Q / /  

CI CI 

i - 2,25,5’-tetrachlorobiphenyl 
(TeCIBP) 

Mi = 292.0 g . 
T, =86.5OC 
Cz = 1 o-’ mol . L- ’ 
(see Appendix C) 

Answer (a) 

Convert the mass fraction (miAroClor = 0.032) of TeClBP in the Aroclor 1242 mixture 
into the mole fraction by using the average molar mass, MArcolor, of 265 g . mol-I : 

(265) 
(292) 

- MAroclor - (0.032)- = 0.029 xi Aroclor - mi Aroclor . - - 
Mi 

Estimate the liquid aqueous solubility of TeClBP from its aqueous solubility using 
T,,, (Eqs. 5-13 and 4-41). The resulting C!i’(L) value is 3.5 x lo-’ mol-L-’. Insert 
this value together with the above calculated xi  Aroclor value and ‘yi Aroclor = 1 into 
Eq. 7- 19 to get the estimated aqueous concentration of TeClBP: 

Ci, = (0.029)( 1)(3.5 x = 1.0 x IO*rnol .L-’ 

or about 3 pg . L-’. This value is three times higher than the measured one, but it is well 
within the same order of magnitude. Since it is rather unlikely that the apolar TeClBP 
has a xAroclor value significantly smaller than 1, the discrepancy is more likely to be due 
to uncertainties in the measured mole fraction in the Aroclor 1242 mixture, in the 
aqueous concentration, and/or in the subcooled liquid solubility of TeClBP. 

Answer (b) 

Calculate the molar volumes of Aroclor 1242 and Fyrquel from the corresponding 
average molar masses and densities: 
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- 191 cm3 mol-' = 0.191 L-mol-' 
- 265 

1.39 
VAroclor = - - 

= 333 cm3 mol-' = 0.333 L . mol-' 
- 380 

1.14 VFyrquel = - 

Consider now one liter of the 5% (v/v) Aroclor/Fyrquel mixture. In this liter there 
are (0.05)/(0.191) = 0.262 moles total PCBs and (0.95)/(0.333) = 2.85 moles Fyrquel 
compounds, which yield a total number of 3.11 moles. The mole fraction of TeClBP 
in this mixture is then given by [recall that x~~~~~~~~ = 0.029, see Answer (a)]: 

= 0.0024 
(0.029) (0.262) 

(3.11) 
x. . z 

1 mx 

Insertion of this value together with Cf;' (L) = 3.5 x 
Eq. 7 -  19 yields 

mol .L-' and xmix = 1 into 

Ciw = (0.0024) (1) (3.5 x mo1.L-') = 8 x 1C9 mol-L-' 

or about 0.25 pg . L-'. Again, this value is about 3 times higher than the measured 
one, which is very consistent with the result obtained for the pure Aroclor 1242 
mixture. This suggests that the activity coefficients of TeClBP in Aroclor 1242 and 
in the Aroclor 1242/Fyrquel mixture are quite similar. From a molecular interaction 
point of view, this conclusion seems also reasonable, since the phosphate esters 
making up the Fyrquel mixtures are monopolar and exhibit about the same q values 
as the apolar PCBs (Abraham et al., 1994b). 

Questions and Problems 

Questions 

Q 7.1 

Give several reasons why it is important to know something about the partitioning 
behavior o f  a given compound between organic solvents and water. 

Q 7.2 

Which is(are) the dominating factor(s) determining the organic solvent-water 
partitioning o f  the majority of organic compounds of environmental concern? 

Q 7.3 

Why is the effect of temperature on organic solvent-water partitioning of organic 
compounds in many cases not very significant? What maximum I ArwHi 1 values 
would you expect? Give examples of solutes and organic solvents for which you 
would expect (a) a substantial positive (i.e., > 10 kJ.molF') and (b) a substantial 
negative (ie., <-I0 kJ.mol-') ArwHi value. 
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Q 7.4 

When comparing the Kirw values of the stimulant amphetamine for the solvents 
trichloromethane (chloroform, log Kicw = 2.20), n-octanol (log Kiow = 1.80), and 
n-heptane (log Kihw = 0.40), one can see that they differ quite substantially. Try to 
explain these differences. 

i = amphetamine 
(2-aminopropylbenzene) 

Q 7.5 

Imagine a compound for which AewGi is equal to zero (GZ = Gi",) in each of the 
solvent-water systems trichloromethane (chloroform)-water, n-octanol-water, and 
n-hexadecane-water. A friend of yours claims that the Kitw (= Cif / G,) values of 
such a compound are 0.22, 0.11 , and 0.06, respectively, for the three solvent-water 
systems. Another friend disagrees and claims that the Kiew values are all equal to 1. 
Who is right and why? 

Q 7.6 

What are the prerequisites for a successful estimation of Kiew (e.g., Kiow) by liquid 
chromatography? 

Q 7.7 

What are the major difficulties of any atodfragment contribution method for 
estimation of solvent-water partition constants from structure? 

Q 7.8 

What are the major factors determining the aqueous concentration of a constituent of 
a liquid organic mixture (LNAPL, DNAPL) that is in equilibrium with an aqueous 
phase? Explain Raoult's law and give some practical examples of (a) cases in which 
you can apply it to estimate the concentration of a given LNAPL or DNAPL 
constituent in water that is in equilibrium with the organic liquid, and (b) cases in 
which Raoult's law does not hold. 

Q 7.9 

When flushing a gasoline-contaminated soil in a laboratory column with clean 
water, Mackay et al. (1996) observed that after 5 pore volumes (i.e., after 5 times 
replacing the water in the column), the benzene concentration in the effluent 
decreased from initially 370 to about 75 ,ug . L-', while the 172-dimethylbenzene 
concentration increased from 1200 to 1400 pg .L-'. Try to explain these findings. 
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Problems 

P 7.1 Estimating Activity Coefficients of Organic Compounds in Organic 
Solvents 

Calculate the activity coefficients of (a) n-octane, and (b) aniline in water-saturated 
(see Table 5.1) n-hexane (yih), toluene (nt), diethylether (nd), chloroform (nc), 
n-octanol (no), and in water "/iw from the Kitw values given in Table 7.1. The aqueous 
solubilities of the two compounds are given in Appendix C. Compare and discuss the 
results. 

n-octane aniline 

P 7.2 Some Additional K,, Estimation Exercises Using the Atom/Fragment 
Contribution Method 

Estimate the Kio, values of the four compounds indicated below (a) by using only 
fragment constants and correction factors (Eq. 7-15), and (b) by starting with the 
K,, value of a structurally related compound (Eq. 7-16) that you choose from 
Appendix C. Discuss the results by comparing them with the indicated experimental 
K,, values. 

OYoH 
CI /aCl 

n-pentyl acetate 3,5-dichloro benzoic acid 
(exp. log Kiow = 2.23) (exp. log KiOw = 3.00) 

0 

II 

I 
CH,-0-P-0 

o y  
I 

CI CH, 

chlortoluron tolclofos-methyl 
(exp. log KiOw = 2.41) (exp. log K,,, = 4.56) 

P 7.3 Extraction of Organic Pollutants from Water Samples 

For analyzing organic pollutants in water, the compounds are commonly precon- 
centrated by adsorption, stripping (see Problem 6.6), or extraction with an organic 
solvent. You have the job to determine the concentration of 1-naphthol in a con- 
taminated groundwater by using gas chromatography. You decide to extract 20 mL 
water samples with a convenient solvent. In the literature (Hansch and Leo, 1979) 
you find the following Kirw value for a series of solvents: 
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Solvent ! log Kiew 

n-hexane 0.52 
benzene 1.89 

ethyl acetate (acetic acid ethyl ester) 2.60 
n-octanol 2.90 

trichloromethane (chloroform) 1.82 

Are you surprised to find such big differences in the Kifw values of 1 -naphtol for the 
various solvents? If not, try to explain these differences. You choose ethyl acetate as 
solvent for the extraction. Why not n-octanol? 

Now you wonder how much ethyl acetate you should use. Calculate the volume of 
ethyl acetate that you need at minimum if you want to extract at least 99% of the 
total 1-naphthol present in the water sample. Are you happy with this precon- 
centration step? Somebody tells you that it would be much wiser to extract the 
sample twice with the goal to get each time 90% of the total compound out of the 
water (which would also amount to 99%), and then pool the two extracts. How much 
total ethyl acetate would you need in this case? Finally, another colleague suggests 
to add 3.56 g NaCl to the 20 mL sample in order to improve the extraction efficiency. 
How much less ethyl acetate would be required in the presence of the salt? (Hint: 
Consult Table 5.7.) Is there any other effect that the addition of NaCl would have on 
the extraction, and is this effect favorable for the analytical procedure chosen? 

OH 

i = 1 -naphthol ethyl acetate 

P 7.4 A Small Accident in Your Kitchen 

In your kitchen ( T =  25°C) you drop a small bottle with 20 mL of the solvent 1,1,1- 
trichloroethane (methyl chloroform, MCF) that you use for cleaning purposes. The 
bottle breaks and the solvent starts to evaporate. The doors and the windows are 
closed. On your stove there is an open pan containing 2 L of cold olive oil. 
Furthermore, on the floor there is a large bucket that is filled with 50 L of water. The 
air volume of the kitchen is 30 m3. Calculate the concentration of MCF in the air, in 
the water in the bucket, and in the olive oil at equilibrium by assuming that the 
adsorption of MCF to any other phases/surfaces present in the kitchen can be 
neglected. Consider MCF as an apolar compound. You can find some important 
physical-chemical data in Appendix C and in Fig. 6.7. Comment on any assumption 
that you make. 

C& CI 

1,l.l-trichloroethane 
(methyl chloroform, MCF) 
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P 7.5 Evaluating Partition Constants of Chlorinated Phenols in Two Different 
Organic Solvent- Water Systems 

Kishino and Kobayashi (1 994) determined the n-octane-water (Kioct,) and 
n-octanol-water (Kio,) partition constants of a series of chlorinated phenols (see 
Table below). Plot the log K,,,, values versus the log K,, values of the 13 
compounds. Inspect the data and derive meaningfull LFERs of the type Eq. 7-7 for 
subsets of compounds. Discuss your findings in terms of the molecular interactions 
that govern the partitioning of the chlorinated phenols in the two different solvent- 
water systems. 

4 

chlorinated phenols 

compound 

1 Phenol 
2 2-Chlorophenol 
3 3-Chlorophenol 
4 4-Chlorophenol 
5 2,3-Dichlorophenol 
6 2,4-Dichlorophenol 
7 2,5-Dichloropehol 
8 2,6-Dichlorophenol 
9 3,5-Dichlorophenol 
10 2,4,5-TrichlorophenoI 
1 1 2,4,6-Trichlorophenol 
12 2,3,4,6-Tetrachlorophenol 
13 Pentachlorophenol 

-0.99 
0.74 

-0.31 
-0.41 

1.27 
1.21 
1.31 
1.48 
0.41 
1.76 
2.05 
2.58 
3.18 

1.57 
2.29 
2.64 
2.53 
3.26 
3.20 
3.36 
2.92 
3.60 
4.02 
3.67 
4.24 
5.02 

a Values given in Appendix C may differ somewhat from the ones determined 
by Kishino and Kobayashi (1994). 

P 7.6 Assessing the Dissolution Behavior of Gasoline Components 

Gasoline is a mixture of primarily aliphatic (>50%) and aromatic (- 30%) hydro- 
carbons with an average molar mass, Eg,,, of about 105 g.mol-' and a density of 
about 0.75 g.m-3 (Cline et al., 1991). In addition it contains a variety of additives 
including, for example, oxygenates (see Section 7 3 ,  antioxidants, corrosion 
inhibitors, detergents, antifreezing agents, dyes, and many more (Owen, 1989). 
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You are confronted with a gasoline spill underneath a gas station. Among the com- 
pounds that are of great concern with respect to groundwater pollution are benzene 
and 3,4-dimethylaniline (DMA). You know that the spilled gasoline contains 2 vol- 
ume percent benzene and 10 mg . L-' DMA. Furthermore, in the literature you find 
experimental gasoline-water partition coefficients (Eq. 7-22) of 300 L, . L-iasoline for 
benzene (Cline et al., 1991) and 30 L, -L&o,ine for DMA [determined by Schmidt et 
al. (2002) at pH8 where DMA is present primarily as neutral species (see Chapter 
8)]. Note that these coefficients have been determined for other brands of gasoline. 
Answer now the following questions. 

(a) Using the gasoline-water partition coefficients reported in the literature (see 
above), calculate the activity coefficients of benzene and DMA in the gasoline 
mixture of interest. Which of the two values do you trust more? 

(b) What benzene and DMA concentration would you expect in groundwater that is 
in equilibrium with a large pool of the spilled gasoline at 25°C (i.e., assume that the 
gasoline composition is not altered significantly by the dissolution of the 
components in the aqueous phase). 

(c) In the aqueous phase that is in equilibrium with the spilled gasoline, you measure 
a naphthalene concentration of 1 mg . L-'. How much naphthalene does the gasoline 
contain? Comment on any assumption that you make. 

You find all necessary data in Appendix C. 

Hint: To estimate the mole fraction of a given gasoline component from its volume 
fraction, use Eq. 5-34 by assuming a binary mixture of the component with a solvent 
that has the average molar volume of the whole gasoline mixture. 

benzene 3,4-dimethylaniline naphthalene 
(3,4-DMA) 
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Chapter 9 

SORPTION I: GENERAL INTRODUCTION AND SORPTION 
PROCESSES INVOLVING ORGANIC MATTER 
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9.2 Sorption Isotherms, Solid-Water Distribution Coefficients (Kid), and the 

Fraction Dissolved K.,) 
Qualitative Considerations 
Quantitative Description of Sorption Isotherms 
The Solid-Water Distribution Coefficient Kid 

Illustrative Example 9.1 : Determining Kid Values from Experimental Data 
Dissolved and Sorbed Fractions of a Compound in a System 
The Complex Nature of Kjd 

9.3 Sorption of Neutral Organic Compounds from Water to Solid-Phase 
Organic Matter (POM) 
Overview 
Structural Characteristics of POM Relevant to Sorption 
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Introduction 

The process in which chemicals become associated with solid phases is generally 
referred to as sorption. It is adsorption if the molecules attach to a two-dimensional 
surface, while it is absorption if the molecules penetrate into a three-dimensional 
matrix. This phase transfer process may involve vapor molecules or dissolved 
molecules associating with solid phases. 

Sorption is extremely important because it may dramatically affect the fate and 
impacts of chemicals in the environment. Such importance is readily understood if 
we recognize that structurally identical molecules behave very differently if they 
are: (a) in the gas phase or (b) surrounded by water molecules and ions as opposed to 
(c) clinging onto the exterior of solids or (d) buried within a solid matrix (Fig. 9.1). 
Clearly, the environmental transport of waterborne molecules must differ from the 
movements of the same kind of molecules attached to particles that settle. Also, 
transport of a given compound in porous media such as soils, sediments, and 
aquifers is strongly influenced by the compound’s tendency to sorb to the various 
components of the solid matrix. Additionally, only dissolved molecules are available 
to collide with the interfaces leading to other environmental compartments such as 
the atmosphere; thus phase transfers are controlled by the dissolved species of a 
chemical (Chapters 19 and 20). Similarly, since molecular transfer is a prerequisite 
for the uptake of organic pollutants by organisms, the bioavailability of a given 
compound and thus its rate of biotransformation or its toxic effect(s) are affected by 
sorption processes (Chapters 10 and 17). Furthermore, some sorbed molecules are 
substantially shaded from incident light; therefore, these molecules may not 
experience direct photolysis processes. Moreover, when present inside solid 
matrices, they may never come in contact with short-lived, solution-phase 
photooxidants like OH-radicals (Chapters 15 and 16). Finally, since the chemical 
natures of aqueous solutions and solid environments differ greatly (e.g., pH, redox 
conditions), various chemical reactions including hydrolysis or redox reactions may 
occur at very different rates in the sorbed and dissolved states (Chapters 13 and 14). 
Hence, we must understand solid-solution and solid-gas phase exchange 
phenomena before we can quantify virtually any other process affecting the fates of 
organic chemicals in the environment. 

Unfortunately, when we are dealing with natural environments, sorption is very 
often not an exchange between one homogeneous solution/vapor phase and a single 
solid medium. Rather, in a given system some combination of interactions may 
govern the association of a particular chemical (called the sorbate) with any 
particular solid or mixture of solids (called the soubent(s)). Consider the case of 
3,4-dimethylaniline (3,4-dimethyl aminobenzene, Fig. 9.2). This compound is a 
weak base with pKi, = 5.28 (see Illustrative Example 8.2); hence, it reacts in aqueous 
solution to form some 3,4-dimethyl ammonium cations. For the fraction of 
molecules that remain uncharged, this organic compound may escape the water by 
penetrating the natural organic matter present in the system. Additionally, such a 
nonionic molecule may displace water molecules from the region near a mineral 
surface to some extent and be held there by London dispersive and polar 
interactions. These two types of sorption mechanisms are general and will operate 
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Figure 9.1 Illustration of some 
processes in which sorbed species 
behave differently from dissolved 
molecules of the same substance. 
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dissolved organic molecules are more accessible to light, to other dissolved 
chemicals, and to microorganisms than sorbed molecules 

for any organic chemical and any natural solid. Additionally, since the sorbate is 
ionizable in the aqueous solution, then electrostatic attraction to specific surface 
sites exhibiting the opposite charge will promote sorption of the ionic species. 
Finally, should the sorbate and the sorbent exhibit mutually reactive moieties (e.g., 
in Fig. 9.2 a carbonyl group on the sorbent and an amino group on the sorbate), some 
portion of a chemical may actually become bonded to the solid. All of these 
interaction mechanisms operate simultaneously, and the combination that dominates 
the overall solution-solid distribution will depend on the structural properties of the 
organic sorbate and the solid sorbent of interest. 

In this and the following two chapters, we will focus on solid-aqueous solution and 
solid-air exchange involving natural sorbents. We will try to visualize the sets of 
molecular interactions involved in each of the above-mentioned sorption processes. 
With such pictures in our minds, we will seek to rationalize what makes various 
sorption mechanisms important under various circumstances. Establishing the 
critical compound properties and solid characteristics will enable us to understand 
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Figure 9.2 Some sorbent-sorbate 
interactions possibly controlling 
the association of a chemical, (3,4- 
dimethylaniline), with natural solids. 

when and to what extent predictive approaches for quantification of sorption may be 
applied. Ultimately, we should gain some feeling for what structural features of a 
chemical and what characteristics of solids (and solutions) are important to sorptive 
interactions. In this chapter, we will focus on sorption processes involving natural 
organic matter. In Chapter 10 we will address sorption to living media, that is, we 
will treat bioaccumulation. Finally, sorption from water to mineral surfaces and 
gas-solid phase transfers will be discussed in Chapter 11. To start out, we will first 
address some general aspects needed to quantify sorption equilibrium in a given 
system. Kinetic aspects of sorption processes will be treated in Chapter 19. 
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Figure 9.3 Various types of ob- 
served relationships between con- 
centrations of a chemical in the 
sorbed state, C,,, and the dissolved 
state, C,w. Note that similar rela- 
tionships apply to the sorption of 
gaseous compounds to solid sor- 
bents. 

Sorption Isotherms, Solid-Water Distribution 
Coefficients (Kid), and the Fraction Dissolved &,) 

Qualitative Considerations 

When we are interested in the equilibrium distribution of a chemical between the 
solids and solution present in any particular volume of an aquatic environment, we 
begin by considering how the total sorbate concentration, Cis (e.g., mol . kg-I), 
depends on chemical’s concentration in the solution, Ci, (e.g., mol .L-’). The 
relationship of these two concentrations is commonly referred to as a sorption 
isotherm. The name isotherm is used to indicate that this sorption relationship 
applies only at a constant temperature. 

Experimentally determined sorption isotherms exhibit a variety of shapes for 
diverse combinations of sorbates and sorbents (Fig. 9.3). The simplest case (Fig. 
9 . 3 ~ )  is the one in which the afinity of the sorbate for the sorbent remains the same 
over the observed concentration range. This is the so-called linear isotherm case. It 
applies to situations where partitioning into a homogeneous organic phase is 
dominating the overall sorption, and/or at low concentrations where the strongest 
adsorption sites are far from being saturated. The second types of behavior (Figs. 
9.3b and c) reflect those situations in which at higher and higher sorbate 
concentrations it becomes more and more difficult to sorb additional molecules. 
This occurs in cases where the binding sites become filled and/or remaining sites are 
less attractive to the sorbate molecules. In the extreme case (Fig. 9 . 3 ~ ) ~  above some 
maximum Cis value, all sites are “saturated” and no more additional sorption is 
possible. Isotherms of the type shown in Figs. 9.3b and c are encountered in studies 
of adsorption processes to organic (e.g., activated carbon) or inorganic (e.g., clay 
mineral) surfaces. Of course, in a soil or sediment, there may be more than one 
important sorbent present. Therefore, the overall sorption isotherm may reflect the 
superposition of several individual isotherms that are characteristic for each specific 
type of sorbent. When such a case involves an adsorbent (e.g., soot, clay mineral) 
exhibiting a limited number of sites with a high affinity for the sorbate (type (c) 
isotherm) that dominates the overall sorption at low concentrations, plus a par- 
titioning process (e.g., into natural organic matter; type (a) isotherm) predominating 
at higher concentrations, then a mixed isotherm is seen (Fig. 9.3b or 6). Likewise, 
superimposition of multiple adsorption isotherms results in a mixed isotherm 
looking like an isotherm of type (b) (Weber et al., 1992). 

Another case that is less frequently encountered involves the situation in which 
previously sorbed molecules lead to a modification of the sorbent which favors 
further sorption (Fig. 9.3e). Such effects have been seen in studies involving anionic 
or cationic surfactants as sorbates. In some of these cases, a sigmoidal isotherm 
shape (Fig. 9.3f) has been observed, indicating that the sorption-promoting effect 
starts only after a certain loading of the sorbent. 

In summary, depending on the composition of a natural bulk sorbent and on the 
chemical nature of the sorbate, multiple sorption mechanisms can act 
simultaneously and the resulting isotherms may have a variety of different shapes. 
We should note that it is not possible to prove a particular sorption mechanism 
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applies from the shape of the isotherm. Nevertheless, the isotherm type and its 
degree of nonlinearity must be consistent with the sorption mechanism(s) prevailing 
in a given situation. 

Quantitative Description of Sorption Isotherms 

A very common mathematical approach for fitting experimentally determined sorp- 
tion data using a minimum of adjustable parameters employs an empirical relation- 
ship known as the Freundlich isotherm: 

where KIF is the Freundlich constant or capacity factor [(e.g., Eq. 9-1 in (mol. kg-') 
(mol . L-')-nf)]; and n, is the Freundlich exponent. Note that for a correct thermo- 
dynamic treatment of Eq. 9-1 we would always have to use dimensionless activities 
of compound i in both the sorbed and aqueous phase in order to obtain a 
dimensionless Kz. However, in practice C,, and Ciw are expressed in a variety of 
concentration units. Therefore, KIF is commonly reported in the corresponding units, 
which also means that for n, f 1, KIF depends nonlinearly on the units in which C,, is 
expressed (see Illustrative Example 9.1 and Problem 9.5). 

The relationship Eq. 9-1 assumes there are multiple types of sorption sites acting in 
parallel, with each site type exhibiting a different sorption free energy and total site 
abundance. The exponent is an index of the diversity of free energies associated with 
the sorption of the solute by multiple components of a heterogeneous sorbent 
(Weber and Digiano, 1996). When n, = 1, the isotherm is linear and we infer constant 
sorption free energies at all sorbate concentrations (Fig. 9.3a); when ni < 1, the 
isotherm is concave downward and one infers that added sorbates are bound with 

' weaker and weaker free energies (Fig. 9.3b); finally when n, > 1, the isotherm is 
convex upward and we infer that more sorbate presence in the sorbent enhances the 

experimental data by linear regression of the logarithmic form of Eq. 9-1 (Fig. 9.4; 
see also Illustrative Example 9.1): 

I free energies of firther sorption (Fig. 9.3e). KiF and n, can be deduced from 
0 

log 4, 

Figure 9.4 Graphic representation 
of the Freundlich isotherm Eq. 9-2 
for the three cases n, > 1, n, = 1, and 

(9-2) 

< '. Note that nz and log KiF are If a given isotherm cannot be described by Eq. 9-2, then some assumptions behind 
obtained from the slope (n,) and 
intercept (log K , ~  indicated by the the Freundlich multi-site conceptualization are not valid. For example, if there are 
points at log C,, = 0) of the reg- limited total sorption sites that become saturated (case shown in Fig. 9 . 3 ~ ) ~  then C,, 
ression line. cannot increase indefinitely with increasing C,,. In this case, the Langmuir isotherm 

may be a more appropriate model: 

where rmax represents the total number of surface sites per mass of sorbent. In the 
ideal case, rmax would be equal for all sorbates. However, in reality, rmax may vary 
somewhat between different compounds (e.g., because of differences in sorbate 
size). Therefore, it usually represents the maximum achievable surface 
concentration of a given compound i (i.e., rmax = C,,,,,). The constant KiL, which is 
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commonly referred to as the Langmuir constant, is defined as the equilibrium con- 
stant of the sorption reaction: 

surface site + sorbate in aqueous solution & sorbed sorbate 

Note that in this approach, since KiL is constant, this implies a constant sorbate affin- 
ity for all surface sites. To derive KiL and Cis,,,, from experimental data, one may fit 

.C,,LX l/Ciw versus l/Cis: 

Figure 9.5 Graphic representation 
of the Lanrrmuir isotherm Ea. 9-4. 

1 1 
(9-4) 

., 
and use the slope and intercept to extract estimates of the isotherm constants (Fig. 9.5). 

There are many cases in which the relationship between sorbed concentrations and 
dissolved concentrations covering a large concentration range cannot be described 
solely by a linear, a Langmuir, or even a Freundlich equation (e.g., cases d andfin 
Fig. 9.3). In these cases, combinations of linear-, Langmuir-, and/or Freundlich-type 
equations may need to be applied (e.g., Weber et al., 1992; Xing and Pignatello, 
1997; Xia and Ball, 1999). Among these distributed reactivity models (Weber et al., 
1992), the simplest case involves a pair of sorption mechanisms involving 
absorption (e.g., linear isotherm with partition coefficient, Kip) and site-limited 
adsorption (e.g., Langmuir isotherm), and the resultant combined equation is: 

Note that Cis,,,, and K,L can be de- 
rived from the slope and intercept 
of the regression line (see also 
Illustrative Example 9.1). 

Another form that fits data from sediments known to contain black carbon (e.g., 
soot) uses a combination of a linear isotherm and a Freundlich isotherm (Accardi- 
Dey and Gschwend, 2002): 

C i s  = K j p C i w  + K~FC: (9-6) 

These dual-mode models have been found to be quite good in fitting experimental 
data for natural sorbents that contain components exhibiting a limited number of 
more highly active adsorption sites as well as components into which organic 
compounds may absorb (Huang et al., 1997; Xing and Pignatello, 1997; Xia and 
Ball, 1999). At low concentrations, the Langmuir or the Freundlich term may 
dominate the overall isotherm, while at high concentrations (e.g., KiL . Ciw n l), the 
absorption term dominates (see Section 9.3). 

The Solid-Water Distribution Coefficient, Kid 

To assess the extent to which a compound is associated with solid phases in a given 
system at equilibrium (see below), we need to know the ratio of the compound's 
total equilibrium concentrations in the solids and in the aqueous solution. We denote 
this solid-water distribution coefficient as Kid (e.g., in L.  kg-' solid): 

Lis K .  -- id - 
c i w  

(9-7) 
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(When writing natural solid-water distribution or partition coefficients, we will use 
a somewhat different subscript terminology than used for air-water or organic 
solvent-water partitioning; that is, we will not indicate the involvement of a water 
phase by using a subscript "w".) When dealing with nonlinear isotherms, the value 
of this ratio may apply only at the given solute concentration (i.e., if n, in Eq. 9-1 is 
substantially different from 1). Inserting Eq. 9-1 into Eq. 9-7, we can see how Kid 
varies with sorbate concentration: 

For practical applications, one often assumes that Kid is constant over some concen- 
tration range. We can examine the reasonableness of such a simplification by differ- 
entiating Kid with respect to Ciw in Eq. 9-8 and rearranging the result to find: 

So the assumption about the constancy Of Kid is equivalent to presuming either: (a) the 
overall process is described by a linear isotherm (n, - 1= 0), or (b) the relative concen- 
tration variation, (dCiw/Ciw), is sufficiently small that when multiplied by (n, - 1) the 
relative Kid variation, (dKjd/Kid), is also small. For example, if the sorbate concen- 
tration range is less than a factor of 10, when multiplied by (n, - 1) with an n, value of 
0.7, then the solid-water distribution coefficient would vary by less than a factor of 3 .  

Illustrative Example 9.1 

NO, 

1,4-dinitrobenzene (1,4-DNB) 

0.06 97 
0.17 24 1 
0.24 363 
0.34 483 
0.51 633 
0.85 915 
1.8 1640 
2.8 2160 
3.6 2850 
7.6 4240 

19.5 6100 
26.5 7060 

Determining Kid Values from Experimental Data 

A common way to determine Kid values is to measure sorption isotherms in butch 
experiments. To this end, the equilibrium concentrations of a given compound in the 
solid phase (Cis) and in the aqueous phase (C,J are determined at various compound 
concentrations and/or solid-water ratios. Consider now the sorption of 1,4- 
dinitrobenzene (1,4-DNB) to the homoionic clay mineral, K'-illite, at pH 7.0 and 
20°C. 1,4-DNB forms electron donor-acceptor (EDA) complexes with clay minerals 
(see Chapter 11). In a series of batch experiments, Haderlein et al. (1996) measured 
the data at 20°C given in the margin. 

Problem 

Using this data, estimate the K,,-values for 1,4-DNB in a K'-illite-water 
suspension (pH 7.0 at 20°C) for equilibrium concentrations of 1,4-DNB in the 
aqueous phase of 0.20 pM and of 15 pM, respectively. 

Answer 

Plot Cis versus Cjw to see the shape of the sorption isotherm (Fig. 1): 

For Kid at Ciw = 0.20 pM, assume a h e a r  isotherm for the concentration range 
0-0.5 pM. Perform a least squares fit of Cis versus C, using only the first four data 



284 Sorption I: Sorption Processes Involving Organic Matter 

Figure 1 Plot of Cis versus C,. The 
dotted line represents the fitted 
Langmuir equation (see below). 

Figure 2 Plot of log C,, versus log 
C,,using the whole data set. 
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points and the origin (see insert in Fig. 1). The resulting regression equation is: 

Cis = 1425 Ciw (R’ = 1.0) 

Hence, you get a I ( d  value (slope) of 1425 L.kg-’ that is valid for the whole 
concentration range considered (i.e., Ciw I 5  pM). 

For deriving Kid at C, = 15 pM, fit the experimental data with the Freundlich 
equation (Eq. 9.1). To determine the KiF and n, values use Eq. 9.2 (i.e., perform a 
least squares fit of log Cis versus log C, using all data points). 

The resulting regression here is: 

log Cis = 0.70 log Cjw + 2.97 (R’ = 0.98) 
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Figure 3 Plot of UCis versus l/C, for 
the data points with C, > 0.5 pM. 
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Hence, KiF = 102.97 2 1000 (pmol.kg-' ,uM-'.~') [see comment on units of KiF below 
Eq. 9-11 and ni = 0.70; therefore (Eq. 9-8): 

Kid = 1000. c,;0.3 
Insertion of Ciw = 15 pM yields a value of about 450 L . kg-'. 

Note that this K;d value is significantly smaller than the Kid obtained in the linear part 
of the isotherm (i.e., at low 1,4-DNB concentrations). Furthermore, as can be seen 
from Fig. 2, the Freundlich equation overestimates Cis (and thus Kid) at both the low 
and the high end of the concentration range considered. In fact, inspection of Fig. 2 
reveals that at very high concentrations, the IS'-illite surface seems to become 
saturated with 1,4-DNB, which is not surprising considering that only limited 
adsorption sites are available. In such a case, the sorption isotherm can also be 
approximated by a Langmuir equation (Eq. 9-3). 

To get the corresponding KiL and Cimaxvalues, use Eq. 9-4 (i.e., perform a least 
squares fit of l/Cis versus l/Cjw). Use only the data with Ciw > 0.5 pM to get a 
reasonable weighting of data points in the low and high concentration range. 

The resulting regression equation is: 

1 1 
- = 0.000753-+0.000152 ( R 2  = 0.99) 
Cis C i w  

yielding a C,,,, of 6600 pmol. kg-' and a KiL value of 0.201 L .,umol-'. At very low 
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concentrations (i.e., KiL. Ciw (( I), which includes C, = 0.20 pM, Kid is given by the 
linear relationship: 

K;d=KiL'C;max= (0.201) (6600)= 1.?20L.kg-' 

which is somewhat smaller than the K;d value determined from the linear regression 
analysis using only the first four data points (i.e., Kid = 1425 L. kg-', see above). This 
is not too surprising when considering that the Langmuir model assumes that all 
surface sites exhibit the same affinities for the sorbate. This is not necessarily the 
case, as it is likely that sites with higher affinities are occupied first. Therefore, a 
linear fit of data points determined at low concentrations can be expected to yield a 
higher apparent sorption coefficient as compared to the coeMicient calculated from 
nonlinear extrapolation of data covering a wide concentration rate. 

Inserting C, = 15 ,uM into Eq. 9-3 with the above derived KiL and C,,, values yields 
a Ci,valueof(6600)(0.201)(15)/[1+(0.201)(15)] =4950pmol.kg-', andthusaKidof 
4950 / 15 = 330 L . kg-'. This value is somewhat smaller than the one derived from 
the Freundlich equation (450 L . kg-'; see above). These calculations show that when 
estimating Kid values from experimental data, depending on the concentration range 
of interest, one has to make an optimal choice with respect to the selection of the 
experimental data points as well as with respect to the type of isotherm used to fit the 
data. 

Dissolved and Sorbed Fractions of a Compound in a System 

Armed with a Kid for a case of interest, we may evaluate what fraction of the com- 
pound is dissolved in the water,f;,, for any environmental volume containing both 
solids and water, but only these phases: 

Ciw . Vw 
Jw = ClWV, + C1,M, 

(9-10) 

where Vw is the volume of water (e.g., L) in the total volume vat, and M, is the mass 
of solids (e.g., kg) present in that same total volume. Now if we substitute the 
product Kid. C, from Eq. 9-7 for Cis in Eq. 9- 10, we have: 

C l W  v w  

Jw = CiwVw + KldCiwMs 

- v w  - 
v w  -I- KidMs 

(9-11) 

Finally, noting that we refer to the quotient, Ms/Vw, as the solid-water phase ratio, 
r,, (e.g., kg .L~-') in the environmental compartment of interest, we may describe the 
fraction of chemical in solution as a fimction of Kid and this ratio: 
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(9-12) 

Such an expression clearly indicates that for substances exhibiting a great affinity 
for solids (hence a large value of Kid) or in situations having large amounts of solids 
per volume of water (large value of r,,), we predict that correspondingly small 
fractions of the chemical remain dissolved in the water. Note the fraction associated 
with solids, As, must be given by ( 1-AW) since we assume that no other phases are 
present (e.g., air, other immiscible liquids). 

The fraction of the total volume, Go, , that is not occupied by solids, theporosity, 4, 
is often used instead of rsw to characterize the solid-water phase ratio in some 
environmental systems like sediment beds or aquifers. In the absence of any gas 
phase, 9 is related to parameters discussed above by: 

(9-13) 

where, V, , the volume occupied by particles, can be calculated fromMs/ps (where ps 
is the density of the solids and is typically near 2.5 kg L-' for many natural minerals.) 
Thus, we find the porosity is also given by: 

1 - - v w  9 =  v w  +Ms/p, l+&wlps 

and solving for r,, yields the corresponding relation: 

1-4 
9 

r,w = ps- 

(9-14) 

(9-15) 

Finally, in the soil and groundwater literature, it is also common to use still a third 
parameter called bulk density, A. Bulk density reflects the ratio, M,/V,, , so we see 
it is simply given by p, (1- 4). Thus, knowing bulk density we have r,, is equal to 
A/#. It is a matter of convenience whether r,,, 4 , or pb is used. 

The application of such solution- versus solid-associated speciation information 
may be illustrated by considering an organic chemical, say 1,4-dimethylbenzene 
(DMB), in a lake and in flowing groundwater. In lakes, the solid-water ratio is given 
by the suspended solids concentration (since Vw = yet), which is typically near lo4 
kg . L-'. From experience we may know that the Kid value for DMB in this case 
happens to be 1 L . kg-'; therefore we can see that virtually all of this compound is in 
the dissolved form in the lake: 

In contrast, now consider the groundwater situation; ps for aquifer solids is about 2.5 
kg .L-' (e.g., quartz density is 2.65 kg.L-'); @is often between 0.2 and 0.4. If in our 
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Figure 9.6 Illustration of the re- 
tardation of 1,4-dimethylbenzene 
(DMB) transport in groundwater 
due to: (1) reversible sorptive ex- 
change between water and solids, 
and ( 2 )  limiting transport of DMB 
to that fraction remaining in the 
flowing water. As dissolved mole- 
cules move ahead, they become 
sorbed and stopped, while mole- 
cules sorbed at the rear return to 
the water and catch up. Thus, over- 
all transport of DMB is slower than 
that of the water itself. 

particular groundwater situation $J = 0.2, and Y,, = 10 kg.L-', we predict that the 
fraction of DMB in solution, again assuming Kid of 1 L. kg-', is drastically lower 
than in the lake: 

1 0.09 
1 

1+10.1 
&,=----- 

So we deduce that only one DMB molecule out of 11 will be in the moving ground- 
water at any instant (Fig. 9.6). This result has implications for the fate of the DMB in 
that subsurface environment. If DMB sorptive exchange between the aquifer solids 
and the water is fast relative to the groundwater flow and if sorption is reversible, we 
can conclude that the whole population of DMB molecules moves at one-eleventh 
the rate of the water. The phenomenon of diminished chemical transport speed relative 
to the water seepage velocity is referred to as retardation. It is commonly discussed 
using the retardationfactor, Rf, which is simply equal to the reciprocal of the fraction 
of molecules capable of moving with the flow at any instant, A;' (see Chapter 25). 

Many situations require us to know something about the distribution of a chemical 
between a solution and solids. Our task then is to see how we can get Kid values 
suited for the cases that concern us. As we already pointed out above, these Kjd 
values are determined by the structures of the sorbates as well as the composition of 
the aqueous phase and the sorbents. 
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The Complex Nature of Kid 
The prediction of Kid for any particular combination of organic chemical and solids 
in the environment can be diEcult, but fortunately many situations appear reducible 
to fairly simple limiting cases. We begin by emphasizing that the way we defined Kid 
means that we may have lumped together many chemical species in each phase. For 
example, referring again to Fig. 9.2, we recognize that the total concentration of the 
dimethylaniline in the sorbed phase combines the contributions of molecules in 
many different sorbed forms. Even the solution in this case contains both a neutral 
and a charged species of this chemical. Thus, in a conceptual way, the distribution 
ratio for this case would have to be written as: 

where C,,, is the concentration of sorbate i associated with the natural organic 
matter (expressed as organic carbon) present (mol . kg-' oc) 

f,, is the weight fraction of solid which is natural organic matter 
(expressed as organic carbon, i.e., kg oc kg-' solid) 

Cimin is the concentration of sorbate i associated with the mineral surface 
(mol . m-2) 

Asurf is the specific surface area of the relevant solid 

CieX is the concentration of ionized sorbate drawn towards positions of 
opposite charge on the solid surface (mol . mol-' surface charges) 

oSudex is the net concentration of suitably charged sites on the solid surface 
(mol surface charges. m-2) for ion exchange 

C,, is the concentration of sorbate i bonded in a reversible reaction to the 
solid (mol . mol-' reaction sites) 

osurfrxn is the concentration of reactive sites on the solid surface (mol 
reaction sites. m") 

C i ,  neut is the concentration of uncharged chemical i in solution (mol . L-') 

C i ,  ion is the concentration of the charged chemical i in solution (mol . L-') 

All terms in Eq. 9-16 may also deserve further subdivision. For example, C,,,.f,, 
may reflect the sum of adsorption and absorption mechanisms acting to associate the 
chemical to a variety of different forms of organic matter (e.g., living biomass of 
microorganisms, partially degraded organic matter from plants, plastic debris from 
humans, etc.). Similarly, Cimin.Asurf may reflect a linear combination of the 
interactions of several mineral surfaces present in a particular soil or sediment with 
a single sorbate. Thus, a soil consisting of montmorillonite, kaolinite, iron oxide, 
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and quartz mineral components may actually have Cimin .A,, = C,,,, . a .Asurf + 
Cikao. b .Aswf + Ciiron o x .  c .Asurf + C,,,, . d.Asurf where the parameters a, b, c, and d are 
the area fractions exhibited by each mineral type. Similarly, Ci,, . om,. A,, may 
reflect bonding to several different kinds of surface moieties, each with its own 
reactivity with the sorbate (e.g., 3,4-dimethylaniline). For now, we will work from 
the simplified expression which is Eq. 9-16, primarily because there are few data 
available allowing rational subdivisions of soil or sediment differentially sorbing 
organic chemicals beyond that reflected in this equation. 

It is very important to realize that only particular combinations of species in the 
numerator and denominator of complex Kid expressions like that of Eq. 9-16 are 
involved in any one exchange process. For example, in the case of dimethylaniline 
(DMA) (Fig. 9.2), exchanges between the solution and the solid-phase organic 
matter: 

(9-17) 

reflect establishing the same chemical potential of the uncharged DMA species in 
the water and in the particulate natural organic phase. As a result, a single free ener- 
gy change and associated equilibrium constant applies to the sorption reaction de- 
picted by Eq. 9-17. Similarly, the combination: 

(9-18) 

would indicate a simultaneously occurring exchange of uncharged aniline molecules 
from aqueous solution to the available mineral surfaces. Again, this exchange is 
characterized by a unique free energy difference reflecting the equilibria shown in 
Eq. 9- 18. Likewise, the exchange of: 

(9-19) 

should be considered if it is the neutral sorbate which can react with components of 
the solid. Note that such specific binding to a particular solid phase moiety may 
prevent rapid desorption, and therefore such sorbate-solid associations may cause 
part or all of the sorption process to appear irreversible on some time scale of 
interest. 

So far we have considered sorptive interactions in which only the DMA species was 
directly involved. In contrast, it is the charged DMA species (i.e., anilinium ions) 
that is important in the ion exchange process: 
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(9-20) 

Of course, the anilinium ion in solution is quantitatively related to the neutral aniline 
species via an acid-base reaction having its own equilibrium constant (see Chapter 
8). But we also emphasize that the solution-solid exchange shown in Eq. 19-20 has 
to be described using the appropriate equilibrium expression relating corresponding 
species in each phase. The influence of each sorption mechanism is ultimately 
reflected by all these equilibria in the overall expression, and each is weighted by 
the availability of the respective sorbent properties in the heterogeneous solid (i.e., 
A,, o,, om, or the various Asurf values). By combining information on the individual 
equilibria (e.g., Eqs. 9-17 through 9-20) with these sorbent properties, we can 
develop versions of the complex Kid expression (Eq. 9-1 6) which take into account 
the structure of the chemical we are considering. In the following, we discuss these 
individual equilibrium relationships. 

Sorption of Neutral Organic Compounds from Water to 
Solid-Phase Organic Matter (POM) 

Overview 

Among the sorbents present in the environment, organic matter plays an important 
role in the overall sorption of many organic chemicals. This is true even for 
compounds that may undergo specific interactions with inorganic sorbent 
components (see Chapter 11). We can rationalize this importance by recognizing 
that most surfaces of inorganic sorbents are polar and expose a combination of 
hydroxy- and oxy-moieties to their exterior. These polar surfaces are especially 
attractive to substances like water that form hydrogen bonds. Hence, in contrast to 
air-solid surface partitioning (Section 11.2), the adsorption of a nonionic organic 
molecule from water to an inorganic surface requires displacing the water molecules 
at such a surface. This is quite unfavorable from an energetic point of view. 
However, absorption of organic chemicals into natural organic matter or adsorption 
to a hydrophobic organic surface does not require displacement of tightly bound 
water molecules. Hence, nonionic organic sorbates successfully compete for 
associations with solid-phase organic matter. 

Therefore, we may not be too surprised to find that nonionic chemicals show 
increasing solid-water distribution ratios for soils and sediments with increasing 
amounts of natural organic matter. This is illustrated for tetrachloromethane (carbon 
tetrachloride, CT) and 1,2-dichlorobenzene (DCB) when these two sorbates were 
examined for their solid-water distribution coefficients using a large number of soils 
and sediments (Fig. 9.7, Kile et al., 1995.) 

Note that the common analytical methods for determining the total organic material 
present in a sorbent often involve combusting the sample and measuring evolved 
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Figure 9.7 Observed increase in 
solid-water distribution ratios for 
the apolar compounds, tetrachlo- 
romethane (0) and 1,2-dichloro- 
benzene (A) with increasing or- 
ganic matter content of the solids 
(measured as organic carbon, hc, 
see Eq. 9-21) for 32 soils and 36 
sediments. Data from Kile et al. 
(1 995). 
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COz. Therefore, the abundance of organic material present is often expressed by the 
weight fraction that consisted of reduced carbon: 

mass of organic carbon 
total mass of sorbent 

foc = (kg oc . kg-' solid) (9-21) 

Obviously, it is actually the total organic mass consisting of carbon, hydrogen, 
oxygen, nitrogen, etc. within the solid phase that acts to sorb the chemical of interest 
(i.e., theh,,, in kg 0m.kg-l solid). Natural organic matter is typically made up of 
about half carbon (40 to 60% carbon); hence, fOm approximately equals 2 .f, and 
these two metrics are reasonably correlated. 

Returning to the sorption observations (Fig. 9.7), as the mass fraction of organic 
carbon&,, present in the solids approaches zero, the Kid values for both compounds 
become very small. Even at very lowf,, values (i.e.,f,, 0.001 kg oc.kg-' solid), 
sorption to the organic components of a natural sorbent may still be the dominant 
mechanism (see Chapter 11). 

In order to evaluate the ability of natural organic materials to sorb organic pollutants, 
it is useful to define an organic carbon normalized sorption coefficient: 

(9-22) 

where Cioc is the concentration of the total sorbate concentration associated with the 
natural organic carbon (i.e., mol-kg-' oc). Note that in this case, it is assumed that 
organic matter is the dominant sorbent; that is, Cis is given by C,,, . f,,, the first term 
in the numerator of Eq. 9-16. Clearly the value ofKjoc differs for tetrachloromethane 
and 172-dichlorobenzene (the slopes differ in Fig. 9.7), and it is generally true that 
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CT DCB 

log Kioc / (L - kg-loc) log Kioc/ (L - kg-‘oc) 

Figure 9.8 Frequency diagrams 
showing the variability in the log 
Kioc values of (a) tetrachlorome- 
thane (CT) and (b) 1,2-dichloro- 
benzene (DCB) for 32 soils (dark 
bars) and 36 sediments (light bars). 
The range ofLC values of the soils 
and sediments investigated is in- 
dicated in Fig. 9.7. Data from Kile 
et al. ( I  995). 

each chemical has its own “organic carbon normalized” solid-water partition coeffi- 
cient, Kim. 

The Kid value of a given compound shows some variation between different soils and 
sediments exhibiting the same organic carbon content (Fig. 9.7). This indicates that 
not only the quantity, but also the quality of the organic material present has an 
influence on Kid. Normalizing to the organic carbon contents of each soil and 
sediment, we can examine this variability for both tetrachloromethane and 1,2- 
dichlorobenzene sorbing to a variety of soils and sediments of very different origins 
(Fig. 9.8.) All the Kim values lie within a factor of about 2 (i.e., f 2 0  - f 0.3 log 
units). We should emphasize that these data include only Kim values determined in 
the linear range of the isotherms by a single research group. The data show that for 
these two apolar compounds, soil organic matter seems on average to be a somewhat 
poorer “solvent” as compared to sediment organic matter (Fig. 9.8). In fact, the 
average Kcroc values are 60 f 7 L . kg-‘ oc for the 32 soils and 100 f 11 L . kg-’ oc for 
the 36 sediments investigated; similarly the average KDCBoc values are 290 & 42 
L.kg-’ oc and 500 & 66 L.kg-’ oc, for the soils and sediments, respectively. 
Apparently, the sources of organic matter in terrestrial settings leave residues that 
are somewhat more polar than the corresponding residues derived chiefly in water 
bodies. Thus, variations in K,, may primarily reflect differences in the chemical 
nature of the organic matter. Using data from numerous research groups, Gerstl 
(1990) also examined the variability of log Kim values for 13 other nonionic 
compounds. He found the Kioc observations to be log normally distributed and to 
exhibit relative standard deviations for log Kioc values of about k lo- f 0.3 log units. 
An example is the herbicide atrazine, for which more than 200 observations were 
compiled (Fig. 9.9). DDT and lindane, two apolar compounds, exhibited similar 
variability in their log Kioc values as did atrazine. The variations can be attributed to 
the different methods applied by different groups and the variability in the 
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Figure 9.9 Frequency diagram 
illustrating the variability in the 
log Kioc values determined for 
atrazine for 217 different soil and 
sediment samples. The numbers on 
the X-axis indicate the center of a 
log K,,, range in which a certain 
number of experimental K,,, values 
fall. Data compiled by Gerstl 
(1990). 

Atrazine 

40 I 

1.3 1.7 2.1 2.5 2.9 3.3 3.7 

log K,,,/ (L - kg-loc) 

qualitative nature of the organic matter in the wide range of soils and sediments 
used. In sum, careful determinations of nonionic organic compound absorption into 
natural organic matter appear to yield log K,,, values to about ? 0.3 log units (-+ l o )  

1, 
AN I 'N I precision. 

H H 

atrazine Structural Characteristics of POM Relevant to Sorption 

Let us now consider what the organic materials in soil and sediment sorbents are. As 
has become evident from numerous studies (see e.g., Thurman, 1985; Schulten and 
Schnitzer, 1997; Hayes, 1998), the natural organic matter present in soils, sediments, 
groundwaters, surface waters, atmospheric aerosols, and in wastewaters may 
include recognizable biochemicals like proteins, nucleic acids, lipids, cellulose, and 
lignin. But also, these environmental media contain a menagerie of macromolecular 
residues due to diagenesis (the reactions of partial degradation, rearrangement, and 
recombination of the original molecules formed in biogenesis). Naturally, the 
structure of such altered materials will depend on the ingredients supplied by the 
particular organisms living in or near the environment of interest. Moreover, the 
residues will tend to be structurally randomized. For example, soil scientists have 
deduced that the recalcitrant remains of woody terrestrial plants make up a major 
portion of the natural organic matter in soils (e.g., Schulten and Schnitzer, 1997). 
Such materials also make up an important fraction of organic matter suspended in 
freshwaters and deposited in associated sediments. Similarly, marine chemists have 
found that the natural organic matter, suspended in the oceans at sites far from land, 
consists of altered biomolecules such as polysaccharides and lipids that derived 
from the plankton and were subsequently modified in the environment (Aluwihare 
et al., 1997; Aluwihare and Repeta, 1999). At intermediate locales, such as large 
lakes and estuaries, the natural organic material in sediments and suspended in water 
appears to derive from a variable mixture of terrestrial organism and aquatic 
organism remains. An often-studied subset of these altered complex organic 
substances are commonly referred to as humic substances if they are soluble or 
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extractable in aqueous base (and insoluble in organic solvents), and humin or kero- 
gen if they are not. The humic substances are further subdivided intofulvic acids if 
they are soluble in both acidic and basic solutions and humic acids if they are not 
soluble at pH 2. For a detailed overview of the present knowledge of humic 
materials, we refer to the literature (e.g., Hayes and Wilson, 1997; Davies and 
Gabbour, 1998; Huang et al., 1998; Piccolo and Conte, 2000). Here, we address only 
the most important structural features that are relevant to sorption of organic 
pollutants. 

First, we note that natural organic matter that potentially acts as a sorbent occurs in a 
very broad spectrum of molecular sizes from the small proteins and fulvic acids of 
about 1 kDa to the huge complexes of solid wood and kerogen (>> 1000 kDa). 
Furthermore, natural organic matter is somewhat polar in that it contains numerous 
oxygen-containing functional groups including carboxy-, phenoxy-, hydroxy-, and 
carbonyl-substituents (Fig. 9.10). Depending on the type of organic material 
considered, the number of such polar groups may vary quite significantly. For 
example, highly polar fulvic acids may have oxygen-to-carbon mole ratios (OK 
ratios) of near 0.5 (Table 9.1). More mature organic matter (i.e., organic matter that 
has been exposed for longer time to higher pressures and temperatures in buried 
sediments) have O K  ratios around 0.2 to 0.3, and these evolve toward coal values 
below 0.1 (Brownlow, 1979). These polar groups may become involved in H- 
bonding, which may significantly affect the three-dimensional arrangements and 
water content of these macromolecular media. Since many of the polar groups are 
acidic (e.g., carboxylic acid groups, phenolic groups) and because they undergo 
complexation with metal ions (e.g., Ca2+, Fe3+, A13+), pH and ionic strength have 
some impact on the tendency for the natural organic matter to be physically extended 
(when charged groups repulse one another) or coiled and forming domains that are 
not exposed to outside aqueous solutions. This may be particularly important in the 
case of “dissolved” organic matter (see Section 9.4). 

In summary, we can visualize the natural organic matter as a complex mixture of 
macromolecules derived from the remains of organisms and modified after their 
release to the environment through the processes of diagenesis. This organic matter 
exhibits hydrophobic and hydrophilic domains. There is some evidence that the 
aggregate state of the organic matter may include portions with both fluid and rigid 
character. Borrowing terms commonly used in polymer chemistry, the inferred fluid 
domains have been referred to as “rubbery,” and the more rigid ones as “glassy” 
domains (Leboeuf and Weber, 1997; Xing and Pignatello, 1997). Other nomen- 
clature uses the terms soft and hard carbon, respectively (Weber et al., 1992; Luthy 
et al., 1997b). The glassy domain may contain nanopores (i.e., microvoids of a few 
nanometers size) that are accessible only by (slow) diffusion through the solid phase 
(Xing and Pignatello, 1997; Aochi and Farmer, 1997; Xia and Ball, 1999; 
Cornelissen et al., 2000). This would result in slow sorption kinetics (Pignatello and 
Xing, 1996). Thus, the natural organic matter may include a diverse array of 
compositions, resulting in both hydrophobic and hydrophilic domains, and formed 
into both flexible and rigid subvolumes. This picture suggests nonionic organic 
compounds may both absorb into flexible organic matter and any voids of rigid 
portions, as well as adsorb onto any rigid organic surfaces. 
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Figure 9.10 (a) Schematic soil hu- 
mic acid structure proposed by 
Schulten and Schnitzer (1 997). 
Note that the "-" symbols stand for 
a linkages in the macromolecules 
to more of the same types of struc- 
ture. (b) Schematic seawater humic 
substances structure proposed by 
Zafiriou et al. (1984). (c) Sche- 
matic black carbon structure pro- 
posed by Sergides et al. (1987). 
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In addition to the natural organic matter present due to biogenesis and diagenesis, 
other identifiable organic sorbents, mostly derived from human activities, can 
be present (and would be included in an Ac measurement). Examples include 
combustion byproducts (soots and fly ash), plastics and rubbers, wood, and non- 
aqueous-phase liquids. The most potent among these other sorbents are various 
forms of black carbon (BC). Black carbon involves the residues from incomplete 
combustion processes (Goldberg, 1985). The myriad existing descriptors of these 
materials (soot, smoke, black carbon, carbon black, charcoal, spheroidal carbon- 
aceous particles, elemental carbon, graphitic carbon, charred particles, high-surface- 
area carbonaceous material) reflect either the formation processes or the operational 
techniques employed for their characterization. BC particles are ubiquitous in sedi- 
ments and soils, often contributing 1 to 10% of the&, (Gustafsson and Gschwend, 
1998). Such particles can be quite porous and have a rather apolar and aromatic 
surface (Table 9.1). Consequently, they exhibit a high affinity for many organic 
pollutants, particularly for planar aromatic compounds. Therefore significantly 
higher apparent Ki,, values may be observed in the field as compared to values that 
would be predicted from simple partitioning models (Gustafsson et al., 1997; Naes 
et al., 1998; Kleineidam et al. 1999; Karapanagioti et al., 2000). 

Another example involves wood chips or sawdust used as fills at industrial sites. 
Wood is also a significant component of solid waste, accounting for up to 25 wt% of 
materials at landfills that accept demolition wastes (Niessen, 1977). Wood is 
composed primarily of three polymeric components: lignin (25-30% of softwood 
mass), cellulose (40-45% of softwood mass), and hemicellulose (remaining mass) 
(Thomson, 1996). As has been shown by Severton and Banerjee (1996) and Mackay 
and Gschwend (2000), sorption of hydrophobic organic compounds by wood is 
primarily controlled by sorption to the lignin. This is not too surprising when 
considering the rather polar character of cellulose and hemicellulose as compared to 
lignin (compare Q/C and H/C ratios in Table 9.1). Also synthetic polymers such as 
polyethylene (Barrer and Fergusson, 1958; Rogers et al., 1960; Flynn, 1982; Doong 
and Ho, 1992; Aminabhavi and Naik, 1998), PVC (Xiao et al., 1997), and rubber 
(Barrer and Fergusson, 1958, Kim et al., 1997) and many others are well known to 
absorb nonionic organic compounds. If such materials are present in a soil, 
sediment, or waste of interest, then they will serve as part of the organic sorbent mix. 
Finally, a special organic sorbent that may be of importance, particularly, when 
dealing with contamination in the subsurface, is nonaqueous phase liquids (NAPLs, 
Hunt et al., 1988; Mackay and Cherry, 1989). These liquids may be immobilized in 
porous media and serve as absorbents for passing nonionic organic compounds 
(Mackay et al., 1996). In such cases we may apply partition coefficients as discussed 
in Section 7.5 (Eq. 7-22) to describe sorption equilibrium, but we have to keep in 
mind that the chemical composition of the absorbing NAPL will evolve with time. 

In conclusion, sorption of neutral organic chemicals to the organic matter present in 
a given environmental system may involve partitioning into, as well as adsorption 
onto, a variety of different organic phases. Thus, in general, we cannot expect linear 
isotherms over the whole concentration range, and we should be aware that 
predictions of overall K,,, values may have rather large errors if some of the 
important organic materials present are not recognized (Kleineidam et al., 1999). 
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Conversely, with appropriate site-specific information, reasonable estimates of the 
magnitude of sorption coefficients can be made (see below). 

Determination of Kioc Values and Availability of Experimental Data 

K,, values are available for a large number of chemicals in the literature. The vast 
majority of these Kioc's have been determined in batch experiments in which a 
defined volume of water is mixed with a given amount of sorbent, the resultant 
slurry is spiked with a given amount of sorbing compound(s), and then the system is 
equilibrated with shaking or stirring. After equilibrium is established, the solid and 
aqueous phases are mostly separated by centrifugation or filtration. In most studies, 
only the aqueous phase is then analyzed for the partitioning substance, and its 
concentration in the solid phase is calculated by the difference between the total 
mass added and the measured mass in the water. Direct determinations of solid phase 
concentrations are usually only performed to verify that other loss mechanisms did 
not remove the compound fi-om the aqueous phase (e.g., due to volatilization, 
adsorption to the vessel, and/or degradation). Kioc is then calculated by dividing the 
experimentally determined Kjd (= Cis / C,) value by the fraction of organic carbon, 
A,, of the sorbent investigated (Eq. 9-22). 

Of course, a meaningful Kioc value is obtained only if sorption to the natural organic 
material is the dominant process. This may be particularly problematic for sorbents 
exhibiting very low organic carbon contents. Also, solid-water contact times are 
sometimes too short to allow sorbates to reach all the sorption sites that are 
accessible only by slow diffusion (Xing and Pignatello, 1997); thus, assuming 
sorptive equilibrium may not be appropriate. This kinetic problem can be especially 
problematic for equilibrations that employ sorbate solutions flowing through 
columns containing the solids. Finally, errors may be introduced due to incomplete 
phase separations causing the presence of water (containing dissolved compound) 
with the solid phase, as well as colloids (containing sorbed compound) in the 
aqueous phase. Hence, the experimentally determined apparent solid-water 
distribution coefficient, Kt:", is not equal to the "true" K;d but is given by: 

(9-23) 

where Cis is the compound concentration on the separated particles (mol . kg-' 
solid) 

C;, is the compound concentration in the water (mol . L-') 

V,, is the volume of water left with the separated particles (L . kg-' solid) 

CiDoc is the compound concentration associated with colloids (mol . kg-' oc) 

[DOC] is the concentration of organic matter in the colloids (expressed as C) 
remaining with the bulk water (kg oc . L-') 

By dividing the numerator and denominator of Eq. 9-23 by Ciw, and then substituting 
C,/Ciw by Kid and CiDoc/Ciw by KiDOC, we may rewrite Eq. 9-23 as: 
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(9-24) 

The expression indicates that the apparent solid-water distribution coefficient will 
equal the “true” one only if V,, (( K;d and if KiDoc . [DOC] (( 1. For weakly sorbing 
compounds (low Kid), this equation suggests that the experimental Kl~pp, and thus 
Kzp , may be erroneously high. For compounds that do tend to sorb (high K,,,) and 
in situations where organic colloids are substantial (high [DOC]), batch 
observations of solid-water partitioning produce lower distribution coefficients than 
Kid. Note that these phase separation difficulties are probably one of the major 
explanations for the so-called “solids concentration effect” in which Kid appears to 
decrease with greater and greater loads of total solids and thus DOM colloids in 
batch sorption systems (Gschwend and Wu, 1985). Note also that these problems 
may also be important for other colloid-containing systems such as where sorption 
to clay minerals plays a major role (see Chapter 11). Finally, particularly in older 
studies, radiolabeled chemicals of poor purity were used, and this can also have an 
influence on the result (Gu et al., 1995). 

Considering all these experimental problems, as well as the natural variability of 
natural organic sorbents, it should not be surprising that Kjo, values reported in the 
literature for a given chemical may vary by up to an order of magnitude or even 
more. This is particularly true for polar compounds for which uncontrolled 
solution conditions like pH and ionic strength may also play an important role. 
Thus, when selecting a K;,, value from the literature, one should be cautious. In 
this context, it should be noted that Ki,, values are log-normally distributed 
(normal distribution of the corresponding free energy values), and therefore log 
Ki,, values, not Kj,, values, should be averaged when several different KjOc7s have 
been determined (Gerstl, 1990). 

For the following discussions, we will primarily use Kio, values from compilations 
published by Sabljic et al. (1995) and Poole and Poole (1999). According to these 
authors, the values should be representative for POM-water absorption (i.e., they 
have been derived from the linear part of the isotherms). Furthermore, many of the 
reported Kim’s are average values derived from data reported by different authors. 
Distinction between different sources of sorbents (e.g., soils, aquifer materials, 
freshwater, or marine sediments) has not been made. Nevertheless, at least for the 
apolar and weakly monopolar compounds, these values should be reasonably repre- 
sentative for partitioning to soil and sediment organic matter. 

Estimation of Kjoc values 

Any attempt to estimate a K,, value for a compound of interest (with its particular 
abilities to participate in different intermolecular interactions) should take into 
account the structural properties of the POM present in the system considered. To 
this end, the use of multiparameter LFERs such as the one that we have applied for 
description of organic solvent-water partitioning (Eq. 7-9) would be highly 
desirable (Poole and Poole, 1999). Unfortunately, the available data do not allow 
such analyses, largely due to the very diverse solid phase sources from which 
reported Kioc values have been derived. 
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Figure 9.11 Plot of log K,,, versus 
log KiOw for PAHs (+) and for a 
series of alkylated and chlorinated 
benzenes and biphenyls (PCBs) 
(A). The slopes and intercepts of 
the linear regression lines are given 
in Table 9.2. 
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Therefore, for estimates of K,,,'s it is more feasible to use compound class-specific 
LFERs. These include correlations of log K,,, with molecular connectivity indices 
(or topological indices; for an overview see Gawlik et al., 1997), with log C;G'(L) 
(analogous to Eq. 7-1 l), and with log K,,,. Although molecular connectivity indices 
or topological indices have the advantage that they can be derived directly from the 
structure of a chemical, they are more complicated to use and do not really yield 
much better results than simpler one-parameter LFERs using C;$t(L) or K,,, as 
compound descriptors. 

Since C:$t (L) and Ki,, can be related to each other (Eq. 7-1 1, Table 7.3), here we will 
confine ourselves to log Ki,, - log Ki,, relationships. Table 9.2 summarizes the 
slopes a and intercepts b derived for some sets of organic compounds by fitting: 

log Ki,, = a. log Ki,, + b (9-25) 

Note that the Ki,, values used tend to represent mostly absorption into soil and 
sediment POM. Therefore, any estimates using equations such as the ones given in 
Table 9.2 should be considered to be within a factor of 2 to 3. Furthermore, such 
LFERs should be applied very cautiously outside the log K,, - log Ki,, range for 
which they have been established. This is particularly critical for LFERs that have 
been derived only for a relatively narrow log Ki,, range (e.g., the phenyl ureas). 

Let us make some general comments on this type of LFER. First, reasonable 
correlations are found for sets of compounds that undergo primarily London 
dispersive interactions (Fig. 9.11 ; alkylated and chlorinated benzenes, chlorinated 
biphenyls). Good correlations are also found for sets of compounds in which polar 
interactions change proportionally with size (PAHs) or remain approximately 
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Figure 9.12 Plot of log K,,,, versus 
log K,,, for a alkylated and ha- 
logenated (R, = alkyl, halogen) 
phenylureas (R2 = R, = H; A, 
halogen, see margin below), phe- 
nyl-methylureas (R2 = CH3, R3 = 

H, n), and phenyl-dimethylureas 
(R2 = R3 = CH3, 0). The slope and 
intercept of the linear regression 
using all the data is given in Table 
9.2 (Eq. 9-261); each subset of 
ureas would yield a tighter cor- 
relation if considered alone (e.g., 
Eq. 9-26j). 
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constant (chlorinated phenols). These results are reasonable based on our previous 
discussions of organic solvent-water partitioning (Chapter 7). 

It should also be not too surprising that poorer results are obtained when trying to 
correlate sets of compounds with members exhibiting significantly different 
H-acceptor and/or H-donor properties. This is the case for the halogenated C,-, 
C2-, and C,-compounds. Combining the entire set leads to an R2 of only 0.68 (Eq. 
9-26d). Focusing on the chloroalkenes, the correlation is much stronger (R2 of 0.97 
although N is only 4); while for the polyhalogenated alkanes with and without 
bromine correlations are much more variable. This can be understood if we recall 
that compounds like CH,C12 exhibit H-donor and H-acceptor capabilities (e.g., for 
CHC1, a, = 0.10 and pi = 0.05) while C1,CCH3 has only H-acceptor ability (ai = 0, 
p, = 0.09) and CC1, has neither (Table 4.3). Hence, lumping such sets of compounds 
in a single-parameter LFER should yield variability as is seen. Such H-bonding 
variability also occurs within the large set of phenyl ureas that are used primarily 
as herbicides (some with -NH2, others with -NH-CH,, and finally some with 
-N(CH,),). In the case of the phenyl ureas, a significantly better correlation can be 
obtained for any subset of these compounds exhibiting consistent H-bonding on the 
terminal amino group (Fig. 9.12). Consequently, more highly correlated 
relationships with a single parameter like log Kio, are also found for these subsets 
(Table 9.2). These examples demonstrate that care has to be taken when selecting a 
set of compounds for the establishment of one-parameter LFERs. Hence, published 
LFERs relating log Kio, values to log K,, or related parameters (liquid aqueous 
solubilities or chromatographic retention times; see Gawlik et al., 1997, for review) 
should be checked to see that the “training set” of sorbing compounds have chemical 
structures that ensure that they participate in the same intermolecular interactions 
into the two partitioning media. 
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Kioe as a Function of Sorbate Concentration 

Let us now come back to the issue of linearity of the isotherm and dependency of Kid 
on the sorbate concentration. In numerous field studies in which both particle- 
associated and dissolved concentrations of PAHs are measured, apparent Ki,, values 
are up to two orders of magnitude higher than one would have predicted from a 
simple absorption model (Gustafsson and Gschwend, 1999). If a natural soil or 
sediment matrix includes impenetrable hydrophobic solids on which the chemical of 
interest may adsorb, the overall Kioc value must reflect both absorption into recent 
natural organic matter and adsorption onto these surfaces. 

We start out by considering the effect of such adsorption sites on the isotherms of 
apolar and weakly monopolar compounds. For these types of sorbates, hydrophobic 
organic surfaces and/or nanopores of carbonaceous materials are the most likely 
sites of adsorption. Such hydrophobic surfaces may be present due to the inclusion 
of particles like coal dust, soots, or highly metamorphosed organic matter (e.g., 
kerogen). Because of the highly planar aromatic surfaces of these particular materi- 
als, it is reasonable to assume that planar hydrophobic sorbates that can maximize 
the molecular contact with these surfaces should exhibit higher affinities, as com- 
pared to other nonplanar compounds of similar hydrophobicity. 

Let us evaluate some experimental data. To this end, we use a dual-mode model 
(Eq. 9-6). This model is a combination of a linear absorption (to represent the 
sorbate’s mixing into natural organic matter) and a Freundlich equation (as seen €or 
adsorption to hydrophobic surfaces or pores of solids like activated carbons): 

The value of the partition coefficient, Kip, is given by the product,foci(ioc, wheref,, 
and Ki,, apply only to the natural organic matter into which the sorbate can 
penetrate. The value of KiF is less well understood, but recent observations suggest it 
should be related to the quantity of adsorbent present (e.g., the fraction of “black 
carbon” in a solid matrix, fb,) and the particular compound’s black-carbon- 
normalized adsorption coefficient (e.g., KibC). Typical values of the Freundlich 
exponent are near 0.7. Hence, in a first approximation the data should fit: 

(9-27) 

Observations certainly fit this type of dual-mechanism model. For example, Xia and 
Ball (1999) recently examined the sorption of several organic compounds to an 
aquifer sediment. They measured that sediment’s&, to be 0.015. Using a literature 
value of the Kpyreneoc of 104.7 (Gawlik et al., 1997), it is clear that the pyrene sorption 
they observed greatly exceeded expectations based on only&, times Kpyrene oc (Figure 
9-13a). Subtracting this absorption contribution to the total Kpyrene ,, and using a 
recently reported value for Kpyrenebc of 106.5 (Bucheli and Gustafsson, 2000), the data 
indicate&, in this aquifer sediment contributed about 0.6% of the solid mass (a large 
fraction of that Miocene sediment’s remaining reduced carbon content). Using this 

f b c ,  the entire pyrene sorption isotherm was well fit using Eq. 9-27 (Figure 9- 13a). 
Moreover, fixing& at 0.006, the isotherms for the other sorbates tested by Xia and 
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and Accardi-Dey and Gschwend 9 
(2001). 2 -  

(b)  Holding&, at 0.006, values of 
KibC can be estimated for all the 1 

( 4 

1 2 3 4 5 6 7  other sorbates (all planar) tested on -1 1 10 100 

this aquifer sediment: benzene, log ciw / (yg.L-’) log Kiow 
chlorobenzene, 1,2-dichloroben- 
zene, naphthalene, 1,2,4-trichloro- 

chlorobenzene, phenanthrene, and 
pyrene. 

fluorene* ,2,475-tetra- Ball can be used to extract those compounds’ Kibc values in [(pg . kg-’ bc)(pg . L-’)-“i]. 
These data suggest that for planar sorbates a value of Kibc can be estimated via: 

log Kibc G 1.6 log Ki,, - 1.4 ( N =  9, R2 = 0.98) (9-28) 

Consistent with experience with adsorbents like activated carbons, the fitted KIbc 
values are greater for sorbates with larger hydrophobicities (Fig. 9.13b). Note that 
when using Freundlich isotherms, the KiF value depends nonlinearly on the units in 
which the concentration in the aqueous phase is expressed (see Problem 9.5). 

Neglecting the contribution of adsorption, especially for planar compounds and at 
low concentrations, may cause substantial underestimation of Kid. This is shown in 
Illustrative Example 9.2 for phenanthrene sorption to various soils and sediments 
(Huang et al., 1997). 

Illustrative Example 9.2 Evaluating the Concentration Dependence of Sorption of Phenanthrene to 
Soil and Sediment POM 

Huang et al. (1997) measured sorption isotherms for phenanthrene on 21 soils and 
sediments. All isotherms were nonlinear with Freundlich exponents ni (Eq. 9-1) 
between 0.65 and 0.9. For example, for a topsoil (Chelsea I) and for a lake sediment 
(EPA-23), interpolating the isotherm data yields the following “observed” sorbed 
concentrations, Cis, in equilibrium with dissolved concentrations, C,, of 1 pg . L-’ 
and 100 pg . L-I, respectively: 

Ciw c i s  

(Pug * L-I) (pg . kg-’ solid) 
Chelsea-I EPA-23 

1 3,200 1,700 
I00 9 1,000 5 1,000 
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i - phenanthrene 

log K,,, = 4.57 
log K,, = 4.3 

Problem 

Using Eq. 9-27, estimate the equilibrium solid phase concentrations, CIS, of 
phenanthrene for this topsoil and this sediment for aqueous concentrations, C,,, of 
1 and 100 yg.L-'. Compare these values with the concentrations obtained from 
interpolation of the sorption isotherms (see above): 

Answer 

For this nonionic, planar compound, you have to take into account both absorption 
to POM and adsorption to a high-affinity sorbent (e.g., black carbon). For Chelsea I 
soil, fOc was measured as 0.056 kg oc . kg-' solid. The fbc was not measured, but in 
sediment samples it is typically between I and 10% of thef,, (Gustafsson and Gsch- 
wend, 1998). Use the full range of 1 to 10% to see the possible impact of adsorption 
to black carbon (ie., fbc = 0.00056 to 0.0056 kg bc.kg-' solid). Assume 
n, = 0.7 and use Eq. 9-28 to estimate Klbc: 

log&,,= 1.6 10gKjo,- 1.4=(1.6)(4.57))- 1.4=5.9 

Insertion of&,, Ki,,,fbc, and KibC into Eq. 9-27 yields Cis values for Ciw=l and 100 
yg . L-', respectively: 

for C,, = 1 pg.L-': 

c, = (0.056)( 104.3)( 1) + (0.00056 to 0.0056)( 1)0.7 
= 1100 + (440 to 4400) = 1540 to 5500 y g  . kg-' solid 

(observed 3200 pg . kg-' solid) 

Note that a calculation based only on the product, fO&,, would underestimate the 
oberved values by about a factor of three. 

for C,, = 100 yg.L-': 

Cis = (0.056)( 104.3)( 100) + (0.00056 to 0.0056)( 105.9)( 
= 110,000 + (1 1,000 to 1 10,000) = 121,000 to 220,000 yg . kg-' solid 

(observed 9 1,000 pg . kg-' solid) 

In this case, the estimate based only onfo&ioc is very close to the experimental result, 
indicating that for high substrate concentrations partitioning into POM is the 
dominant sorption mechanism. 

For EPA-23 lake sediment, f,, was measured as 0.026 kg oc.kg-' solid. Again 
assuming the same K,,, and K,, values for phenanthrene and the same&, range, one 
obtains: 

for Ci, = 1 pg . L-' : 

Cis = 520 + (210 to 2100) = 730 to 2600 pg.  kg-' solid 
(observed 1700 pg . kg-' solid) 



Figure 1 Predicted versus experi- 
mental sorbed phenanthrene con- 
centrations for a series of soils and 
sediments. The diamonds indicate 
solids equilibrated with 1 pg . L-'; 
squares are for solids equilibrated 
with 100 pg  . L-I. 
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7 ,  

+ 1 pg-L-' 
T 

b I 0 100 pg.L-1 
Y 

+ 

n I I I I I I " 
0 1 2 3 4 5 6 7 

predicted log Cphenanthrene / @g.kg-' solid) 

and: 

for Ci, = 1 OO pg . L-' : 

Cis = 52,000 + (5200 + 52,000) = 57,000 to 104,000 pg . kg-' solid 
(observed 5 1,000 pg . kg-' solid) 

Hence, as for the Chelsea I topsoil,f,, .Kioc underestimates the observed sorption by 
about a factor of 3 at Ci, = 1 pg . L-', whereas at 100 pg . L-', sorption is dominated 
by POM-water partitioning. 

Predictions of sorbed phenanthrene concentrations equilibrated with 1 or 100 pg . L-' 
dissolved concentrations for all the soils and sediments (assuming f ,  = 0.05 f,,) 
examined by Huang et al. (1997) are shown in Fig. 1. Values for 100 pg.L-' fall 
somewhat below the extrapolation from 1 yg . L-' observations, indicating the shift 
from adsorption to absorption as the dominating mechanism. 

For compounds other than PAHs, unfortunately there are not enough data available 
that would allow a more general analysis of the concentration dependence of K,, 
values. Nevertheless, a few additional observations may give us some better feeling 
of the magnitude of this dependence. For example, for sorption of smaller apolar and 
weakly monopolar compounds (e.g., benzene, chlorobenzene, 1,2-dichIorobenzene, 
tetrachloroethene, dibromoethane) to soil (Chiou and Kile, 1998) or aquifer 
materials (Xia and Ball, 1999 and 2000), not more than a factor of 2 difference in K,, 
was found between low and high sorbate concentrations. A somewhat more 
pronounced effect (i.e., factor 2 to 3) was observed for sorption of the more polar 
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7 y 3  
herbicides atrazine (Sposito et al., 1996; for structure see Fig. 9.9) and diuron 

q N \  < CH3 (Spurlock and Biggar, 1 9 9 4 ~ ;  for structure, see margin) as well as for 
3,5-dichlorophenol to soil organic carbon (Chiou and Kile, 1998). Note again that in 
the case of polar compounds, other high-affinity sites present in POM may cause the CI 

CI diuron nonlinear sorption behavior. 

In summary, we should realize that, when applying Kioc values determined at high 
concentrations or derived from LFERs such as Eq. 9-26 (Table 9.2), we may 
underestimate equilibrium sorption at low concentrations (i.e., below 1% of the 
compound’s solubility) by a factor of 2 or more. Due to competition with other 
sorbates present in a natural system, the effect of specific adsorption could, however, 
be significantly attenuated (Chiou et al., 2000). Furthermore, the abundance of 
specific adsorption sites may be rather low in certain environments. Hence, in cases 
in which the effect can be expected to be moderate and in which we need only to get 
an order of magnitude estimate of K,,, we may decide to neglect the nonlinearity of 
the isotherm. In other situations, however, such as the PAH case discussed in 
Illustrative Example 9.3, adsorption to carbonaceous materials or other high-affinity 
sorbents present in significant abundances has to be taken into account. 

Illustrative Example 9.3 Estimating Pore Water Concentrations in a Polluted Sediment 

Commonly, we are interested in estimating the concentration of a chemical in the 
pore water of a sediment bed. For example, we may be concerned that a pollutant is 
diffusing out of a contaminated sediment bed into the overlying waters; the rate of 
this exchange will be proportional to the difference in dissolved concentrations in 
the pore water and the overlying water (see Chapter 19). Or we may be interested in 
the biouptake of the pollutants by invertebrates living in the bed (see Chapter lo). 
Such uptake may be proportional to the pore water concentrations, which 
themselves are proportional to the concentrations in the solids. 

Problem 

In a sediment core from Boston Harbor (off Spectacle Island, Massachussetts, 
USA), McGroddy et al. (1 996) measured sediment and pore water concentrations 
of pyrene and 2,2’,4,5,5’-pentachlorobiphenyl (PCB101). For a set of depths, she 
obtained the following values given below. Estimate the “mean” pore water 
concentrations of these two chemicals. Assume that& is 10% off,, in this area 
(Gustafsson and Gschwend, 1998). Neglect sorption of PCBl 01 to black carbon 
since this is not a planar molecule. 

Answer 

Rearranging Eq. 9-27 and solving for Cipore water (= Ciw) yields: 

Note that because of the nonlinearity of the Freundlich term, you may not isolate 
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Depth interval "6, Concentration in sediment 

surface) Pyrene PCBlOl 
(cm below (kg oc . kg-' solid) C,,/(pg. kg-' solid) @ / /  

pyrene 

lOgK,,,=513 6-8 0.035 1900 15 
log K,bc = 6.50 

K,bc in fJJg.kg-ibc)fJJg.Ll)-0.7 
(Bucheli and Gustafsson, 2000) 

8-10 

10-12 

0.034 

0.030 

1700 15 

22,30 2600,1600 

means 0.032 2000 20 
CI, C', 

Cip,, water. Therefore, to solve Eq. 1, you will have to guess the solution and revise 
your guess until you satisfy the equation. 

Estimate the K,,, values of the compounds from Ki,, (Eqs. 9-26b and 9-26a, 
respectively): 

CI CI 

2,2'.4.5,5-pentachlorobiphenyl 
(PCB101) 

log K,,, = 6 36 

pyrene: log Kioc= (0.98)(5.13)-0.32 = 4.7 

PCB101: log K,, = (0.74)(6.36)+0.15 = 4.9 

Insertion of Cis = 2000 pg . kg-' solid together withf,, = 0.032 and f b c  = 0.1 f , ,  = 

0.0032 and the appropriate Ki,, and Kibc values into Eq. 1 allows an estimate for 
pyrene via: 

C,,, (pg . L-') = 2000/[(0.032)( 104.7) + 0.003)( 106.5)(Cipore ,,,J 0.3 ] 

By trial and error, one may find Cjporewater G U.Zpg-L-', not too far from the 
measured value of 0.04 pg.L-' (McGroddy et al., 1996). Neglecting adsorption to 
black carbon would have yielded a much higher estimate: 

Ciporewater= 2000/[(0.032)(104.7)] = 1.2 pg.L-' 

For PCB 10 1, the pore water concentration at equilibrium is estimated to be: 

Ciporewater = 20/[0.032)(104.9)] = 0.008pg.L-' 

which is, again, quite similar to the measured value of 0.004 pg .L-' (McGroddy et 
al., 1996). 
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Effect of Temperature and Solution Composition on Kio, 

Temperature. Like organic solvent-water systems (Eq. 7-4), over a narrow tempera- 
ture range, we may express the temperature dependence of K,,, by: 

A P O M ~ H ~  1 
R T 

In Ki,, = - .- + const. (9-29) 

with: 

APOMWH~ = HgOM - H E  (9-30) 

where HIEoM and H; are the excess enthalpies of i in the sorbed phase (an average 
value) and in the aqueous phase, respectively. Previously (Table 5.3) we saw that for 
many small organic compounds, H: is relatively small. Significant negative 
deviations from zero can be expected primarily for small monopolar compounds 
(e.g., -20 to -30 kJ.mol-I) and large apolar compounds (e.g., +20 to 30 kJ.mo1-'). 
Note that HgoM represents the average excess enthalpy of the compound for the 
various sorption sites and may, therefore, also depend on the concentration range 
considered. Hence, at low concentrations where sorption to specific sites may 
dominate the overall K,,, (see above), HzOM may be different as compared to higher 
concentrations where partitioning is the major process. For sorption of apolar and 
weakly polar compounds to hydrophobic sites, including surfaces of carbonaceous 
materials, we may still assume that H,", is primarily determining A P O M ~  HI (Bucheli 
and Gustafsson, 2000). For polar compounds that may undergo H-bond interactions 
with specific sites present in POM, however, may change significantly with 
concentration. For example, for sorption of diuron and other phenylurea herbicides 
to soils, HgOM values were found to vary between about -40 to -50 kJ . mol-' at very 
low concentrations to f 10 kJ . mol-' at concentrations where nonspecific partitioning 
can be assumed to dominate the overall sorption (Spurlock, 1995). Since for these 
compounds, HE is about +10 kJ.mol-' (Spurlock, 1995), one obtains ALPOM~H, 
values of between -50 and -60 kJ. mol-' at very low concentrations, and between 
-20 and 0 kJ. mol-' for the high concentration range. Hence, as in many other cases, 
partition coefficients are rather insensitive to temperature, whereas adsorption 
coefficients increase by about a factor of 2 with a 10 degree decrease in temperature. 
Consequently, in such situations, one can expect that the nonlinearity of the isotherm 
increases with decreasing temperature. 

p H  and Ionic Strength. For sorption of apolar and weakly polar compounds to POM 
we may neglect the effect of pH and ionic strength on the sorption properties of the 
organic phase. However, particularly for higher salt concentrations, we may have to 
take into account the effect of salt on the activity coefficient of the compound in the 
aqueous phase. As discussed in Section 5.4 and applied to air-water partitioning in 
Chapter 6 (Eq. 6- 19), we may quantify this effect simply by: 

(9-3 1) 

K: values for seawater are given in Table 5.7 for a series of compounds. Using a 
typical value of 0.3 to 0.35 for PAHs and [salt],,, = 0.5 M for seawater, we can see 
that the presence of the salt will increase K,,, by a factor of about 1.5. 
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Organic Cosolvents. Sometimes we have to deal with the behavior of organic chem- 
icals present in aqueous solutions containing an appreciable amount of an organic 
cosolvent (see Section 5.4). Let us examine the effect of such organic cosolvents on 
the Ki,, value of a given compound by looking at sorption to POM simply as a parti- 
tioning process between water and a complex organic solvent exhibiting a molar 
volume vK and a density p,. Hence, by analogy to Eq. 7-2 we express KiOc as: 

(9-32) y i w  . v w  

yioc . v, . PIX 
Kim = - 

We can now evaluate how a given organic cosolvent will affect the various parame- 
ters in Eq. 9-32. In Section 5.4 we discussed the dependence of the activity coeffi- 
cient of a compound in a solvent-water mixture on the fraction of the cosolvent. We 
have seen that, depending on solute and cosolvent considered, this dependence may 
be quite complex (Figs. 5.6 and 5.7; Table 5.8). In the following discussion, we 
confine ourselves to rather small cosolvent concentrations (i.e.,f, < 0.2 to 0.3) for 
which we may assume a log-linear relationship (Eq. 5-32). We may then express the 
activity coefficient, yit, of compound i in the solvent-water mixture as: 

Yi[(f") = yjw -lO-":.f' (5-33) 

Inspection of Table 5.8 shows that for naphthalene, for a variety of organic cosol- 
vents, 0: varies between 2.0 (for glycerol) and 6.5 (for acetone). Recall that 0: is 
referred to as cosolvency power. Hence, in a 20% cosolvent-80% water mixture 
(i.e., f ,  = 0.2), Yie will be lower by a factor of between 2.5 (glycerol) and 20 
(acetone) as compared to "/iw. Considering this rather large effect, as a first approxi- 
mation, we may neglect the change in the molar volume of the solvent-water mix- 
ture, particularly when dealing with cosolvents with relatively small v, values. For 
example, the molar volume of a 20% methanol ( v, = 0.0406 L .mol-') - 80% water 
mixture is 0.02 L.mo1-' as compared to 0.018 L.mol-' for pure water (see Illustra- 
tive Example 5.5). Thus, if the cosolvent has no effect on the properties of the POM 
sorbent, the effect of the cosolvent on Ki,, (or Kid), could be described simply by: 

~ i , , s o l v / w  = Ki, . IO-"'~' (9-33) 

Note again that 0: depends both on the solute i and on the type of the cosolvent. 
Furthermore, o,C is not a constant and may vary depending on the&-range for which 
it has been determinated. In general, 0," will increase with increasingf, (e.g., Figs. 
5.6 and 5.7). 

Depending on the type of sorbate, sorbent, and cosolvent considered, we should not 
necessarily assume that the effect of the cosolvent on the sorption properties of the 
sorbent may be completely neglected. In order to account for this effect, the 
empirical model (Eq. 9-33) can be extended by introducing a second parameter a 
(Rao et al., 1985): 

K*oc,so'"/w = Kj, . lo-".":.fv (9-34) 

Note that a quantifies how the organic cosolvent changes the nature of the sorbent 
with respect to its quantity (e.g., by swelling and including cosolvent in the sorbent!) 
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and quality. Thus a will depend not only on the type of sorbent and cosolvent, but 
also on the type of compound (hence, we could also use a subscript i). Note that in 
the literature a is often assumed to be independent of the solute considered, which is 
reasonable when dealing with apolar compounds or structurally related compounds. 
Furthermore, because it is likely that the cosolvent has a different impact on the 
various different sorbents that may be present in a given environment (e.g., 
carbonaceous material versus humic components), a may vary withf, and even with 
solute concentrations. Nevertheless, at least for a “water-like” cosolvent such as 
methanol, the simple model Eq. 9-34 has been applied with reasonable success to fit 
experimental data, particularly for POM-water partitioning of nonpolar or weakly 
polar compounds. In most of the studies involving methanol as cosolvent, a has 
been found to be close to 1. That is, this cosolvent did not have a significant impact 
on the organic sorbent (Rao et al., 1990; Spurlock and Biggar, 1994b; Bouchard, 
1998). An example calculation is given in Illustrative Example 9.4. For more details 
we refer to the literature (e.g., Nkedi-Kizza et al., 1985; Fu and Luthy, 1986; Rao et 
al., 1990; Wood et al., 1990; Lee et al., 1993; Kimble and Chin, 1994; Nzengung et 
al., 1996; Lee and Rao, 1996; Bouchard, 1998). 

Illustrative Example 9.4 How Much Does the Presence of 20% Methanol in the “Aqueous” Phase 
Affect the Retardation of Phenanthrene in an Aquifer? 

Problem 

Consider the transport of phenanthrene in an aquifer exhibiting a porosity, 4 , of 
0.2, and an average density, ps, of the aquifer material of 2.5 kg so1id.L-I. 
Furthermore, assume that the average organic carbon content of the aquifer 
material is 0.5% (i.e.,foc = 0.005 kg oc. kg-’ solid). Calculate the retardation factor 
Rf, (i.e., A;’. see Section 9.2) of phenanthrene in this aquifer if the groundwater 
consists (a) of pure water, (b) of a 20% methanol/80% water volume mixture, and 
(c) of a 30% methanol/70% water volume mixture. 

Answer 

The retardation factor R, is given by (Eq. 9-12): 

i - phenanthrene 

Inserting the values for p, and 4 yields: 

R, = 1 + 10 (kg solid. L-I) f& (L . kg-l solid) (1) 

Case (a) 
Assume that partitioning to the POM is the major sorption mechanism. Use an 
average Ki,, value of 2 x lo4 L .  kg-’ oc to estimate Kid (Eq. 9-22): 
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Kid =f,. K,, = (0.005) (2 x lo4) = 100 L. kg-' solid 

Insertion of this value into Eq. 1 above yields an R, value of about I000 if the 
groundwater consists of pure water. 

Case (b) 
To estimate the effect of the methanol on Kid , assume that a is about 1 in Eq. 9-34. 
Get the olC value of phenanthrene from the PAH data summarized in Fig. 5.8 using 
(see figure caption): 

 log(^::^ Irs,"') = (0.0104) Kx -0.668 forfv,Me,, = 0.2 

(see also Illustrative Example 5.5, Answer (b)). 

In this case, 0' is given by (see also Section 5.4; Eqs. 5-30 and 5-31): 

The Vix of phenanthrene calculated by the method described in Box 5.1 is 145.4 cm3 
mol-', and, therefore: 

o,C = 0.84 / 0.2 = 4.2 

Insertion of this value into Eq. 9-35 with a = 1 yields: 

Hence, the 20% methanol lowers the apparent Kioc by a factor of about 7 ;  that is, 
R, z I40 instead of 1000 in the case of pure groundwater. 

Case (c) 
Use theo,"value derived above for the 0 to 20% methanol range. Note that in 
reality,o; may be somewhat larger at this higher methanol fraction. Insertion of 
0," = 4.2 into Eq. 9-35 with a = 1 andfY = 0.3 yields: 

Ki0c,30% MeOH = 0.055 Kioc 

which yields an R, value of 55. 
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Sorption of Neutral Compounds to “Dissolved” Organic 
Matter (DOM) 

“Dissolved” organic matter (DOM) is operationally defined as the organic 
material that passes a filter, commonly having pore size near 1 pm. DOM is 
usually quantified as “dissolved” organic carbon (DOC, mg C.L-’) since the 
organic matter is burned and the evolved carbon dioxide is actually quantified. In 
natural waters, DOM includes a wide range of constituents from truly dissolved, 
small molecules like acetate, to macromolecules such as humic acids, to filter- 
passing submicro-meter-sized particles such as viruses (Gustafsson and 
Gschwend, 1997). 

Qualitative Description of DOM-Solute Associations 

First let us consider some of the effects of DOM on the behavior of a given 
compound that can be observed in an aqueous solution. Very much as in the case of 
an organic cosolvent (Section 5.4), one can find that DOM enhances an organic 
compound’s apparent solubility (e.g., Chiou et al., 1986; Chin et al., 1997), and 
diminishes its air-water distribution ratio (Mackay et al., 1979; Brownawell, 1986). 
These effects are observed at DOC concentrations that are far below the concen- 
tration of any cosolvent required to produce a similar effect (e.g., 10 mg C.L-I). 
Furthermore, it has been demonstrated in various studies that the bioavailability of a 
given chemical in an aqueous solution, and thus its uptake by organisms (i.e., 
bioaccumulation, toxicity), may significantly decrease when DOM is added to the 
solution (e.g., Leversee et al., 1983; Traina et al., 1996; Haitzer et al., 1999; see also 
Chapter 10). Finally, it has been shown that due to interactions with DOM 
constituents, the light-processing characteristics of chemicals may be altered 
significantly. For example, it has been found that the presence of DOM diminishes 
the ability of polycyclic aromatic hydrocarbons (PAHs) to fluoresce (Gauthier et al., 
1986 and 1987; Backhus and Gschwend, 1990). In fact, this effect has even been 
used in various studies for quantifying the association of PAHs with DOM. 

Considering all these findings, it is reasonable to envision the interaction of 
organic pollutants with DOM primarily as a sorption process. That is, we consider 
at least some of the DOM constituents as a distinct nonaqueous organic phase. 
This is not surprising since filter-passing DOM certainly contains colloidal 
components (i.e., DOM that does not settle, but does form a “particle-like” 
medium). This picture is also consistent with the results of measurements of the 
mobility of a fluorinated probe molecule in DOM solutions using I9F-NMR 
(Hinedi et al. 1997). Hence, we can imagine that the most effective “DOM 
microsorbents” will be those that are able to accommodate a neutral organic 
chemical in a way that allows it to escape completely from the aqueous phase. We 
can look at such microsorbents as organic colloids, that is, as microparticles or 
macromolecules that are small enough to move primarily by Brownian motion, as 
opposed to gravitational settling. This means that the size of such colloids may 
range from about a nanometer to a micrometer in diameter. Based on this 
perception, the relevant DOM microsorbents in natural waters would include 
organic polymers as well as organic coatings on very small inorganic particles 
(e.g., aluminosilicates, iron oxides). 
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The K,, values for sorption of a given compound to DOM, which we will denote as 
KiDOC, will depend on the fraction of the DOM which is large enough to act as a 
sorbent (related to the molecular weight distribution of the DOM), as well as on the 
organic matter’s chemical structure (e.g., degree of aromaticity and presence of 
polar fimctionalities). 

Determination of K,,, Values and Availability of Experimental Data 

First, we need to comment on the available database and on the methods by which&,,, 
values are determined. Compared to soil-water or sediment-water systems, the 
determination of KLDoc values is somewhat more difficult because the organic and the 
aqueous phase cannot be easily separated. One separation approach uses dialysis 
techniques, where a solution containing the DOM is separated by a membrane from a 
solution containing the dissolved organic pollutant (Carter and Suffet, 1982; McCarthy 
and Jimenez, 1985). The membrane allows the organic compound of interest to diffuse 
through, but it must be impermeable for the (larger) DOM constituents. After 
equilibration, the partitioning substance is measured on both sides of the membrane and 
any “extra” concentration on the DOM-containing side is attributed to sorption to that 
DOM. The major drawback of this classic method ofKjDoc determination is the rather 
long time required to reach equilibrium between the two solutions, and the fact that 
some smaller DOM constituents may difise through the membrane. 

Therefore, various other techniques that do not require any separation of the DOM 
from the aqueous phase have been applied. These methods include solubility 
enhancement measurements (Chiou et al., 1986; Chin et al., 1997; Hunchack- 
Kariouk et al., 1997), measurements of the impact of DOM on the gas exchange 
behavior of the solute (i.e., “gas purge techniques”; Hassett and Milicic, 1985; Luers 
and ten Hulscher, 1996), fluorescence-quenching techniques (Gauthier et al., 1986; 
Backhus and Gschwend, 1990; Schlautman and Morgan, 1993; Kumke et al., 1994; 
Traina et al., 1996), and direct solid-phase microextraction (SPME) of the dissolved 
organic species (Porschmann et al., 1997; Doll et al., 1999). All of these methods 
have advantages and disadvantages. The solubility enhancement method is, in 
principle, applicable to any kind of compound, but it yields only one point of the 
sorption isotherm, that is, the KiDoc value at saturation. Furthermore, the formation 
of microcrystals and/or emulsions may create artifacts. With the gas purge method, 
a large concentration range may be covered, but the method is restricted to volatile 
and semivolatile compounds; more importantly, due to the continuous removal of 
the solute, equilibrium may not always be maintained. The advantages of the 
fluorescence-quenching and the SPME technique are that they can cover a large 
concentration range. Moreover, with care they do not disturb the system 
significantly during the measurement. The disadvantages of the fluorescence- 
quenching technique are that it is restricted to fluorescent compounds and that 
artifacts may be produced by dynamic quenching mechanisms. Finally, the 
drawback of the SPME method is that it yields optimal results only for compounds 
that can be extracted sufficiently into the polymer film on the fiber used to 
concentrate the solutes from the aqueous solution. 

To date, the majority of studies on the sorption of organic compounds to DOM have 
been conducted with PAHs. Therefore, in contrast to the situation found for soil, 
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phenanthrene 

pyrene 

aquifer, or sediment particulate organic matter, it is not possible to provide a 
database of KiDoc values for members of other compound classes. Nevertheless, the 
available data allow us to draw some important general conclusions concerning the 
major factors that govern sorption of apolar and weakly polar compounds to DOM. 
We should note that for these compounds, linear isotherms have been generally 
observed over the entire concentration range. 

DOM Properties Governing the Magnitude of K,,, 

Depending on the DOM considered, the KiDoc values of a given sorbate (e.g., PAHs 
like phenanthrene and pyrene) have been reported to vary by up to two orders of 
magnitude (Chin et al., 1997; Georgi, 1998; Laor et al., 1998; Haitzer et al., 1999; 
Kopinke et al., 1999). The size of the colloids or macromolecules, their 
conformation (coiled or extended), and their composition (e.g., aromaticity, type and 
number of polar groups) should influence sorption of neutral organic pollutants. 
Hence, in order to quantitatively describe the sorption characteristics of a given 
DOM, some quantitative measure of each of these bulk properties is required. 

Presently the most commonly used parameters include: (1) weight-averaged or 
number-averaged molecular weight, (2) molar UV-light absorptivities, E~(A), at a 
given wavelength (e.g., il = 254 nm or 280 nm), (3) degree of aromaticity deter- 
mined by 'H- and/or I3C-NMR, and (4) stoichiometric ratios of the various elements 
(i.e., H/C, H/O, O K ,  (N+O)/C) used to express the degree of saturation and the 
overall polarity of the DOM. Obviously, some of these parameters correlate with 
each other (Chin et al., 1994 and 1997; Haitzer et al., 1999). For example, the molar 
absorptivities at 254 or 280 nm also reflect the degree of aromaticity of a given 
DOM (see also Chapters 15 and 16). Furthermore, aromaticity and H/C ratio are 
(inversely) related. Finally, H/O, O K ,  and (N+O)/C all reflect the polarity of a given 
DOM, although they do not give any information on its H-donor and H-acceptor 
properties. Hence, when trying to relate KiDoc values to DOM properties, one has to 
be aware of possible cross-correlations. One should also be aware that these param- 
eters represent only a crude characterization of the DOM and are, therefore, not 
comparable to the parameters that we have used to describe the vdW and H-bonding 
interactions in the polyparameter LSER models of well-defined organic 
so1vents:water partitioning systems (Chapter 7). 

For now, we focus on bulk DOM parameters. Using pyrene as a common sorbate, 17 
different DOMs were tested for their ability to sorb this PAH at 25°C. Correlations 
of the resultant K,,,, values with the bulk properties of the DOMs were then sought 
(Chin et al., 1997; Georgi, 1998). For pyrene sorption, the molar absorptivities at 
280 nm (reflecting aromaticity) and the O/C ratio (reflecting overall polarity) were 
found to yield a significant correlation (Fig. 9.14): 

log Kpyrene,DOC / (L ' kg-' OC) = 

1.45 log ~ ~ ( 2 8 0  nm) / (L.mol-'oc.cm-')-1.70 (O/C)+1.14 (9-35) 

( N =  17, R2 = 0.89) 

It is interesting to note that the DOMs used for the derivation of Eq. 9-35 included a 
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Figure 9.14 Plot of calculated (Eq. 
9-35) versus experimental K,,,, 
values of pyrene (pH 7, 25°C) for 
17 different DOMs covering a 
wide range of molecular sizes, 
aromaticities, and polarities. Data 
from Chin et al. (1 997) and Georgi 
(1998). 

3 3.5 4 4.5 5 5.5 

experimental log (L-kg -’OC) 

wide variety of fulvic and humic materials from creeks, rivers, swamps, lakes, soils, 
and dump sites, as well as commercial humic acids. In addition, 6 of the 17 
Kpyrene,DOC values were determined by solubility enhancement (Chin et al., 1997), 
whereas the rest were measured by SPME (Georgi, 1998). 

Effect of pH, Ionic Strength, and Temperature on KiDoc 

pH and Ionic Strength. Because DOM constituents exhibit a rather large number of 
acidic (e.g., carboxylic acid, phenolic) and other polar groups that may dissociate 
and/or form complexes with metal ions (e.g., Na+, K’, Mg+, Ca2+, A13+), pH and 
major ion composition of the solution affect the sorption characteristics of a given 
DOM. When carboxyl groups are ionized, their electrostatic repulsions cause the 
DOM to spread out in solution. When divalent cations like calcium are bound to 
such functional groups, they enable bridging of like-charged groups and therefore 
cause the macromolecules to coil. The results of the limited number of studies on 
this subject demonstrate that these effects may be quite complex (Schlautmann and 
Morgan, 1993; Ragle et al., 1997; Georgi, 1998). Hence, depending on the nature of 
the DOM constituents, changes in pH and ion composition may or may not have a 
significant impact on the number of hydrophobic and hydrophilic domains that are 
relevant for sorption of a given neutral organic compound. Consequently, based on 
the very limited available data for PAHs, it is not possible to quantitatively predict 
the effect of solution composition on the K,,,, value of a given compound. 
Nevertheless, a few general comments on trends and magnitudes of such effects can 
be made. 

First, at low to moderate ionic strengths (i.e., I < 0.1 M), we may, as a first 
approximation, neglect the effect of dissolved salts on KiDoc for apolar and weakly 
polar compounds. Since there are very little data available for higher ionic strength, 
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it is not possible to draw any general conclusion for seawater. We recall, however, 
that at high salt concentrations, salting-out phenomena as described in Chapter 5 
also need to be taken into account. 

When considering the effect of pH, there is a general trend that the KiDoc values of 
apolar and weakly polar compounds decrease with increasing pH. This effect is 
more pronounced for larger compounds as compared to smaller compounds. Fur- 
thermore, the biggest effects are found for DOMs that consist primarily of smaller 
sized, highly polar constituents such as fulvic acids. In these cases, differences in 
KiDoc of large PAHs of up to a factor of 2 to 3 or even more have been measured 
between pH 4 and 10 (Schlautman and Morgan, 1993; Georgi, 1998). We can ratio- 
nalize these findings by envisioning an increase in the number of negatively charged 
functional groups with increasing pH; these may lead to the destruction of hydro- 
phobic DOM domains (e.g., by uncoiling of macromolecules and/or by disaggrega- 
tion of DOM components). For the larger and less polar humic acids, however, these 
effects are not very substantial. Therefore, particularly within the pH-range typically 
encountered in natural waters (i.e., pH 6 to 9), in many cases we neglect the effect of 
pH On KiDOC- 

Temperature. There are also very few experimental data available on the effect of 
temperature on DOM-water partitioning. As always, we examine the influence of 
temperature by considering the magnitude of the involved excess enthalpy terms in 
the context of an equation: 

ADOM~H, 1 
In KiDoc = - . - + const. 

R T 
(9-36) 

where AD OM^ Hi is the (average) standard enthalpy of transfer of i from water to the 
various DOM constituents and is given by: 

A D O M ~ H ~  = HEOM - HI", (9-3 7) 

ADoMw HI values of between -20 and -40 kJ .mol-' have been reported for six PAHs 
including fluoranthene and benzo(a)pyrene (Liiers and ten Hulscher, 1996). For 
such compounds ADOM~H, is likely dominated by the HE term. That is, we assume 
that HgOM is smaller since organic sorbate:organic sorbent interactions are more 
nearly ideal than organic so1ute:water interactions. The observed AD OM^ H, values 
are only slightly less negative than the corresponding negative H E  values. Hence, in 
most cases, KID,, will be only weakly to moderately temperature dependent, that is, 
less than a factor of 2 with a 10 degree change in temperature. Note that a negative 
AD OM^ H, value means that KID,, decreases with increasing temperature. 

LFERs Relating KID,,, Values to Kiow Values 

Analogous to the use of simple one-parameter LFERs for relating POM-water 
partition coefficients (Eq. 9-25, Table 9.2) for a given DOM, we may correlate 
log KiDoc values with log K,,, values: 

(9-38) 



Figure 9.15 Equilibrium sorption 
to a commercial humic acid (Roth- 
HA): Correlations (Eq. 9-38) be- 
tween log K,Doc and log K,,, for 
series of compounds including 
PAHs (open circles, log K,ooc = 

0.91 log K,,, + 0.16; R2 = 0.98), 
some arenes including biphenyls 
and trans-stilbene (closed tri- 
angles, log K,,,, = 0.94 log K,,, - 
0.29, R2 = 0.99), and alkanes (C, - 
CI,; open squares, log K,Do, = 0.80 
K,,, + 0.24, R2 = 0.98). Note that 
the units of K,,,, are L.kg-' oc. 
Data are from Georgi (1  998). 
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Figure 9.16 LFERs (Eq. 9-38) 
relating log KjDoc and log K,,, of a 
set of PAHs for seven different 
humic or fulvic acids. Note that 
the units of K,,,, are L . kg-' oc. 
Data from Georgi (1998). The 
slopes and intercepts of the various 
LFERs are (1) 0.91/0.16, (2) 0.84/ 
0.37, (3) 0.86/0.26, (4) 0.86/0.19, 
( 5 )  0.87/-0.12, (6) 0.79/0.06, (7) 
0.721-0.03. 
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Considering the complex structural features of DOM, we may expect to find good 
correlations only for confined sets of compounds exhibiting similar molecular 
interaction properties. This has been seen for the sorption of a series of PAHs, 
arenes, and alkanes to a commercial humic acid (Fig. 9.15). Note that linear 
isotherms were observed over the whole concentration range. The significant differ- 
ences in KiDoc between PAHs and alkanes exhibiting the same Ki,, value may be 
explained by the stronger vdW interactions of the PAHs with the aromatic structures 
of the humic acid and/or polar interactions of the PAHs with H-donor groups. 

When applying LFERs such as Eq. 9-38, the variability in compound properties 
and the structural variability of filter-passing natural organic matter are 
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important. The resultant KiDoc of a given compound may vary by more than one 
order of magnitude depending on the DOM considered. Hence, the slopes and 
intercepts of LFERs established for a given set of structurally related 
compounds (e.g., PAHs) for various DOMs, may be similar in some cases but 
may differ significantly in other cases (see examples given in Fig. 9.16). 
Nevertheless, because of the lack of more sophisticated approaches, in practice, 
simple LFERs such as Eq. 9-38 are presently the only means to make any 
reasonable predictions of KiDoc values. But dependable predictions (i .e~, within 
a factor of 2 to 3) can be expected only if an LFER is used that was established 
for a set of compounds and natural organic matter that is representative for the 
case considered (see Illustrative Example 9.5). 

Illustrative Example 9.5 Evaluating the Effect of DOM on the Bioavailability of Benzo(a)pyrene (BP) 

In a variety of studies, it has been shown that organic pollutants associated with 
DOM are not bioavailable to aquatic organisms (e.g., Leversee et al., 1993; Traina et 
al., 1996; Haitzer et al., 1999). Hence, the bioconcentrutionfuctor, BCFiDOC, of a 
given compound i in the presence of DOM can be expressed by: 

where BCF, is the bioconcentration factor determined in pure water (for definitions 
see Chapter 10) andJ;, is the fraction that is truly dissolved in the water (see Eqs. 
9-10 to 9-12). 

Problem 

In order to estimate how the bioavailability of benzo(a)pyrene (BP) is affected by 
DOM, you want to assess the speciation of this compound as a function of DOM 
quantity and quality. To this end, calculate the Lw value of BP for aqueous 
solutions (pH 7, 25°C) containing (a) 10 mg D0C.L-I and 100 mg D0C.L-', 
respectively, and (b) assuming DOM qualities as reflected by the LFERs #I  and 
#7 in Fig. 9.16 (see figure caption for slopes and intercepts). Note that DOM #I  
represents a humic acid that exhibits a high affinity for PAHs, whereas DOM #7 is 
a fulvic acid with a low affinity. Hence, the two DOMs may represent extreme 
cases with respect to sorption of apolar and weakly polar compounds in natural 
waters. 

Answer 

When setting rsw = [DOC] and Kid = KiDOc in Eq. 9-12, the fraction in dissolved form 
can be calculated by: 

1 
1 

I = benzo(a)pyrene (BP) j L W  = 
1 + [DOC]. K,,,, 

log K,,, = 6 13 
(see Appendix C) 

Calculate the maximum and minimum K,,,, for BP 

(1) 

by inserting its K,,, value into 
the LFERs #1 and #7, respectively: 
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max. value: 1ogKiDoc = (0.91) (6.13) + 0.16 = 5.74 

min value: log KiDoc = (0.72) (6.13) - 0.03 = 4.38 

Hence, KiDoc may vary between 2.4 x 1 O4 and 5.5 x 1 O5 L . kg-’ oc. Insertion of these 
values into Eq. 1 (above) yieldsJw values: 

for [DOC] = kg oc.L--’: between about 0.8 and 0.15 

for [DOC] = lo4 kg 0c.L-’: between about 0.3 and 0.02. 

This means that depending on the quantity and “quality” of the DOM present, 
between 2% (100 mg oc .L-’, high affinity DOM) and 80% (10 mg oc . L-’, low 
affinity DOM) of the total BP present may be bioavailable. 

More generally, this is the fraction of BP that is available for processes that only act 
on the dissolved species (e.g., air-water exchange, see Chapter 20). Hence, for a 
strongly sorbing compound such as BP, sorption to DOM may significantly 
influence this PAH’s environmental behavior. In such cases, one obviously needs to 
get a more accurate KiDoc value for the system considered. 

Sorption of Organic Acids and Bases to Natural Organic 
Matter (NOM) 

Effect of Charged Moieties on Sorption: General Considerations 

Depending on their pKia value(s), organic acids and bases may be partially or even 
fully ionized at ambient pH. When considering the sorption of ionized species, in 
addition to vdW and hydrogen bonding interactions, we also have to take into 
account electrostatic interactions with charged species present in natural sorbents 
(Fig. 9.2). These interactions are attractive if the charges of the sorbent and solute 
have opposite signs, and they are repulsive if both exhibit the same sign. 
Furthermore, some acid and base functions may also form chemical bonds with 
certain sorbent moieties (see example given in Fig. 9.2 and Eq. 9- 19). In these cases, 
quantification of sorption may become even more complicated, because the 
abundances and reactivities of such sorptive sites need to be quantified. We will 
discuss a few examples of such cases later in this section and in Chapter 1 1. Here we 
focus on the sorption of organic acids and bases to natural organic matter (NOM). In 
the following discussion we do not distinguish between sorption to DOM or POM. 
We quantify the overall sorption as a distribution ratio, Dioo since more than one 
dissolved and sorbed species may exist. 

At ambient pH values, NOM is negatively charged, primarily due to the presence of 
carboxylic acid groups. Therefore, bulk NOM primarily acts as a cation exchanger. 
This means we may expect that negatively charged organic species will sorb more 
weakly to NOM than their neutral counterparts. Nevertheless, in situations in which 
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Figure 9.17 Sorption of chlori- the anionic species predominates, its sorption to NOM may not always be neglected 
nated Phenols to sediment Organic (see below). For positively charged species, on the other hand, we may expect 

stronger association with NOM constituents as compared to the neutral compound. matter: D,, values determined for 
(a)  2,4,5-trichlorophenoI and (b) . ,  
pentachlorophenol- as a function 
ofpH. The solid line represents Eq. Sorption of Compounds Forming Anionic Species (Organic Acids) 
9-41, the dashed line Eq. 9-42. 
Data from Schellenberg et aI. When dealing with weak acids (e.g., phenolic compounds) that exhibit only one 
(1984). acidic group, we may generally derive D,, using (Schellenberg et al., 1984; Lee et 

al., 1990; Jahert, 1990; Severtson and Banerjee, 1996; Gundersen et al, 1997): 

Since the acid and its conjugate base in solution are related via (Chapter 8): 

(9-39) 

(9-40) 

we find: 

where KEt and K z  are the sorption coefficients for the neutral and the charged 
species, respectively, and a,, is the fraction of the compound in acidic (i~e., 
nondissociated) form (see Chapter 8): 

1 
1 + 10pH-pK'd 

- - 1 a. - 
la - 1 + K,, / {H+} 

(8-21) 

As pointed out above, we may assume that Kk- will, in general, be significantly 
smaller than KE:. This is clearly seen for sorption of 2,4,5-trichlorophenol = 

6.94) to sediment organic matter (Fig. 9 .17~) .  For this type of compound, sorption of 
the neutral species dominates D,, up to a pH of about 2 units above the pKj, of the 
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compound. Hence, up to this pH (pK,, +2), we may neglect sorption of the anion. The 
overall sorption to NOM simplifies to: 

Dj, = ai, . Ki"," (9-42) 

Note that when applying Eqs. 9-41 and 9-42 we assume that KLA and Kkdoes not 
significantly depend on the pH of the solution. 

At pH > - pKia + 2, particularly when dealing with hydrophobic acids such as 
pentachlorophenol (PCP, pKja = 4.79, the sorption of the anionic species may be 
important (Fig. 9.17b). In the case of PCP, the K E  value is about 500 L.  kg-' oc. 
This is somewhat less than 2 orders of magnitude smaller than the corresponding 
K I E  value. In this case, Eq. 9-4 1 fits the experimental data well (Fig. 9.17b). 

We should point out that when describing the sorption of an organic anion over a 
large pH-range, the pH dependence of K;",- has to be taken into account (Jafvert, 
1990). This is particularly important for highly acidic, amphiphilic compounds that 
are present exclusively as anions at ambient pH. A prominent example involves the 
linear alkylbenzene sulfonates (LASs) that are widely used detergents (see also 
Section 2.3). For these compounds, it was found that sorption to sediments 
(primarily to the organic matter present) decreased by almost an order of magnitude 
between pH 5 and 10 (Westall et al., 1999). Furthermore, sorption isotherms were 
nonlinear (ni < 1 in Eq. 9-1) and were also dependent on the major cation 
composition of the aqueous phase. This result is not too surprising when considering 
that the NOM constituents (as well as other surface sites, see Chapter 11) become 
increasingly negatively charged with increasing pH, thus making it more difficult to 
accommodate a negatively charged sorbate. Similarly, we can rationalize the 
increasing sorption found with increasing concentration of positively charged 
cations (e.g., Ca"). Besides the possibility of ion pair formation with the anionic 
sorbate forming a neutral or even cationic species more inclined to sorb, such cations 
may also complex with the anionic moieties of the NOM, reducing the negative 
charge and the electrostatic repulsion of the anionic sorbate (Westall et al., 1999). 
Furthermore, nonlinear sorption may be explained by both a limited number of sites 
for accommodation of negatively charged species as well as increasing electrostatic 
repulsion with increasing sorbate concentration. Hence, all of these factors need to 
be considered when dealing with the sorption of anionic species. For a more detailed 
treatment of this topic, we refer to the literature (e.g., Jafvert, 1990; Stapleton et al., 
1994; Westall et al., 1999). Finally, we should note that when dealing with sorption 
of surfactants such as the LASs, at higher concentrations, we also have to take into 
account the formation of micelles in solution as well as on surfaces (see Chapter 11). 

Sorption of Compounds Forming Cationic Species (Organic Bases) 

As mentioned above, sorption of the cationic form of an organic base to negatively 
charged sites in natural sorbents may dominate the overall sorption of the 
compound, at least over a certain pH-range. Examples of such cases include 
aliphatic and aromatic amines (Davis 1993; Lee et al., 1997; Fabrega et al., 1998), 
N-heterocyclic compounds (Zachara et al., 1986; Brownawell et al., 1990), and 
triorganotin compounds (Weidenhaupt et al., 1997; Arnold et al., 1998; Berg et al., 



324 Sorption I: Sorption Processes Involving Organic Matter 

Figure 9.18 Sorption of quinoline 
to Aldrich humic acid (AHA): 
Influence of pH on the overall 
DqDOc value (adapted from Nielsen 
et al., 1997). 
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2001; see also below). Because of the limited number of cation exchange sites 
present in a natural sorbent, sorption isotherms of the cationic species will be 
nonlinear and competition with other cations present (e.g., Na+, K', Mg2', Ca2', 
A13') may occur. Furthermore, except for the permanently negatively charged 
siloxane surfaces of clay minerals (see Chapter I l ) ,  the number of negatively 
charged sites present in a given natural sorbent is strongly pH-dependent. Hence, the 
quantitative description of sorption of organic cations to natural sorbents is a rather 
complex task. We will discuss some examples in more detail in Chapter 11. 

Here we confine ourselves to some observations of the sorption of organic bases to 
NOM. Consider the pH-dependence (Fig. 9.18) of the sorption of quinoline 
(subscript q, for structure, see margin) to Aldrich humic acid (AHA). In this case, the 
DqDoc value shows a maximum at about pH 5. This corresponds to the pKi, of the 
compound. At high pHs (i.e., pH > 7) when virtually all of the quinoline is in its 
nonionic form, the overall sorption is primarily determined by partitioning of this 

I 
H 

11 pK,,= 4.90 

ON> +H' .. 
quinoline 

neutral species (Q) to AHA: 

at high pHs [Qloc 

[Qlw 
QDOC ss - = K,Q,oc (9-43) 

With decreasing pH, the fraction of the cationic form of quinoline (QH') increases 
and the sorbed cations increase too. However, at the same time the number of 
negatively charged AHA moieties decreases. This leads to the maximum observed at 
pH 5. Now the partitioning reflects: 

(9-44) 

In this case, due to electrostatic interactions, the maximum D,,,, is about a factor of 
4 larger than the K,QDOc (see Eq. 9-43 for partitioning of the neutral species). 

An even more pronounced case involves the sorption of the two biocides, tributyltin 
(TBT) and triphenyltin (TPT) to AHA. Because of their very high toxicity toward 
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Figure 9.19 Aldrich humic acid 
(AHA)-water distribution ratio 
(Diwc) of TBT (A) and TPT (0) as 
a function of pH. Each point was 
determined from a sorption 
isotherm. Error bars are the 
standard deviation of the slope of 
the linear isotherm and of pH. The 
lines were calculated using the 
model described by Arnold et a]. 
(1998). The insert shows the 
speciation of TBT and TPT as a 
function of pH. Adapted from 
Arnold et al. (1997 and 1998). 
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aquatic organisms, TBT and TPT are of considerable environmental concern (Fent, 
1996). Again, sorption varies strongly with pH (Fig. 9.19). In these cases, the DiDoc 
at the pH corresponding to these compounds’ pKia values is enhanced by more than a 
factor of 10 over the partitioning of the neutral species (TBTOH, TPTOH). In fact, 
even at pH 8, where the abundance of TBT’ or TPT+ is very small, sorption of the 
cation was still found to dominate the overall sorption (Arnold et al., 1998). 

These findings can be rationalized by postulating an inner sphere complex formation 
(i.e., by ligand exchange of a water molecule) between the tin atom of the charged 
species and negatively charged ligands (i.e., carboxylate, phenolate groups) present 
in the humic acid. The observed pH dependence of the overall AHA-water 
distribution ratio of the two compounds could be described successhlly with a 
semiempirical, discrete log Kj spectrum model using four discrete complexation 
sites in AHA exhibiting fixed pKaj values of 4,6,8, and 10 (Fig. 9.19). Note that Ki is 
the complexation constant of TBT’ or TPT’, respectively, with the ligand typej [i.e., 
a carboxyl (p& = 4,6) or phenolate (pKa, = 8,lO) group]. For more details, refer to 
Arnold et al. (1998). 

We conclude this section by noting that sorption of charged species to NOM is 
generally fast and reversible, provided that no real chemical reactions take place that 
lead to the formation of covalent bonds (i.e., to “bound residues”; see chapter 14). 
This conclusion is based on experimental data and on the assumption that in aqueous 
solution the more polar NOM sites are more easily accessible as compared to the 
more hydrophobic domains. For charged species, we may, therefore, assume that 
equilibrium is established within relatively short time periods. Hence, for example, 
in the case of TBT and TPT, contaminated sediments may represent an important 
source for these highly toxic compounds in the overlying water column (Berg et al., 
2001). 
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Questions and Problems 

Questions 

Q 9.1 

Give five reasons why it is important to know to what extent a given chemical is 
present in the sorbed form in a natural or engineered system. 

Q 9.2 

What are the most important natural sorbents and sorption mechanisms for (a) 
apolar compounds, (b) polar compounds, and (c) ionized compounds? 

Q 9.3 

What is a sorption isotherm? Which types of sorption isotherms may be encountered 
when dealing with sorption of organic compounds to natural sorbents? Does the 
shape of a sorption isotherm tell you anything about the sorption mechanism(s)? If 
yes, what? If no, why not? 

Q 9.4 

Write down the most common mathematical expressions used to describe sorption 
isotherms. Discuss the meaning of the various parameters and describe how they can 
be derived from experimental data. 

Q 9.5 

Why is natural organic matter (NOM) such an important sorbent for all organic 
compounds? What types of organic phases may be present in a given system? What 
are the most important properties of NOM with respect to the sorption of organic 
compounds? 

Q 9.6 

How is the K,,, (K, I~oc)  value of a given compound defined? How large is the 
variability of K,,, (K,,,,) for (a) different particulate organic phases (POM), and (b) 
different “dissolved” organic phases (DOM)? Which are the major structural factors 
of POM or DOM that cause this variability? 

Q 9.7 

As noted in Section 9.3 (Fig. 9 . Q  the average K,,, values of 1,2-dichlorobenzene 
determined by Kile et al. (1 995) for uncontaminated soil-water and sediment-water 
partitioning are about 300 and 500 L . kg- ’ oc, respectively. However, for heavily 
contaminated soils and sediments, these authors found significantly higher K,,, 
values (700 - 3000 L.kg-’ oc), although isotherms were linear over a wide 
concentration range. Try to explain these findings. 

Q 9.8 

How do (a) pH, (b) ionic strength, and (c) temperature affect the sorption of neutral 
organic compounds to dissolved and particulate organic matter? Give examples of 
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compound+rganic phase combinations in which you expect (i) a minimum, and 
(ii) a maximum effect. 

Q 9.9 

How does the presence of a completely miscible organic cosolvent (CMOS) affect 
the speciation of an organic compound in a given environment (e.g., in an aquifer)? 
What are the most important parameters determining the effect of an organic 
cosolvent? How can this effect be quantified? 

Q 9.10 

What is the major difference between the sorption of neutral and the sorption of 
charged organic species to NOM? Qualitatively describe the pH dependence of the 
NOM-water partitioning of (a) an organic acid, and (b) an organic base. 

Problems 

P 9.1 What Fraction ofAtrazine Is Present in Dissolved Form? 

Atrazine is still one of the most widely used herbicides. Estimate the fraction of total 
atrazine present in truly dissolved form (a) in lake water exhibiting 2 mg POC . L-’, 
(b) in marsh water containing 100 mg so1ids.L-’, if the solid’s organic carbon 
content is 20%, and (c) in an aquifer exhibiting a porosity of 0.2 by volume, a density 
of the minerals present of 2.5 kg.L-’, and an organic carbon content of 0.5%. 
Assume that partitioning to POM is the major sorption mechanism. You can find Ki,, 
values for atrazine in Fig. 9.9. Comment on which value(s) you select for your 
calculations. 

CI 
I 

H H 

atrazine 

P 9.2 Estimating the K,, Value of Isoproturon from Kio,’S of Structurally 

Urea-based herbicides are widely used despite the concern that they may contami- 
nate groundwater beneath agricultural regions. You have been asked to evaluate the 
sorption behavior of the herbicide isoproturon in soils. 

Related Compounds 

I isoproturon 

Unable to find information on this specific compound, you collect data on some 
structurally related compounds: 
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4-methyl 1.33 1.51 

3,5 -dimethyl 1.90 1.73 

4-chloro 1.94 I .95 

3,4-dichloro 2.60 2.40 

3-fluoro 1.37 1.73 

4-methox y 0.83 1.40 

What K,,, do you estimate for isoproturon? Do you use all compounds for deriving 
an LFER? 

P 9.3 Evaluating tlze Transport oj1,2-Dichloropropane in Groundwater 

A group of investigators from the USGS recently discovered a large plume of the 
soil fumigant 1,2-dichloropropane (DCP) in the groundwater flowing away from an 
airfield. The aquifer through which the DCP plume is passing has been found to have 
a porosity of 0.3. The aquifer solids consist of 95% quartz (density 2.65 g.mL-'; 
surface area 0. I m2. g '), 4% kaolinite (density 2.6 g.mL-'; surface area 10 m2. g- '), 
1% iron oxides (density 3.5 g.mL-'; surface area 50 m2.g-'), and organic carbon 
content of 0.2%. What retardation factor [R, (= ; see Eq. 9- 12)] do you expect at 
mininium (assumption that only POM is responsible for sorption) for DCP transport 
in the plume a w n i i n g  that sorptive exchanges are always at equilibrium? 

1,2-dichloropropane 
(log K,,,=2.28. Montgomery. 1997) 

P 9.4 Estimati~g the Retardation of Organic Compounds in nn Aquifer from 

IJsing tritiated watei a?  conservative tracer, an average retardation factor, Rf, ( ; 
see Eq. 9.12) of aboiit 10 was determined for chlorobenzene in an aquifer. (a) 
Assuming thjs retartlation factor reflects absorption only to the aquifer solids' POM, 
what is the avcrage organic carbon content v;,) of the aquifer material if its minerals 
havc density 2.5 kg.1, ' and if the porosity is 0.33? (b) Estimate the R, values of 
1,3,5-tricl-iIorobei~~~~iie (1,3,5-TCB) and 2,4,6-trichlorophenol (2,4,6-TCP) in this 
aquifer (pFi -- 7 57 -1- - I O T )  by assuming that absorption into the POM present is the 

Rreaktbrouglt Dnta of Tracer Compounds 
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major sorption mechanism. Why can you expect to make a better prediction of R, for 
1,3,5-TCB as compared to 2,4,6-TCP? 

You can find all necessary information in Table 9.2 and in Appendix C. Comment on 
all assumptions that you make. 

chlorobenzene 1,3,5-trichIorobenzene 2,4,6-trichlorophenoI 
(1,3,5-TCB) (2,4,6-TCP) 

P 9.5 

Xia and Ball (1999) measured sorption isotherms for a series of chlorinated ben- 
zenes and PAHs for an aquitard material v;Oc = 0.015 kg oc . kg-' solid) from a forma- 
tion believed to date to the middle to late Miocene. Hence, compared to soils or 
recent sediment POM, the organic matter present in this aquitard material can be 
assumed to be fairly mature and/or contain char particles from prehistoric fires. A 
nonlinear isotherm was found for TeCB (fitting Eq. 9-2) and the following 
Freundlich parameters were reported: KTeCB F = 128 (mg. g-')(mg. mL-')-"TecB and 
nTeCB = 0.80. For partitioning of TeCB to this material (linear part of the isotherm at 
higher concentrations), the authors found a Kim value of 4.2 x lo4 L . kg'oc. 

Evaluating the Concentration Dependence of Equilibrium Sorption of 
1,2,4,5-Tetrachlorobenzene (TeCB) to an Aquitard Material 

(a) Calculate the apparent Ki,, values of TeCB for the aquitard material for aqueous 
TeCB concentrations of Ciw=l, 10, and 100 pg-L-' using the Freundlich isotherm 
given above. Compare these values to the K,, values given above for POM-water 
partitioning. Comment on the result. 

(b) At what aqueous TeCB concentration (pg . L-') would the contribution of adsorp- 
tion to the overall Ki,, be only half of the contribution of absorption, (partitioning)? 

CI 

1,2,4,5-tetrachlorobenzene 
(TeCB) 

Note: When using Freundlich isotherms, be aware that the numerical value of KiF 
depends nonlinearly on the unit in which the concentration in the aqueous phase is 
expressed. Hence for solving this problem, you may first convert pg . L-' to mg . mL-' 
or you may express the Freundlich equation using, for example, pg . kg-' and pg . L-', 
respectively: 
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P 9.6 Is Sorption to Dissolved Organic Matter Important for  the Environmental 

Somebody claims that for naphthalene, sorption to DOM is generally unimportant in 
the environment. Is this statement correct? Consult Illustrative Example 9.5 to 
answer this question. 

Behavior of Naphthalene? 

naphthalene 

P 9.7 Assessing the Speciation of a PCB-Congener in a Sediment-Pore Water 

Consider a surface sediment exhibiting a porosity @ = 0.8, solids with average 
density ps = 2.0 kg . L-' solid, a particulate organic carbon content of 5%, and a DOC 
concentration in the pore water of 20 mg DOC. L-'. Estimate the fractions of the 
total 2,2',4,4'-tetrachlorobiphenyl (PCB47) present in truly dissolved form in the 
porewater and associated with the pore water DOM. Assume that absorption into the 
organic material is the major sorption mechanism and that KiDoc = 1/3 K,,,. Estimate 
Kioc using Eq. 9-26a with the Ki,, value of PCB47 given in Appendix C. 

System 

CI 

2,2,4,4'-tetrachlorobiphenyl 
(PCB47) 
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Chapter 10 

SORPTION 11: PARTITIONING TO LIVING MEDIA - 
BIOACCUMULATION AND BASELINE TOXICITY 

10.1 Introduction 

10.2 Partitioning to Defined Biomedia 
The Composition of Living Media 
Equilibrium Partitioning to Specific Types of Organic Phases Found in 

A Model to Estimate Equilibrium Partitioning to Whole Organisms 
Parameters Used to Describe Experimental Bioaccumulation Data 
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Introduction 

The discovery in the 1960s and early 1970s that some organic chemicals such as 
DDT and PCBs were reconcentrated from the environment into organisms like birds 
and fish inspired many people’s concern for our environment. Since such 
bioaccumulation of chemicals might eventually cause them to be transferred from 
the environment through food webs to higher organisms, including humans (Fig. 
lO.l), it became very important to understand how a chemical’s properties affected 
these transfers. 

Now we know that these accumulation processes may involve (1) direct partitioning 
between air and water and living media (e.g., grass, trees, phytoplankton, 
zooplankton), and/or (2) a more complicated sequence of transfer processes in that 
compounds are taken up with food and then transported internally to various parts of 
the organism. In many cases, phase partitioning equilibrium may not be established 
between certain compartments within an organism (e.g., liver, storage fats) and the 
environmental media in which the organism lives. This is particularly true for 
compounds that are metabolized by the organism. It is also true in situations in 
which the exchange with the environment is very slow. For example, chemical 
exchanges between the tissues of mammals or fish with the media that they use to 
breath (i.e., air and water, respectively) can be quite prolonged. As a consequence of 
the latter, persistent compounds may be present at significantly higher 
concentrations in certain tissues of higher organisms (e.g., in lipid phases) than one 
would predict by using a simple partitioning model between this tissue and the 
media surrounding the organism (e.g., water, air). In such situations, one often 
speaks of biomagnijication of a given compound along a food chain. 

We begin our discussion by first considering equilibrium partitioning of organic 
chemicals between defined biological materials and water or air (Section 10.2). This 
will enable us to recognize in which part(s) of a given organism a given chemical 
will tend to accumulate. Furthermore, such equilibrium considerations are very 
useful for assessing the potential of a given compound to bioaccumulate, an insight 
that is useful when we need to judge the wisdom of using particular chemicals for 
purposes that ultimately result in their release to the environment. Such equilibrium 
considerations are also important for evaluating the chemical gradients driving 
chemical transfers in real field situations where concentration data have been 
determined (Sections 10.3 and 10.4). This insight would allow us to identify 
environmental compartments such as contaminated sediments that are most needing 
cleanup. Then we will examine the process of biomagnification and how we might 
understand the changes in a chemical’s concentration along a food chain (Section 
10.5). Finally, in Section 10.6 we will learn how equilibrium partitioning 
considerations can be used to assess a compound’s effectiveness for inducing 
narcotic effects in a given organism. This type of toxicity, which is also referred to as 
nonspeczjic toxicity, is caused primarily by partitioning of the compound into 
biological membranes, and is commonly also referred to as baseline toxicity. It tells 
us something about the minimum toxicity of a given compound toward a given 
organism. 
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Figure 10.1 Examples of the 
transfer of a compound i from va- 
rious media within the environ- 
ment to organisms including 
humans by partitioning between 
contacting media and by food web 
transfers. These examples illus- 
trate the complexity of anticipating 
the extent of bioaccumulation in 
aquatic and terrestrial food chains. 

In summary, the major goal of this chapter is to enhance our understanding of the 
various factors that determine where and to what extent organic chemicals 
accumulate in living media. We should note that knowledge of the locally differing 
(internal) concentrations of a given organic chemical in organisms (e.g., at the site of 
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enzyme inhibition or site in a tissue of hormone binding) is pivotal for any sound 
assessment of the chemical’s (eco)toxicity (Sijm and Hermens, 2000). Of course, for 
this purpose it would be most advantageous to know the exact concentration of the 
compound at the site of toxic action, but presently this is not possible in most cases. 
Nonetheless, knowledge of average concentrations in the whole organism or in the 
major tissues into which chemicals tend to accumulate may be sufficient to answer 
questions about the likelihood of adverse effects resulting from accumulation of 
chemicals through food webs or for estimating the influence of large masses of biota 
(e.g., forests; Wania and McLachlan, 2001) on the overall fluxes of organic 
compounds in the environment. 

Partitioning to Defined Biomedia 

The Composition of Living Media 

To anticipate the accumulation of xenobiotic organic chemicals in the tissues of 
organisms, we start by developing an awareness of the “chemical nature” of those 
living materials. By doing this, we hope to envision the intermolecular interactions 
that attract organic chemicals into organisms, much as we could see the interactions 
that control a specific compound’s affinity for solvents of various structures (recall 
Tables 6.1 and 7.1). Recall that the compounds of interest to us are only about 1 nm 
in size; hence, as in the case of natural organic matter (Chapter 9), here we are 
interested in organic portions of organisms that are much larger than this (e.g., 
proteins or lipids) and not low-molecular-weight components like acetate or glucose 
that contribute only a few percent to organism biomass. 

In addition to water and inorganic solids (salts dissolved in cell fluids, shells, and 
bones), organisms consist of a mix of organic substances. Some of these are 
macromolecules (e.g., globular proteins, cellulose). Some combine to form 
subcellular and tissue “structures” built with combinations of lipids, proteins, 
carbohydrates, and some specialized polymers like cutin or lignin (Fig. 10.2). These 
diverse organic materials cause organisms to have diverse macromolecular, cellular, 
and tissue portions that may be apolar, monopolar, and/or bipolar. 

For animals, it is generally the protein fraction that predominates on the whole- 
organism basis, followed by carbohydrate components, and then a variable lipid 
content (Table 10.1). Since lipids serve both as ubiquitous structural components 
(e.g., phospholipids in membranes) and as energy reserves (especially 
triacylglycerides), the contributions of the total lipids may vary widely from 
organism to organism and tissue to tissue in the same organism. For example, on a 
dry weight basis, the lipid contents of phytoplankton typically range between about 
10 and 30%, but this fraction may go as low as 1% (Shifrin and Chisholm, 1981; 
Stange and Swackhamer, 1994; Berglund et al., 2000). Similar ranges can be found 
in fish (Henderson and Tocker, 1987; Ewald, 1996; Berglund et al., 2000), 
zooplankton (Berglund et al., 2000), and in benthic invertebrates (Morrison et al., 
1996; Cavaletto and Gardner, 1998). Note that in the case of benthic invertebrates 
(e.g., amphipods, shrimp), the lipid content may even exceed 40%, and may vary 
within one genus by up to a factor of five depending on the physiological condition 
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Figure 10-2 Examples of natural (Cavaletto and Gardner, 1998). Likewise, the lipid contents of a given phyto- 
plankton species may vary by a factor of two to three depending on its growth phase polymers relevant for sorption of 

organic pollutants in living media. 
Note that we consider triacyl- and/or environmental conditions (Shifrin and Chisholm, 1981; Stange and 
glycerides as primarily apolar al- Swackhamer, 1994). Within a single organism, the composition can also vary widely 
though they contain monopolar as exhibited by lipids in caribou: (1) muscle has only 1 to 2% lipid, (2) liver has 
(ester) groups. 

4-13% lipid, and (3) fatty tissues have almost 80% lipid content. From our daily 
experience, we know that mammals including humans may exhibit quite different 
lipid contents, and that within one individual this lipid content may vary 
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Table 10.1 Chemical Composition of Some Organisms (dry-weight, ash-free basis) 

Organism (reference) a %Lipid %Protein %Carbohydrate Other 

bacterium (1) 
Escherickia coli 

phytoplankton (2,3) 

lichen (4) 
Cladonia spp. 

“grasses” ( 5 ,  6,7) 
deciduous leaves (oak, maple) (8,9) 
pine needles (8) 
“wood” (1 0) 
apples (1 1) 
almonds (1 1) 
spinach (1 1) 

aquatic invertebrates 
zooplankton (2) 
copepod (8) 
amphipod (Pontoporeia koyi) (12) 
shrimp (Mysis relicta) (12) 
oyster (8) 
zebra mussel (1 3) 
polychaete (Abarenicola paczjka) (14) 
chironomid larvae (1 5) 

vascular land plants 

terrestrial invertebrates 
earthworm (Lumbricms rubellus) (1 6) 

aquatic vertebrates 
fatty fish 
trout filet (1 1) 
lake trout (1 7) 
salmon (1 1, 18) 
lean fish 
cod filet (1 8) 
pike filet (1 8) 

terrestrial vertebvates 
deer meat (1 1) 
beef (roast) (1 1) 
caribou muscle (19) 

10 

20* 10 

2 

0.5 - 2 
3 

28 
4 
5 

56 
0 

15 - 35 
10 

9-46 
10 - 41 

12 
8 -  12 

12 
6 -  13 

5 

30 
6 -  18 

11 

0.7 
0.7 

10 
20 

5 -  12 

60 

50* 15 

3 

15 - 25 
15 
8 
1 
0 
21 
50 

60 - 70 
65 

55 
50 - 60 

65 - 71 

70 

90 
80 

5 25% DNA/RNA 

30 

94 

1 - 5% cutin 
42 26% lignin 
47 17% lignin 
66 29% lignin 
95 
22 
50 

10 
25 

33 
30 - 40 

21 -23 

<3 

<1 
<3 

‘ (1) Neidhardt et al. (1990); (2) Parsons and Takahashi (1973); (3) Shifrin and Chisholm (1981); (4) Ahti and Hepburn (1967); 
( 5 )  Huston et al. (2001); (6) Bohme et al. (1999); (7) Tolls and McLachland (1994); (8) Hunt (1979); (9) Aber and Martin (1999); 
(10) Thompson (1996); (11) Rombauer et al. (1997); (12) Cavaletto and Gardner (1998); (13) Napela et al. (1993); (14) Weston 
et al. (2000); (15) Beattie (1978); (16) Ma et al. (1998); (17) Thomann and Connolly (1984); (18) Ewald (1996); (19) Kelly and 
Gobas (2001). 
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substantially with time. Finally, we should note that terrestrial grasses and tree 
leaves apparently have a relatively low lipid content of less than 5% (Aber and 
Martin, 1999; Bohme et al., 1999). 

Lipids are, of course, not the only variable component in living media. In animals, 
proteins make up the largest portion of the total body mass, but they may be 
secondary contributors in certain tissues (Table 10.1). In plants, protein is more 
variable. On a dry-weight basis in phytoplankton, protein contents may range 
between 30% and 60% (Shifrin and Chisholm, 19Sl), whereas they occur at about 
20% of grasses and leaves (10 - 25%, Huston, 1992; Aber and Martin, 1999), are 
highly variable contributors in fmits and nuts (Rombauer et al., 1997), and are 
virtually absent in wood. On the other hand, the wood of vascular land plants 
consists primarily of lignin (- 1/3) and carbohydrates, in particular, cellulose and 
hemicellulose (- 2/3; Thompson, 1996). Finally, as realized by many people who 
watch their diet carefLtlly, fruits like apples are rich in carbohydrates, nuts like 
almonds have a lot of fat, and vegetables like spinach are virtually fat-free. 

When considering that organic pollutants tend to partition very differently into the 
various organic materials of which living media are made up, it is, therefore, not 
surprising that concentrations of compounds expressed per total weight or volume 
may vary significantly for “organisms” exposed to the same environment. Hence, in 
order to understand how and to what extent organic chemicals accumulate in living 
media, we first need to inspect how well the various biological “solvents” may 
accumulate such solutes. 

Equilibrium Partitioning to Specific Types of Organic Phases Found in 
Organisms 

Now we have seen that the materials that may accommodate organic pollutants in 
organisms include a mix of proteins, polysaccharides, lipids, lignin, and other 
polymers like cutin. In order to assess how much each of these organic phases 
contributes to the uptake of a given compound by a particular organism, one would 
like to know how the compound partitions between environmental media and these 
various defined types of organic phases. Unfortunately, such experimental 
partitioning data are rather scarce. Furthermore, the available data have been 
determined for surrogate organic phases that may not accurately mimic the actual 
organic materials present in the living media. For example, liposomes, the 
microscopic vesicles constructed by aggregating polar lipids in the laboratory and 
used to investigate the lipid-water partitioning of organic pollutants, often exist in a 
somewhat different aggregate state as compared to their presence in biological 
membranes. Likewise the use of a single triacylglyceride, triolein, or a single 
protein, bovine serum albumin, to represent the behavior of structurally diverse fats 
and proteins is surely oversimplified. Also, we note that for all phases except for the 
lipids, the available data have been collected for relatively small and/or polar 
compounds. Thus, prediction of the partitioning behavior of large, hydrophobic 
compounds such as PCBs, polychlorinated dibenzodioxins, PAHs, and so forth 
between these phases and water or air is difficult. Nevertheless, from the available 
data we can get at least a semiquantitative indication as to which phases have to be 
considered in a given case. 
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Table 10.2 Organic Phase-Water Partition Coefficients of Some Organic Compounds for Various Organic 
Phases: Octanol (o), Triacylglycerides (tag), Liposomes (lips), Proteins (prot), Cutin (cut), and Lignin (lig). 
(All values except Kiow in L.kg-' org. phase for 20-25°C if not otherwise stated. Note that the densities of the 
organic phases are close to 1 kg org. phase.L-' org. phase.) 

Toluene 
1,2-Dimethylbenzene 
Chlorobenzene 
1,3,5-Trichlorobenzene 
1,2,3,4-Tetrachlorobenzene 
Pentachlorobenzene 
Naphthalene 
Per ylene 

2.69 
3.16 
2.78 
4.19 
4.64 
5.18 
3.33 
6.25 

2.77 2.60 1.80 
3.25 2.98 2.8 1 2.08 
2.97 2.90 2.70 
4.36 4.32 2.14 
4.68 2.32 
5.27 5.26 2.64 

3.21 f, 2.08 
5.23 

Monopolar and Bipolar Compounds 

4-Chlorophenol 2.42 2.94 2.30 ', 1.60 g 

Aniline 0.90 0.91 1.63 1.30f 
3-Nitroaniline 1.37 2.17 0.70 g 
Nitrobenzene 1.85 2.15 2.01 1.88 f 
Chlorothion 3.65 3.83 ' 2.92 

2,4-Dichlorophenol 3.09 3.55 2.30 

a Triolein-water system (Chiou, 1985). ' L-a-dimyristoylphosphatidylcholine liposome-water system a 35°C (Vaes et al., 1997). 
Welke et al. (1998). Mackay and Gschwend (2000). Protein fraction of a cytosol isolate from a pond snail (Symnae stagnalis) 

(Legierse, 1998). Bovine serum albumin (BSA) (Helmer et al., 1965; Backhus and Gschwend, 1990). Bovine hemoglobin (BH) 
Kiehs et al., 1966). /I L-a-dioleylphosphatidylcholine liposome-water system (Escher and Schwarzenbach, 1996). ' Vaes et al. (1996). 
3~chloro-4-nitrophenyldimethyl-phosphorothion~te. Legierse (1998). 

We begin by examining some organic phase-water partition coefficients of a 
series of compounds for some defined organic phases mimicking living media 
constituents: octanol, triolein, liposomes, proteins, cutin, and lignin (Table 
10.2). The main structural features of these absorbents (Fig. 10.2) allow us to 
anticipate whether they provide a primarily apolar molecular environment (e.g., 
triolein), a monopolar system (e.g., cutin), or a bipolar medium (proteins, 
lignin). Note that the quantitatively prominent carbohydrates (e.g., cellulose, 
chitin) have a very low tendency to accumulate organic chemicals from water 
(data not shown; Garbarini and Lion, 1986; Xing et al., 1996). This is not too 
surprising considering the presence of hydroxyl moieties throughout the 
structures of these polymers (Fig. 10.2). This structural feature causes 
polysaccharides to interact very well with water all through their structure. Thus 
apolar and monopolar compounds cannot outcompete with the solvent for 
associations with these thoroughly bipolar polymers. In addition, some abundant 
carbohydrates such as cellulose and chitin tend to be crystalline in organisms; 
this solid state condition also discourages uptake of partitioning compounds. 
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Hence, we consider carbohydrates to be of minor importance for the 
accumulation of organic chemicals. 

Compared to carbohydrates, lignin and cutin, important polymers in terrestrial 
plants, show a higher affinity for many organic pollutants. Small apolar and weakly 
monopolar molecules (e.g., chlorobenzene, toluene, 1,2-dimethylbenzene) have 
been shown to exhibit only a slightly smaller affinity to cuticular polymer matrices 
than to a solvent like octanol (Table 10.2; Welke et al., 1998). Thus, the cuticular 
coatings on leaves are considered to be an important absorber for apolar and weakly 
polar hydrophobic compounds. This can be understood by noting the apolar/ 
monopolar nature (i.e., long alkyl chains and ester groups) of cutin (Fig. 10.2). In the 
case of lignin, partition coefficients for such apolar substances are somewhat 
smaller (i.e., up to an order of magnitude; Table 10.2). Although the data are very 
limited, lignin-water partition coefficients appear to be more comparable to K,, 
values, with KIllgw values in the order of K:; for the small aromatic hydrocarbons 
and chlorinated phenols examined to date (Severtson and Banerjee, 1996; MacKay 
and Gschwend, 2000.) This is actually not too surprising since soil organic matter is 
thought to derive in large part from preservation of the lignin portions of plants and 
it has been observed that it exhibits many lignin-like structures (Fig. 9.10). 

A somewhat more difficult task is to assess the affinity of proteins with respect to 
accumulation of chemicals in organisms. As noted above, proteins are ubiquitous 
and quantitatively prominent macromolecules in organisms. Although they contain 
a rather large number of polar groups, certain proteins may also exhibit substantial 
hydrophobic character. This is due to their inclusion of “hydrophobic amino acids” 
in the polymeric chains. While all the amino acids contribute to chains with 
repeating units (-NH-CHR-C(0)O-), some of the “R groups” include apolar 
moieties like -CH,, -CH(CH,),, -CH,-CH(CH,),, and -CH,-(C,H,) (Fig. 10.2). 
Moreover, many protein chains fold back on themselves, enabling the hydrophobic 
R groups to be arranged so as to occur on the inside of the resultant coiled 
macromolecules. This results in the formation of nonaqueous “particles”; for 
example, the globular protein (see sketch in the margin), serum albumin (molecular 
mass of 65,000 u), that occurs in the blood plasma forms an elliptical particle whose 
long axis is about 13 nm and whose short axis is about 3 nm in its native state. 

Human serum albumine 

Due to differences in amino acid composition (i.e., R groups) and macromolecular 
configuration, proteins vary considerably in their ability to accommodate organic 
solutes. For example, the protein-water partition coefficient of the bipolar 
compound, 4-chlorophenol, quantifying this compound’s association with bovine 
serum albumin (BSA) is a factor of 5 greater than its corresponding coefficient for 
bovine hemoglobin (BH). For the weakly monopolar compound, naphthalene, the 
difference is about a factor of 10 (Table 10.2), and a still smaller protein, myoglobin 
(ca. 16,000 u), does not sorb any measurable amount of naphthalene (Kiehs et al., 
1966.) Thus, the formation of hydrophobic domains within these protein biopoly- 
mers appears to be a key feature allowing them to serve as sorbents of apolar and 
monopolar organic compounds. This would imply that so-called beta proteins which 
occur naturally in extended configurations (e.g., protein in hair, collagen) would not 
absorb apolar and monopolar compounds well from water. Therefore, it is not 
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Figure 10.3 Correlations of the .possible to establish a single Dartition coefficient for each compound of interest 
- 1  

KiBsAw values with the correspon- interacting with the diverse mixture of proteins found in organisms. 
ding Kin, values for (a)  apolar and - 
monopolar compounds and (b) 
bipolar compounds (data from With these caveats in mind, we briefly examine the KiprOtw values available for the 
Helmer et al., 1965; Backhus and globular protein, BSA. Separating the compounds that have been tested into apolar/ 
Gschwend, 1990; Vaes et al., 1996; 
and Yuan et al., 1999). monopolar and bipolar subsets, we find that each group sorbs to BSA as a function of 

the chemical’s hydrophobicity as measured by the corresponding Kio,’s (Figure 
10.3). Numerous other observations of protein-related phenomena (e.g., enzyme 
inhibition) have also been found to exhibit correlations between the solute 
concentrations in the medium required to disrupt a particular target protein’s actions 
and the hydrophocities of the added chemicals as quantified by their Kiow values 
(Hansch et al., 1995). These data also suggest that solutes partition between many 
diverse globular proteins and water in a manner that is proportional to the solute’s 
Kiow. The LFERs relating the logarithms of protein-water partition coefficients with 
the corresponding octanol-water partition constants typically exhibit slopes of about 
0.7 (Hansch and Leo, 1995): 

(10-1) 

Since such protein-water partition coefficients are less than the corresponding lipid- 
water coefficients (see below), proteins will play a significant role in the overall 
accumulation of the compounds only in organisms and tissues with high protein and 
low lipid contents. 

Now we consider the partitioning of organic compounds to lipids. Lipids also 
encompass a diverse group including apolar and polar materials. Examples of lipids 
that could form a primarily apolar molecular environment are the triacylglycerides 
(Fig. 10.2). Such chemical structures are common in fat storage in organisms and 
hence their quantitative presence in organisms is quite variable. The triacyl- 
glycerides, triolein and tricaprylin, have been used as laboratory surrogates for 
mimicking the “fat” in organisms (Chiou, 1985, Bahadur et al., 1999). Examples of 
polar lipids are the phosphatidylcholines (Fig. 10.2). These are found primarily in 
biological membranes (see sketch in the margin); hence this component of the lipid 
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Figure 10.4 (a) Lipid-water pool always exists in organisms at a relatively consistent level. Vesicles constructed 
partition coefficients Of a series Of of such polar lipids (liposomes) have been used as surrogates for investigating 
chlorinated and brominated ben- 
zenes, biphenyls, naphthalenes, and membrane-water partitioning (Gobas et al., 1988; Escher and Schwarzenbach, 
dibenzodioxinsplottedversus their 1996; van Wezel et al., 1996; Rowe et al., 1997; Vaes et al., 1997; Escher et al., 
octanol-water partition constants. 2000). Since all lipids include hydrocarbon portions in their structures, it is not 
The lipid phases include L-a- 
~ ~ m y r ~ s t o y l p ~ o s p ~ a t i ~ y l ~ c ~ o l i n e  surprising that hydrophobic chemicals partition very favorably from water into such 
(0,2 x cl0 fatty acid; Gobas et al., phases, much as they do into apolar organic solvents such as hexane or hexadecane 
19881, &lein- (0, 3 CIS fatty (see Chapter 7). For apolar compoundsthat may undergo only vdW interactions, and 

that exhibit octanol-water partition constants smaller than about 1 O6 (log K,, 5 6), acid; Chiou, 1985), and tricapry- 
line (A, 3 x Cs fatty acid; Bahadur 
et al., 1999). me correlation line is very similar Kjlipw values are found for both nonpolar and polar lipids (Fig. 10.4~).  
from fit of compounds with log Thus, as we did for natural organic matter (Chapter 9), we may derive a one- 
Kfow ' (see Eq. @) Lipid- parameter LFER relating lipid-water partition coefficients with the corresponding 
water partition coefficients of a 
diverse group of monopolar and Kiow values for apolar compounds with log Kiow 5 6 (see Fig. 10.4a): 
bipolar compounds plotted versus 
their octanol-water partition con- 
stants. The lipid phases are vesicles 
of L-a-dimyristoyl-phosphatidyl- Or: 
choline (2 x CI4 fatty acid; Vaes 
et al., 1997) and L-a-dioleyl- 

log KiliPw = 0.91 log K,, + 0.50 (A2 = 0.98; N =  36) 

Kzlipw = 3.2 x KE:' 
(1 0-2) 

Note that since the specific weight of lipids is close to 1 kg 1ipid.L-' lipid, 
the estimated Kilinw value can be expressed either in units of L.kg-' lipid or 

phosphatidylcholine (2 x CI8 fatty 
acid; Escher and Schwarzenbach, 
2000). 

''dimensionless'' as L . L-' lipid. 

For apolar compounds with larger Kio, values and particularly in the case of the 
liposomes, significantly smaller Kjlipw values than predicted from Eq. 10-2 have been 
reported (Fig. 10.4~). This change in the observed trend may be due to a difficulty in 
accommodating large molecules in the structured and size-limited lipid bilayers of 
membranes (Opperhuizen et al., 1985). However, there may also be artifacts in the 
measurements. Such artifacts may involve slow uptake kinetics (i.e., observed 
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distributions may not reflect equilibrium). Or the experiments may be complicated 
by colloidal/complexation associations of such highly hydrophobic compounds in 
the aqueous solution (see Chapter 9), causing higher aqueous phase abundances in 
the experiments than the real concentration of the freely dissolved molecules. (We 
will take this up again in Illustrative Example 10.1 .) 

Recalling our discussions of organic solvent-water partitioning (Chapter 7), we 
should not be too surprised that polar compounds partition differently into polar 
lipids than they do into nonpolar lipids. For example, aniline partitions about a factor 
of five times more favorably into the dimyristoylphosphatidylcholine vesicle as 
compared to the primarily apolar triolein phase; in contrast, the apolar compound, 
chlorobenzene, exhibits about the same partition coefficients (Table 10.2). Fur- 
thermore, the log Kflipw values of various monopolar and bipolar compounds 
observed using two different polar lipids, when examined versus their corres- 
ponding log Kiow values, exhibit a significant scatter (Fig. 10-4b). For any particular 
log K,, value, this data indicate we could estimate log Kilipw values to within about a 
factor of 3. This scatter simply indicates that there are variable polar interactions of 
the compounds in the lipid phases as compared to octanol. As already addressed in 
Chapters 7 and 9 for organic solvents and natural organic matter, in the case of polar 
compounds we may expect to find LFERs of the type Eq. 10-2 only for confined sets 
of structurally closely related compounds. We will get back to this issue in Section 
10.6 where we will discuss nonspecific membrane toxicity. 

A Model to Estimate Equilibrium Partitioning to Whole Organisms 

Accumulation of organic chemicals in organisms is a dynamic process that may 
involve several uptake, elimination, and depuration routes acting simultaneously. 
For many xenobiotic compounds, the physical uptake and depuration processes can 
occur “passively,” that is without an organism’s explicit effort to transport these 
substances. Often the biological membranes, designed to keep the fluids and their 
contents on the inside and the outside separate from one another, prove to be 
incapable of excluding nonionic organic chemicals. To evaluate the resultant unin- 
tended presence of xenobiotic chemicals in organisms, it is useful then to estimate 
the concentration that would be established in the organism if that organism 
achieved partitioning equilibrium with its surroundings (e.g., water, air, soil, 
sediment). 

Recognizing that organisms are heterogeneous mixtures of diverse organic phases, 
here we calculate this equilibrium condition by assuming that (1) each organic phase 
acts independently and comes to an equilibrium with all other biological phases, and 
(2) the total organism accumulation of the chemical can be estimated as the sum of 
uptakes into each part. Hence, as we have done for estimation of the overall sorption 
of organic compounds by natural solids (Eq. 9-16, Section 9.2), we consider a whole 
organism-environmental medium mixed partition coefficient, Kibio: 

fiip . Ciip  + fprot . C&ot + j i g  . G i g  + h u t  . CGut + . . . 
timed 

Kibio = (10-3) 

where forg,phase is the fraction of organism made up of the corresponding phase [lipid 
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(lip), protein (prot), lignin (lig), cutin (cut), etc.], and is expressed, 
for example, as (kg org. phase. kg-' dry organism) 

C&phaseis the concentration of the compound in a given organic phase at 
equilibrium with the concentration in the environmental medium 
(therefore the superscript "), and is expressed, for example, as 
(mol . kg-' dry phase) 

Cimed is the concentration of the compound in the environmental medium 
(e.g., water, air, soil) considered to be in equilibrium with the 
organism, and is expressed, for example, as (mo1.L-' med or 
mol . kg-' med) 

Hence, the units of are, for example, (L med . kg-' dry organism) if med is air 
or water. Whenever possible, one should express the concentration in the organism 
on a dry weight basis since this will assist us in using our chemical intuition; 
unfortunately we need to be aware that throughout the literature one finds 
experimentally reported concentrations on a wet-weight (w.w.) or fresh weight (f.w.) 
basis. 

Noting that the equilibrium concentration in each particular organic phase 
represented in the numerator of Eq. 10-3 can be divided by the concentration in the 
environmental medium, we can modify the equation using the respective partition 
coefficient between that organic phase and the environmental medium, Kiorg.phase med: 

Hence, if the composition of the organism (i.e., hhase values) and if the various 
partition coefficients in Eq. 10-4 can be estimated, we can calculate an approximate 
value for the KIblo. As we saw in discussing organism compositions (Table 10.1) and 
defined media-water partition coefficients (Table 10.2), the uncertainties in the 
inputs to Eq. 10-4 imply that such calculations can be expected to provide only an 
order of magnitude estimate. 

In the literature, the estimated chemical's equilibrium concentration, C:blo, in the 
organism (Le., the numerator of Eq. 10-3) is called the theoretical bioaccumulation 
potential, TBP,, and is given by: 

Go= TBI', (e.g., in rnol . kg-' dry organism) = Kiblo. Clmed (10-5) 

Often we are interested in apolar or weakly monopolar pollutants (PCBs, chlo- 
rinated solvents, PAHs) and in organisms/tissues that contain significant lipid 
content (>5% on a dry weight basis). Also, investigators sometimes specially sample 
the fatty tissues (e.g., in some animals or humans). In such cases, the termsJ;,,C$ or 
Alp K[llpmed dominate in Eqs. 10-3 and 10-4 (see Illustrative Examples 10.1 to 10.3). 
Consequently it is reasonable to assume that the measured concentrations chiefly 
reflect the compounds present in the lipid phase and the concentrations can be 
normalized to the lipid content of the organism. Thus, the lipid normalized, Klblo , l lp ,  is 
simply given by: 
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Biomagnification Factor 

uptake from food 

Figure 10.5 Terms and parameters 
frequently used to describe accu- 
mulation of chemicals in aquatic 
organisms. Note that the term 
“bioaccumulation” (BAF,) is used 
to describe the total accumulation 
by all possible routes (e.g., passive 
uptake, intake by food and di- 
gestion, etc.). The term biocon- 
centration (BCFi) is sometimes 
used if uptake occurs only from the 
dissolved phase. A very similar 
approach is used in terrestrial 
systems just by exchanging the 
environmental media, water and 
sediment, with air and soil respec- 
tively. 

K . . = K . .  
r%io,lip rlipmed 

and correspondingly: 

C&o,lip = TBPilip (e.g., in mol. kg-I lip) = K1lipmed. Cimed 

(1  0-6) 

(1 0-7) 

Parameters Used to Describe Experimental Bioaccumulation Data 

The various parameters (e.g., BCF,, BMFi, BSAF,) introduced in Fig. 10.5 for the 
aquatic environment represent various ways of relating the actual concentration 
determined for a given compound in an organism or organism compartment (e.g., in 
the lipids) to the compound’s concentration in the medium from which the 
compound is thought to be primarily taken up. Of course, a given compound can be 
taken up simultaneously by various routes. For example, animals living at the 
sediment-water interface can experience passive uptake of dissolved compound 
from water (bioconcentration) as well as uptake of the sorbed molecules on sediment 
particles or present in their diet (biomagnification). Thus to describe the net result of 
all uptake and elimination processes taking place, one simplifies and defines a 
bioaccumulation factor, BAF,, which relates the actual concentration in the 
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organism to the actual concentration in one medium of the environment in which the 
organism primarily lives: 

(1 0-8) 

In aquatic systems, CZmed (i.e., C,,) denotes the truly dissolved concentration (e.g., 
not including the fraction sorbed to DOM); in the terrestrial environment this may be 
the truly gaseous concentration (i.e., C,,, not including any fraction in aerosols). 
However, the total filter-passing concentrations are widely used in the literature and 
these may not collect only the truly dissolved or truly vapor-phase species. This is 
particularly a problem for very hydrophobic and/or nonvolatile compounds that 
have a strong tendency to associate with particles, since some of these can pass 
filters. Failure to use the right value of Clmed causes the experimentally determined 
BAF, to be erroneously low (see Illustrative Example 10.1). For organisms living at 
the sediment-water interface, Clmed is often set equal to C,,, the concentration in the 
particulate phase, that is, BAF, =BSAF, (see Fig. 10.5). This is, of course, somewhat 
arbitrary since these organisms live both in the sediment and in the water column, 
and these two compartments are usually not in equilibrium with each other. 

In the following we will use these concepts to evaluate some experimental data and 
to make some estimates of the tendency of a given chemical to accumulate in a given 
organism. We start out with examples from the aquatic environment, and then 
consider the terrestrial system. 

Illustrative Example 10.1 Evaluating Bioaccumulation from a Colloid-Containing Aqueous Solution 

Problem 

Stange and Swackhamer (1994) studied the accumulation of a large number of 
PCB congeners in three phytoplankton species including Anabaena sp. in 
laboratory cultures. The apparent BAF, (or BCF,) values determined after 12 
days of exposure for Anabaena sp. were 2.5 x lo4 L.kg-’ d.w. for PCB52 
(2,2’,5,5’-tetrachlorobiphenyl) and 7.3 x lo4 L .kg-‘ d.w. for PCB180 (2,2’, 
3,4,4’,5,5’-heptachlorobiphenyl). The lipid content of Anabaena sp. after the 
exposure period was 5.3%, that is, Alp = 0.053 kg lip. kg-’ d.w. The concen- 
tration of dissolved organic carbon (DOC) in the culture was 74 mg C . L-I. 

Estimate the Klbl0 values (Eq. 10-4) for PCB52 and PCB180 for Anabaena sp. and 
compare them to the apparent BAF, values given above. Assume that with a rather 
high lipid content of 5.3%, the role of proteins as sorbents in Anabaena sp. can be 
neglected for apolar compounds such as PCBs (see Illustrative Example 10.2, 
pentachlorobenzene). Could any discrepancy found between and BAF, be 
explained by the fact that the compounds associated with the organic colloids 
present in the culture medium? 
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c'w CI CI 

2,2',5,5'-tetrachlorobiphenyl 
(PCB52) 

CI CI 

2,2',3,4,4',5,5'-heptachlorobiphenyl 
(PCB 180) 

Answer (a) 

Estimate the Kllipw values of PCB52 and PCB 180 from their K,, values (Appendix C) 
using Eq. 10-2: 

PCB52: Kilipw = 1.2 x lo6 L.kg-' lip (see Illustrative Example 10.3) 

PCB 180: Kilipw = 1.6 x 1 O7 L . kg-' lip 

Calculate the corresponding Klbi0 values by multiplying Kilipw byJi, (Eq. 10-4): 

PCB52: Kibio = (1.2 x lO6)(O.053)= 6.4 x 104 L-kg-' d.w. 

PCB180: Kibi0= (1.6 x lO7)(O.053) = 8.5 x 1O5 L.kg-' d.w. 

Hence, the estimated Klbio values are about 2.6 and 12 times higher than the actual 
measured bioaccumulation factors. The result for PCB 180 appears substantially 
outside expected estimation errors. If all of the discrepancies were due to the 
speciation of the compounds in the culture media [and not because of kinetic effects 
or due to the large size of the molecules (see Fig. 10.4a)], this would mean that the 
fraction in truly dissolved formJw (see Chapter 9, Illustrative Example 9.5) would 
have to be 0.39 (U2.6) for PCB52 and 0.086 (1/12) for PCB180. From these values 
and the DOC concentration given in the problem statement, calculate the KjDoc 
values that would be required for the two compounds (see Illustrative Example 9.5, 
Eq. 1): 

Insertion of the appropriate values into Eq. 1 yields: 

PCB52: KiDoc = (0.61)/[(0.39)(7.4 x lo-' kg DOC. L-')] = 2.1 x lo4 L . kg-' DOC 

PCB180: KiDoc=(0.914)/[(0.086)(7.4x 10-5kgDOC.L-')] = 1.5 x lo5 L.kg-' DOC 

These values are similar to the average Ki,, values predicted from Eq. 9-26a in Table 
9.2 for soil and sediment organic matter: 

PCB52: Kjo, = 4.7 x lo4 L.  kg-' oc 

PCB180: Ki,, = 3.9 x 10'L.kg-' oc 

Hence, in principle, we could explain the discrepancies between predicted and 
observed BAFi values by the reduction of the bioavailability of the compounds 
caused by sorption to colloidal organic matter present in the culture media. We 
should note, however, that depending on the nature of the "dissolved" organic matter 
(i.e., molecular size distribution, aromaticity, polarity, etc.), the KiDoc value of a 
compound may vary considerably (see Section 9.4). 
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Illustrative Example 10.2 

CI 

CH, 

chlorothion 
BAFiexp. = 30 L. kg-' w.W 

CI CI 

CI 

pentachlorobenzene 
BAF,,,,= 900 L. kg-' W.W 

Estimating Equilibrium Bioaccumulation Factors from Water 

Problem 

Legierse (1 998) investigated the uptake of chlorothion (for structure see margin) 
and of a series of chlorinated benzenes from water into the pond snail Lymnea 
stagnalis. On a wet-weight (w.w.) basis, the pond snail contained 0.9% total lipids 
(0.4% polar, 0.5% apolar), 2.8% proteins, and 96% polar components including 
primarily water. Estimate the equilibrium bioaccumulation factors (K,b,o) at 20°C 
for chlorothion and pentachlorobenzene and compare them to the experimental 
BAF, values given in the margin. Note that in this case, we would also refer to the 
observed concentration ratio as a bioconcentration factor (BCF,), because we 
consider uptake only from water and not from diet or ingestion of particles (see 
Fig. 10.5). 

Answer 

Assume that only the lipid and protein fractions are important for the bioaccumu- 
lation of the two compounds in the snail. Further assume that the lipid-water 
partition coefficients of the compounds are similar for polar and nonpolar lipids, i.e., 
Kitagw Kilipsw (see Table 10.2). Note that this assumption is reasonable for 
pentachlorobenzene, but that for the polar chlorothion you may somewhat over- 
estimate the overall lipid-water partition coefficient when using Kilipsw. The Kiprotw 
values observed by Legierse (1 998) were 830 and 450 L . kg-' protein, while very 
rough estimates based on 0.7 logKiow would yield values of 360 and 4000 L.kg-' 
protein, respectively. Using these values of Kilipsw and Kiprotw for the two compounds 
together withJip = 0.009 kg lip. kg-' W.W. andfprot = 0.028 kg prot. kg-' W.W. in Eq. 
10-4 yields: 

chlorothion: 

Kibio = (0.009)(6800) + (0.028)(360 to 830) 

= 61 + (10 to 23) L.kg-' W.W. 

= 70 to 80 L .  kg-' W.W. 

pentachlorobenzene : 

Klbi0 = (0.009)(182'000) + (0.028)(450 to 4000) 

= 1638 + (12 to 110) L.kg-' W.W. 

=165Oto 1750L.kgw.w. 

Hence, the estimated Kibi0 values are within a factor of three (chlorothion) and two 
(pentachlorobenzene), respectively, of the experimental BAFi values. But recall that 
when dealing with living media, due to the rather large uncertainties in parameter 
estimation, any predicted Kibio values have to be considered good to within factors of 
2 to 3. Finally, note that in the case of the polar chlorothion, the contribution of the 
protein fraction to the overall accumulation may be significant (about 20%), 
whereas for the apolar pentachlorobenzene, this contribution can be neglected. 
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Illustrative Example 10.3 

cQ-Q CI CI 

2,2',5,5'-tetrachlorobiphenyl 
(PCB52) 

log K,,, = 6.1 1 
log K,,, = -1.70 

Estimating Equilibrium Bioaccumulation Factors from Air 

Problem 

Komp and McLachlan (1 997b) determined plant-air equilibrium partition coeffi- 
cients, Kipa of a series of PCB congeners for several plants, including ryegrass. 
From their data, for PCB52 (2,2',5,5'-tetrachlorobiphenyl) a ryegrass-air parti- 
tion coefficient of 3 x lo6 L.  kg-' d.w. at 25°C can be derived. Note that air-plant 
partitioning is highly temperature dependent. We will address that issue in 
Section 10.4. Assuming ryegrass has 2% lipid, 20% protein, and 4% cutin (Tolls 
and McLachlan, 1994), estimate Kips for PCB52 for this grass at 25°C. 

Answer 

First, estimate the pure phase-water partition coefficients: 

= 0.91 (6.11) + 0.5 = 6.1 lipid (Eq. 10-2): log Kilipw 

protein (Eq. 10-1): log Kiprotw - 0.7 (6.11) = 4.3 

cutin: log Kicutw - log Kiow = 6.1 

Now utilize Eq. 10-4: 

K~~~~ = (0.02)(1069 + (0.2)(104.3) + (o.04)(106~) 

= 25000 + 4000 + 50000 

= 79000 L water. kg-I d.w. 

To relate this result to partitioning from air, recall that: 

Kipw 

K i a w  

K. =- 
'Pa 

Using the K,, value given, you find: 

K. =- 79000 =4.0x106 L air.kg-' d.w. 
0.02 

This matches the reported value quite well. 

Bioaccumulation in Aquatic Systems 

Bioaccumulation as a Dynamic Process 

In the real world, equilibrium partitioning between an organism and its surroundings 
may not be achieved, even if a compound is not metabolized by the organism. 
Therefore, the observed BAF, value (Eq. 10-8) may differ from the theoretical 
equilibrium expectation, Kibio (Eq. 10-4). In fact, because the accumulation of a 
given chemical may depend on several different processes occurring at the same 
time (see example "fish" in Fig. 10.6), BAF, may change continuously with time for 
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Figure 10.6 Illustration of some a given organism. Hence, in a given natural system (e.g., a lake), even two 
processes bioaccu- individuals of the same species (e.g., two trouts) may exhibit different BAFi values. 
mulation of a chemical in a fish. 
The various k values can be for- 
mulated as first-order rate cons- It is useful to briefly consider a simple conceptional model that considers 

for description Of the kinetics simultaneous inputs and outputs of a compound in an organism, the one-box 
dependent on the physiology and 
behavior of the fish (for ad- approach (see Section 12.4 for a general discussion of one-box models). In this 
vanced models, see Gobas and approach we assume that the organism (i.e., the fish) is a well-mixed reactor (which, 
Morrison, 2000). of course, it is not), and we define all processes as first-order reactions. The temporal 

change in concentration of a given compound i in the fish, Cjfish, can then be 
described simply by: 

gill exchange uptake with food excretion metabolism growth 

where k, ,  k,, kE, k,, and kG are the first-order rate constants (dim .T1) for the various 
processes indicated in Fig. 10.6. Kjfishw, &fish diet, and Kifish are the equilibrium 
constants for partitioning of chemical i between the various combinations of fish, 
water, diet, and excreta. This equation indicates that the chemical's concentration in 
the fish can evolve over time as the various mechanisms act simultaneously. (We 
will see how to get the time-evolving solution of this expression in Chapter 20.) 

For now, we consider one special situation called the steady-state case. In this case, 
the concentration in the organism (i.e., in the fish) does not change with time (i.e., 
dCifish/dt = 0). This will occur if the total rate of chemical elimination equals the total 
rate of its uptake. By setting dCifiSh/dt equal to zero in Eq. 10-9, we can solve for the 
steady-state concentration in the fish (indicated by the superscript m): 

or dividing this result by the water concentration, C,,, we have: 
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Note that &@;diet = cjdieJcjw.  We should point out that when using Eqs. 10-10 or 
10-11, we assume that all parameters including BAFidiet are constant. This is, of 
course, not generally true. For example, the lipid content of a fish can vary widely 
through its life (e.g., Henderson and Tocher, 1987), thus the value of Kifishw would 
vary correspondingly. Likewise, the specific growth rate of organisms does not 
remain constant over their entire life, so the “dilution” of the chemical does not 
continuously happen at the same rate. Nevertheless, this simple mathematical 
budget may help us to qualitatively understand some of the observations made in 
field measurements. 

As a first example, let us consider the case in which uptake and elimination is 
dominated by exchanges at the gills. In this case, the BAEii”,h would correspond to: 

The result is the equilibrium coefficient, &hw, and this result could be predicted by 
the approach described in Section 10.2 (Eq. 10-4). 

In contrast, if uptake is via exchange at the gills but losses occur primarily by 
metabolism (kM > kl and kG), the BAE%h will be smaller than K;fishw: 

Hence, depending on the rates of the various exchange and transformation process- 
es, “phase equilibrium” for the chemical i may not be achieved under real-world 
conditions. 

Evaluating Bioaccumulation Disequlibrium - 
Example: Biota-Sediment Accumulation Factors 

Despite the likelihood of disequilibrium problems, it remains important to try to 
predict the extent of bioaccumulation as a step to evaluating the hazard posed in 
situations of interest. One likely cause of disequilibrium involves cases in which an 
organism is exposed to more than one environmental medium. For example, this is 
the case for organisms living at the sediment-water interface (e.g., clams, 
polychaetes, amphipods, insect larvae). Sediment beds often exhibit much higher 
chemical contamination of hydrophobic compounds than the overlying water 
column. Hence, organisms may take up contaminants from sediments and 
simultaneously release them to the water column (Fig. 10-7). In order to eat, such 
organisms often ingest particles from the sediment bed and thereby incur high 
exposures. In order to “breath,” these organisms must also pump water containing 
oxygen in and out, thus coming into intense contact with the less contaminated 
medium. Consequently, we may hypothesize that in such organisms, concentrations 
of persistent chemicals will be established that lie in between those concentrations 
that we would anticipate if the organism was in equilibrium with either the water 
column or the sediment. In other words, we would expect Ciorganism and BAF, values 
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Figure 10.7 Schematic illustration 
of uptake and depuration of chem- 
icals by a benthic organism, a clam 
dwelling near the sediment-water 
interface. i, is the truly dis-solved 
compound in the water column, 
i,,, is the compound asso-ciated 
with the sediment organic matter, 
i,, is the compound dis-solved in 
the sediment porewater. 

that are greater than predicted from equilibrium considerations involving the water, 
but Ciorganism and BSAFi values that are smaller than the ones predicted from 
equilibrium with the sediment. 

Let us check this hypothesis by inspecting some field data on the accumulation of 
PCBs by benthic organisms. Before we look at the observational data, we need to 
estimate what we would expect if equilibrium were established between the 
organism and the water column or sediment, respectively. In our discussion we will 
consider primarily animals with significant lipid levels (>5% by dry weight 
implying lipid-to-protein ratios of greater than 0. l), and PCBs whose affinities for 
lipids are much greater than 10 times their affinities for proteins (e.g., for PCB52, 
the KlliPw is about 1 O6 and its Kiprotw is on the order of 10‘). Thus, we will assume that 
the PCBs are present primarily in the lipid phases of the animals and we will solve 
for equilibrium lipid normalized concentrations. Likewise for the sediment bed, we 
will assume that the I’CBs are chiefly absorbed into the natural organic matter of 
those solids. Finally, by focusing on persistent PCB congeners, we are probably 
justified in neglecting any effect of metabolism on the observed animal 
concentrations. 
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For the water column, we can use Eqs. 10-6 and 10-7 to get an estimate of TBPilip 
(e.g., in mol. kg-' lip). For accumulation from water, we get: 

TBPilip (from water) = Kilipwf Ciw (10- 14) 

where Cjw is the truly dissolved concentration in the water (e.g. in mol . L-'). For 
PCBs, we may use Eq. 10-2 to estimate Kilipw from Kiow: 

Kilipw / (L . kg-' lip) = 3.2 x Ki:' (10- 15) 

In order to describe the equilibrium situation with respect to the sediment, 
we assume that the PCBs are sorbed primarily by the natural organic matter. That 
is, we express the sediment pore water concentration (subscript pw) as a function of 
the corresponding measured sediment concentration by using Kid = f,, K,, (see 
Chapter 9): 

(1 0- 16) Cised - cicc c. --_- 
f o c K i ,  Kiw 

1pw - 

where Cioc (= Cised /foe ) is the organic carbon normalized concentration of the 
compound in the sediment (e.g., in mol. kg-' oc) and Cipw (e.g., in mol .L-') is the 
truly dissolved concentration in the pore water. Now for the sediment bed, we 
estimate: 

TBPilip (from sediment) = Kilipw. C,, ( 10- 17) 

or by expressing Cjpw in terms of Kioc and Cia, ( Eq. 10-16): 

(10-18) 
Kilipw 

Kioc 
TBAip (from sediment) = - . Cim 

As discussed in Chapter 9 for PCBs, we may estimate Kioc from Ki,, using Eq. 9-26a 
in Table 9.2: 

Ki, / (L * kg-' OC) = 1.4 x K:i4 (1 0- 19) 

By analogy to the case in the water column, we can define an equilibrium constant 
reflecting PCB partitioning between the organism lipid pool and the sediment 
organic carbon pool: 

And this ratio, in turn, can be estimated as: 

For PCBs, insertion of Eqs. 10- 15 and 10- 19 into Eq. 10-20 yields: 

Kilip, / (kg oc . kg-' lip) = 2.3 x Kih7 for PCBS 

(1 0-20) 

(10-21) 

( 10-22) 
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Note that when we consider the situation at equilibrium, the exact pathways 
involved in PCB uptake and depuration are not important to the end result (e.g., 
whether the chemical transport into the organism occurred via the dissolved phase or 
by direct ingestion of sediment particles and/or diet organisms). 

Let us now use these expressions to compare predicted versus measured bio- 
accumulation and biota-sediment bioaccumulation for PCBs in some benthic 
organisms. Morrison et al. (1 996) reported concentrations of individual PCB 
congeners for the sediment beds and the overlying water column in Western Lake 
Erie. From these data, they could demonstrate that the overlying waters were highly 
undersaturated with each of the individual PCBs with respect to equilibrium with the 
sediments (more than a factor of 10; compare CioclCiw values with K,,, values in 
Table 10.3). They also acquired PCB concentration data for phytoplankton, as well 
as in several bottom-dwelling animals including zebra mussels (Dreissena 
polymorpha), caddisfly larvae (Hydropsyche alterans), an amphipod (Gammarus 
fasciatus), and a crayfish (Orconectes propinquus). Furthermore, they examined the 
lipid contents of the organisms and the organic carbon contents of the sediments. 

From these data, experimental BAF, and BSAF, values can be derived: 

(1 0-24) 

and can be compared to estimated values assuming phase equilibrations (ie., KLllpw 
and Klllpoc). Note that the estimated equilibrium values are calculated with data for 
25°C; that is, we neglect the (small) temperature dependence of Klllpw and KlllPoc. 
Furthermore, the experimental data, from which the BAFllIp and BSAFlllpoc values 
have been derived, are mean values with relative standard deviations between 20 
and 50%. Despite these qualifications, some important conclusions can be drawn 
(Table 10.3). 

First, for a given compound, the observed BAFiliP and BSAFilipoc values were very 
similar (+ a factor of 2) for all sediment-dwelling organisms considered. Second, as 
we have anticipated, the BAFilip values were significantly larger than the 
corresponding Kilipw values, whereas the BSAFilipoc values were significantly smaller 
than the respective Kilipoc values (see ratios in italics in Table 10.3). Finally, with 
increasing hydrophobicity of the PCB congener, deviation from equilibrium with 
the water phase increases (i.e., factor 2 to 3 for PCB52 to 5 to 9 for PCB153), and it 
decreases with respect to the sediment (i.e., factor 15 to 30 for PCB.52 to 5 to 10 for 
PCB153). A possible explanation for these findings is that the depuration rate 
decreases with increasing hydrophobicity of the compound. 

It is interesting to compare these observed BSAFilipoc values (Table 10.3) with values 
reported for other sediment-dwelling organisms and/or locations. Tracey and 
Hansen (1 996) have compiled numerous BSAFillpoc data for PCBs and some data for 
polycyclic aromatic hydrocarbons (PAHs). The reported BSAFllipoc values for PCBs 
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Table 10.3 Estimated Equilibrium (Kilipw, Kilipoc) versus Measured Lipid-Normalized Bioaccumulation Factors 
(BAF,,,) and Biota-Sediment Bioaccumulation Factors (BSAFilipoc) for Three PCB Congeners in Phytoplankton 
and Various Sediment-Dwelling Organisms in Western Lake Erie ' 

PCB52 PCBlOl PCB153 
(2,2',5,5') (2,2',4,5,5') (2,2',4,4',5,5') 

Measured Concentrations 

0.028 

4000 

0.01 8 

5000 

0.006 

5800 

Properties 

Kiow 1.3 x lo6 2.5 x lo6 1.6 107 

KioJ(L. kg-I OC) 4.7 104 6.6 x lo4 3.0 105 

cioc IC, 1.9 x lo6 3.8 x lo6 1.3 107 

Kilipw/(L. kg-' lip) 1.2 x lo6 2.1 x lo6 1.1 107 

KiapoJ(kg oc . kg-' lip) 25 28 39 

Relative to the Water Column BAFilip f,/(L. kg-' lip); BAFilip/Kilipw g 

phytoplankton 2.5 x lo6; 2.1 7.8 x lo6; 3.7 3.2 107; 3.0 

caddisfly larvae 3.6 x lo6; 3.0 1.3 x lo7; 6.2 1.0 x 108; 9.9 

amphipod 3.5 x lo6; 3.0 7.9 x lo6; 3.8 6.8 x lo7; 6.0 

1.2 107; 5.7 9 . 0 ~  lo7; 8.0 zebra mussel 4.0 x lo6; 3.3 

crayfish 2.4 x lo6; 2.0 6.2 x lo6 3.0 6.1 107; 5.5 

Relative to the Sediment Bed (foe = 0.074) 

phytoplankton 1.3; 0.05 2.1; 0.08 2.5; 0.06 

caddisfly larvae 1.8; 0.07 3.4; 0.12 7.8; 0.20 

amphipod 1.8; 0.07 2.1; 0.08 5.1; 0.13 

zebra mussel 2.1; 0.08 3.2; 0.11 6.9; 0.18 

crayfish 0.7; 0.03 1.7; 0.06 4.6; 0.12 

BSAFilipoc h/(kg oc . kg-' lip); BSAFilipoc/Kilipoc 

' Calculated from data reported by Momson et al. (1996). Eq. 10-19. Ratio of experimentally determined concentrations. Eq. 10-15. 
Eq. 10-22.fEq. 10-23. Italic numbers. Eq. 10-24. 

are between 0.5 and about 6 kg oc . kg-' lip. Furthermore, mean BSAFilipoc values 
were found to increase with increasing Kiow for Kiow < lo7. For more hydrophobic 
compounds, the BSAFilipoc values tend to decrease again, which could reflect slower 
uptake and/or steric hindrance as discussed in Section 10.2. 

Compared to PCBs, the BSA5'i,ipoc values for PAHs reported in the literature are 
almost one order of magnitude smaller (i.e., < 0.1 to 0.5 kg oc. kg-' lip; Tracey and 
Hansen, 1996; Clarke and McFarland, 2000). This has been found not only for 
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sediment dwelling organisms, but also for accumulation of chemicals in 
earthworms, where, in analogy to the biota-sediment accumulation factor, one can 
define a biota-soil accumulation factor (Ma et al., 1998; Krauss et al., 2000). These 
findings can be partially rationalized by the fact that PAHs tend to have higher Kio, 
values (or additionally they experience stronger sorption to soot carbon) than PCBs 
exhibiting the same Kiow values (see Fig. 9.11). For estimating Kio, values of PAHs 
we can use Eq. 6-29b in Table 9.2: 

Ki, / (L . kg-' OC) = 0.5 x K::' (10-25) 

If we now assume that, at least for the apolar lipids, Eq. 10-15 is also valid for 
estimation of KiliPw of PAHs, by analogy to Eq. 10-22, we would then predict the 
Kilipoc of PAHs to be: 

KilipM: / (kg oc . kg-' lip) = 6.4 x K2io8 for PAWS (1 0-26) 

Hence, for a PAH with Kiow = lo6 we would obtain a Kilipoc of about 2 kg oc . kg-' lip 
as compared to 24 kg oc . kg-' lip for a PCB with the same Kiow. This would explain 
the differences found in the field. We should, however, stress again that Ki,, values as 
predicted from LFERs such as Eqs. 10-19 and 10-25 reflect sediment organic 
matter-water partitioning and not sorption to highly active sorbents (e.g., soot) that 
may be present in sediments. Thus, very low BSAFilipoc values found in the field not 
only may reflect disequilibrium but also may be due to the presence of such 
sorbents, which are particularly important for sorption of PAHs (see Illustrative 
Example 9.3). 

Using Fugacities or Chemical Activities for Evaluation of 
Bioaccumulation Disequilibrium 

Now we have seen how bioaccumulation disequilibrium can be evaluated using a 
comparison of observed bioaccumulation factors (BAF, and BSAF,) with expec- 
tations from phase equilibrium considerations (KiliPw and Kilipoc). Using the latter 
factors, we can also calculate the concentrations of a given compound that we 
would expect in an organism if it were in equilibrium with either the water or the 
sediment, respectively, and then compare these concentrations with the actual 
measured ones. 

Another way of evaluating disequilibrium, particularly when considering the 
partitioning of a given compound between several environmental compartments, is 
to compare the fugacities or chemical activities of the compound in the various 
compartments. We recall from Chapter 3 that it is the difference in activity or 
fugacity, and not concentration, that determines in which direction a net flux of 
compound will occur. Such transfers will continue until the hgacities or activities 
are equal in the interacting phases. 

Evaluating a chemical's activity, a,(phase), in any phase of interest corresponds to 
contrasting its concentration to whatever concentration would be expected at 
equilibrium with the reference state. Choosing the pure liquid organic compound as 
the reference state implies that the chemical's activity is equal to 1 when it occurs at 
its liquid solubility in water or its pure liquid vapor pressure in air. Since we have 
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learned many approaches for relating concentrations in nonaqueous phases (NOM, 
lipids, air) to their corresponding equilibrium concentrations in water (Kiphasew 
values), one convenient approach for calculating a chemical’s activity in a particular 
medium is simply (1) to apply such partitioning constants to calculate the 
corresponding aqueous concentrations in equilibrium with that phase and then (2) to 
normalize the result to the compound’s liquid solubility: 

(10-27) 

For chemicals in condensed phases (e.g., NOM, lipids), such an activity calculation 
is sensitive to the system temperature as described by (Eq. 3-5 1): 

u,(phase, Ti) = a,(phase, TreJ exp(-AphasewHi lR - l/Tref)) (10-28) 

Of course, we can also use the fugacity of a given compound in a given molecular 
environment (e.g., a solvent) since this is a measure of the fleeing tendency of the 
compound from that environment (Fig. 3.9). A quantitative measure of fugacity is 
the partial pressure,p, that the compound molecules would exert in the gas phase, if 
the gas phase were in equilibrium with the phase under consideration, and behaved 
like an ideal gas. Hence, for calculating the fugacity, -f; (phase), of a compound in a 
given condensed phase we need to know the compound’s gas-condensed phase 
partition coefficient &,(phase) (see Section 6.2): 

(1 0-29) 

where K,(phase) is defined as the equilibrium ratio of the partial pressure of the 
compound and its molar concentration in the phase considered. Hence, the units of 
KiH(phase) are, for example, Pa. (mol . L-I)-’ or Pa. (mol . kg-’)-’. Note that in the 
commonly used fugacity models, &(phase) is referred to asfugacity capacity of the 
compound in the given phase (Mackay, 1979; Mackay et al., 1992 - 1997). 

When calculating the fugacities of a given compound in a given phase, one faces a 
few difficulties. First, except for the Henry’s law constant KiH (recall that we refer to 
the air-water partition constant as the Henry’s law constant, Section 6.4), there are 
very few experimental data available for partitioning of organic compounds between 
the gas phase (i.e., air) and important environmental phases including biological 
media. The relative abundance of corresponding phase-water partition coefficients 
is one practical advantage of using the chemical activity approach described above. 
However, &(phase) values can generally be estimated from the corresponding 
condensed phase-water partition coefficient and the air-water partition constant, 
Kiaw, of the compound: 

Kiaw . RT 
&(phase) = 

Kiphasew 
(10-30) 

Second, in contrast to partitioning between water and natural condensed phases, 
partitioning involving the gas phase is strongly temperature dependent (see Chapters 
4 and 6, and Section 10.4). Consequently, when using fugacities to assess compound 
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Figure 10.8 Calculated fugacities 
(see Illustrative Example 10.4) of 
PCB52 (data in squares) and 
PCB153 (data in circles) in the 
water and sediment, and in the 
lipids of zebra mussels in Western 
Lake Erie at 25"C, indicating that 
the mussels exhibit concentrations 
that are intermediate between 
equilibrium with the water column 
and the sediment bed. The 
corresponding activities are given 
in Illustrative Example 10.4. 

fluxes between environmental compartments, one has to be careful to apply the 
appropriate &,(phase, 7') values. 

Let us now come back to our example of PCB bioaccumulation in sediment- 
dwelling organisms in Lake Erie (Table 10.3). To assess that situation, this time we 
will compare the chemical activities (see Illustrative Example 10.4) and fugacities 
(Fig. 10.8) of the PCB congeners, PCB52 and PCB153, in the lake water, zebra 
mussel tissues, and the bed sediment. The calculations of these values are performed 
in Illustrative Example 10.4. For simplicity, a temperature of 25°C has been 
assumed. Note that, if we assume that AI2Hi for air-lipid and air-natural organic 
matter partitioning are similar to the values of the compounds (81 kJ.mo1-' 
for PCB52 and 91 kJ . mol-' for PCB I53), and that AawHi (air-water partitioning) is 
in the order of 50 and 70 kJ. mol-', respectively, for the two compounds, then per 10 
degree decrease in temperature, the fugacities shown in Fig. 10.8 would decrease by 
a factor of 2 and 2.7 in the aqueous phase, and by factors of 3 and 3.5 in the organic 
phases, respectively (see Tabel D 1, Appendix D). 

Neglecting this concern for inaccuracy due to temperature considerations, the PCB 
activities or fugacities (which of course yield the same relative results if the partition 
coefficient inputs are all accurate) prove to be highest in the bed sediments (by 
factors of about 10 and 5 over the mussels for PCB52 and PCB153, respectively) 
and lowest in the water (by factors of 0.3 and 0.1 less than the mussels for PCB52 
and PCB153, respectively). Hence, the PCB52 is closer to equilibrium with the 
water, whereas PCB153 is closer to equilibrium with the sediment (see discussion 
above). It appears that the mussels are acquiring these PCBs from their diet, which 
undoubtedly included resuspended sediments, and they are releasing these 
contaminants back to the relatively clean water. One can also immediately see that 
both compounds are highly underconcentrated in the aqueous phase as compared to 
the sediment (about a factor of 40). 
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Although these activity and fugacity results exactly correspond to the results 
deduced using BAFilip, Kilipw, BSAFilipoc, and Kilipoc values (Table 10.3), the use of 
activities or fugacities may provide a somewhat more transparent picture of a given 
situation. Note that the ratios of the activities or fugacities between lipid and water 
and lipid and sediment correspond to the BAFiliplKilipw and BSAFilipoclKilipoc ratios, 
respectively (Table 10.3). In the following we will use fugacity considerations for 
evaluating the transfer of organic compounds from air or soil to biological media in 
terrestrial systems. 

Illustrative Example 10.4 

cQ---Q CI CI 

2,2,4,4'-tetrachlorobiphenyl 
(PCB52) 

2,2',4,4',5,5'-hexachlorobiphenyl 
(PCB 153) 

Calculating Fugacities or Chemical Activities to Evaluate Bioaccumulation 

Morrison et al. (1996) reported the concentrations of PCB52 and PCB153 in the 
water column, the sediments, and zebra mussels from Lake Erie. The observed 
concentrations are shown below. They also found that the sediment had anLC of 
0.074 kg oc . kg-' sediment and the mussels had anj;,, of 0.013 kg lip. kg-' W.W. 

PCB52 PCB 153 

Focusing on the water and mussel concentrations in the table, one might infer that 
both PCBs were substantially biomagnified since the concentration ("parts per 
trillion" basis) in the mussel appears to be lo5 and lo6 times greater than in the water. 

Problem 

In order to examine the roles of both the water column and the sediment bed in 
PCB bioaccumulation by the mussels, estimate the fugacities (8) and chemical 
activities (aL, relative to the pure liquid chemical reference state) at 25°C for both 
PCB congeners in the water, in the sediment, and in the mussels. 

Some useful information is given in the following table (data for 25°C): 

PCB52 PCB 153 

Mi 1 (g.mol-') 292 

C$ (L) 1 M 

Kiow 

Kiaw 

10-6. I 

106.18 

10-1.7 

Kioc (= 1.4 x K::, Eq. 10-19) 

Kllipw (= 3.2 x K::', Eq. 10-2) 

104.7 

lo6,' 

36 1 
10-7.0 

107.15 

10-1.8 

105.4 

107.0 
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Answer 

To estimate either the fugacities or the chemical activities, we first calculate the 
concentrations in the water, C:, , equilibrated with each observed concentration: 

in water, C;", = C,, 

Cised 

.fmKim 
in sediment, C;w := - 

Multiplying this result by RTKiaw (note: RT = 2.48 x lo6 Pa L.mol-'), we find the 
corresponding fugacities (Eq. 10-29). Dividing this fugacity result by the vapor 
pressures over the pure liquid or, more directly, dividing the equilibrated water 
concentrations by the liquid solubilities yields the chemical activities: 

PCB52 PCB153 Ratio to water 

Fugacities 

in water (= Ci,. Kiaw. RT) 4.7 nPa 0.65 nPa 1 1 

1 Kiaw . RT 180nPa 32nPa 40 50 

Kiaw . RT 16nPa 5.9 nPa 3 9 

Chemical activities 

1.2x 10-7 1 . 7 ~  I 1 

4.5 x 8.0 x 10" 40 50 

3.8 x 1.5 x lo4 3 9 

Whether we consider the fugacities or the chemical activities, we find the same 
result. Both PCBs exhibit chemical potentials that are between what we find for the 
water and the sediment (see Fig. 10.8). 
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Bioaccumulation in Terrestrial Systems 

Compared to aquatic systems, it is currently more difficult to assess bioaccumu- 
lation of organic chemicals in terrestrial systems. First, particularly when dealing 
with terrestrial plant materials, we may not a priori assume that only the lipid 
components predominate as the material into which the compounds partition; 
polymers like lignin and cutin can also be important. Second, the composition of 
plant materials and terrestrial animals, in which bioaccumulation measurements 
have been made, is often not reported. So, estimates of equilibrium partition 
coefficients and assessments of chemical activities or hgacities are not possible. 
Furthermore, partitioning from the gas phase (i.e., air) is strongly temperature 
dependent. As a consequence, seasonal fluctuations in air-plant partitioning 
processes are generally much more pronounced than fluctuations in partitioning 
coefficients involving water. Therefore, our present ability to predict bio- 
accumulation in terrestrial systems is still rather limited. Nevertheless, a few 
important general aspects can be addressed in a quantitative way. 

Transfer of Organic Pollutants from Air to Terrestrial Biota 

We start by considering the bioaccumulation of Semivolatile Organic Chemicals 
(SOCs) between the atmosphere and plants. The term SOCs is commonly used in 
discussions involving persistent, apolar or weakly polar compounds exhibiting low 
vapor pressures. SOCs include important classes of environmental pollutants like 
polychlorinated aromatic hydrocarbons (e.g., DDT, DDE, DDD, HCB, PCBs), and 
polychlorinated dibenzo-p-dioxins (PCDDs) and -dibenzofurans (PCDFs), as well 
as polycyclic aromatic hydrocarbons (PAHs). Such compounds partition very 
favorably from air into organic phases (see Chapter 6). Furthermore, because of their 
high hydrophobicities, from an overall mass flux point of view, uptake from soil 
water via roots will, in general, be much less important for such compounds as 
compared to more water-soluble chemicals (Chiou et al., 2001). Therefore, 
atmosphere-terrestrial plant partitioning is an important route for such compounds 
to enter agricultural food chains (e.g., as depicted in Fig. 10.1 : pasture -+ cattle + 
cows’ milk, butter, meat -+ humans; McLachlan, 1996; Thomas et al., 1998a, 1999). 
Such air-to-biota transfers are also important in terrestrial wildlife food chains (e.g., 
pasture -+ caribou wolf; Kelly and Gobas, 2001). Furthermore, due to the 
extensive partitioning, terrestrial vegetation plays an important role in the cycling of 
SOCs in the environment (Simonich and Hites, 1995; Wania and McLachlan, 2001; 
Trapp et al., 2001). Finally, certain more long-lived terrestrial plant media including 
lichens, moss, pine needles, and tree bark have been and are being used to monitor 
atmospheric pollution with SOCs (Calamari et al., 1994 and 1995; Tremolada et al., 
1996; Simonich and Hites, 1997). In the following we will discuss some examples of 
the transfer of airborne SOCs to terrestrial systems. However, in order to be able to 
calculate fugacities in plant materials, we need to consider first some aspects of air- 
plant tissue equilibrium partitioning. 

Air-Plant Equilibrium Partitioning 

Experimentally determined air-plant equilibrium partition coefficients of SOCs as 
well as of other organic compounds are rather scarce. Note that, in the following, 
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Table 10.4 LFJ3Rs Relating Air-Plant Partition Coefficients, Kiap, and 
Air-Octanol Partition Constants, K,,, of PCBs for Various Herbs and Grasses at 
25'C.(Kiap values are in kg dry weight.L-'.) a 

Plant Species a b Log Ki,,Range R2 

ryegrass (Lolium multijlorum) 1.15 +3.07 -9.9 to-7.2 0.98 
clover (Trifolium repens) 0.70 -0.83 -8.8 to-7.4 0.86 
plantain (Plantago lanceolata) 0.87 +0.64 -8.8 to-7.4 0.98 
hawks beard (Crepis biennis) 0.74 -0.55 -9.4 to-7.4 0.97 
yarrow (Achillea millejolium) 0.57 -2.33 -9.5 to-7.4 0.93 

Derived from partition coefficients reported by Komp and McLachlan (1997b) as volume 
air/volume plant by assuming a density of 1 kg .L-' and by using the dry-weight percentage given 
by Bohme et al. (1999). 

similar to vapor pressure and to air-solvent partitioning (Chapter 6), we define Kiap 
as the ratio of the equilibrium concentrations in the air and in the plant: 

(10-31) 
Cia K. -- 
Cip 

rap - 

and not vice versa as we did when discussing bioaccumulation from air in the 
Illustrative Example 10.3, and as is often done in the literature. Thus, a very small 
Kiap value means that the compound partitions very favorably into the plant material. 

Komp and McLachlan ( 1997b) determined air-plant partition coefficients of a series 
of PCB congeners at different temperatures for different grass and herb species. 
From this laboratory data, two important general conclusions can be drawn. First, 
significant differences in the partitioning behavior between the plants were ob- 
served. Partition coefficients varied by up to a factor of 20 for different plant species 
accumulating a single PCB congener. This was particularly true for the more volatile 
compounds. Komp and McLachlan (1 997b) quantitatively illustrated this variability 
by showing that quite different regression coefficients were obtained when air-plant 
partition coefficients were correlated with the corresponding air-octanol partition 
coefficients, K,,, of the compounds (see a and b values in Table 10.4): 

log Kiap = a .  log Kj,, + b (10-32) 

Since the composition of the various plants tested was not determined (i.e., lipid, 
cutin, lignin), the differences cannot be examined in light of variable contributions. 
Nevertheless, the substantially different slopes observed indicate that not only the 
quantity but also the quality of the plant biomass was important in determining air- 
plant partitioning. Note that a very similar interspecies variability has been observed 
for the same plants in a field study (Bohme et al., 1999). 

The second important result is the strong temperature dependence of Kiap. For 
example, for PCB.52 and PCB153, the model compounds that we focused on to 



Bioaccumulation in Terrestrial Systems 3 63 

illustrate bioaccumulation in aquatic systems (see above), A,,& values are about 90 
kJ . mol-' and 11 0 kJ . mol-', respectively. Hence, in regions with large temperature 
fluctuations, Kiap values, and thus concentrations found in plants, may differ by more 
than one order of magnitude between warm and cold seasons, provided that the 
kinetics of air-plant exchange are fast enough. For example, Kelly and Gobas 
(2001) found that concentrations of PCBs in lichens collected from a tundra system 
in the arctic region of Canada in the spring exceeded those in lichens collected in the 
summer by factors of 10 or even more. Since, the concentrations of PCBs in the 
arctic air are significantly smaller in the winter than in the summer (Hung et al., 
2001), these differences can be attributed primarily to the strong effect of 
temperature on air-plant partitioning. 

In summary, we note that air-plant partition coefficients of a given compound may 
vary significantly between different plant species and this partitioning is strongly 
temperature dependent. However, for practical purposes, it may be sufficient to 
use an average Kiap value and an average A,& value for calculating hgacities in 
plant materials. This would allow an initial assessment of air-plant equilibration 
in a given field situation or prediction of maximum concentrations in plant materials 
that one would anticipate for a given average air concentration (see Illustrative 
Example 10.5). 

Illustrative Example 10.5 Evaluating Air-Pasture Partitioning of PCBs 

Problem 

Thomas et al. (1998b) conducted a field study of the air-to-pasture transfer of 
a series of PCB congeners at a rural site in northwest England. The pasture 
consisted of a mixture of grasses and herbs. The average concentrations of the 
three congeners PCB52, PCB153, and PCB180 determined in 12 samples 
collected between the end of April and mid-October 1996 are given in the 
table below together with the air-octanol partition constants and the average 
A,& values of the compounds reported by Komp and McLachlan (1997b). 
Also included are the average concentrations of the three congeners in the air 
above that region. The mean temperature during the sampling period was 
about 10°C. Calculate the fugacities (nPa) of the three PCB congeners in the 
air and the pasture, as well as the concentrations of the compounds in the 
pasture (ng . kg-' d.w.) that would be established at equilibrium with the 
average air concentrations. 

Answer 

Fugacity in Air 

Convert concentration to partial pressure by first converting it to mol . L-' (divi- 
sion by the molar mass, Mi, see Appendix C) and subsequent multiplication by RT 
(2.35 x lo6 Pa.L.mo1-' at 10°C): 
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Air-Octanol Partition Constants (Kiao), Average Enthalpies of Air-Pasture 
Transfer (Aa$li), and Average Concentrations in Pasture (C,) and Air (Cia) of 
Three PCB Congeners 

PCB52 PCB153 PCB 180 
(2,2',5,5 ') (2,2 ' ,4,4',5,5 ') (2,2',3,4,4',5,5 ') 

log Kiao a -8.0 -9.1 -9.8 
AapHi / (kJ.rno1-') 90 110 130 

Cia / (pg. m-3) 6.8 3.2 0.7 
C, 1 (ng.kg-' d.w.) 40 65 18 

a Average between calculated (ie., logKj, = logKjaw - logKjOw, Eq. 6- 11) and experimental value 
(Komp and McLachland, 1997a). Komp and McLachlan (1997b). Thomas et al. (1998b). 

PCB52: r;(air) = (6.8 x pg.L-'/292 x 1OI2 pg.mo1-I) (2.35 x lo6 Pa.L.mo1-I) 

= 5.5 x I@" Pa 

= 0.055 nPa 

and, accordingly, 

PCB153: <(air) = 0.021 nPa 

PCB 180: <(air) = 0.0042 nPa 

Fugacity in Pasture 

Calculate an average Klap value by inserting the Kiao value into the five equations 
given in Table 10.4: 

1 
5 

- 
Kjap = - Kiap (estimated) 

The resulting average Kiap values at 25°C are: 

PCB153: Kiap = 10-7.3 

PCBISO: K~~~ = 10-7.9 

Use Eq. 3-51 (or the factors given in Table D1 in Appendix D) to convert the Kiap 
values from 25°C to 10°C [neglect the contribution of RT,, (Eq. 6-10); A a P i  values 
are given in the above table]. 

PCB52: Klap (10°C) = 0.15 Klap (25°C) = 6.0 x lo-' kg d.w. .L-' 

PCB153: Klap (10°C) = 0.095 KIap (25°C) = 4.8 x kg d.w. .L-' 

PCB180: = 0.062 Kap (25OC) = 7.8 x lo-" kg d.w. .L-' KIap (lO°C) 
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Calculate now the concentrations in the air that would be established in equilibrium 
with the actual concentrations in the pasture: 

PCB52: Cliq = Kiap. Ci, = (6.0 x kg d.w.. L-') (40 ng . kg-' d.w.) 

= 2.4 10-15 g.L-1 

= 2.4 pg . m-3 

and accordingly, 

PCB153: Cl:q = 3.1 x 

PCB180: Cl:q = 1.4 x 

g-L-' = 0.31 p g . ~ r - ~  

g.L-' = 0.014 ~ g . m - ~  

Convert these concentrations to partial pressures as done above for the actual air 
concentrations. The resulting fugacities are: 

f;(air,obs.) (April - October) 

PCB52: <(pasture) = 0.019 nPa 0.055 nPa 

PCB153: c(pasture) = 0.0020 nPa 0.021 nPa 

PCB 180: <(pasture) = 0.000084 nPa 0.0042 nPa 

Comparison of these values with the fugacities of the compounds in air (see above) 
shows that PCB52 is rather close to equilibrium (less than a factor of 3), whereas the 
other two congeners exhibit fugacities in the pasture that are a factor of 10 and 50, 
respectively, lower than the fugacities in the air. Therefore, equilibrium 
concentrations in the pasture would be a factor of about 3, 10, and 50 times higher 
for PCB52, PCB153, and PCB 180, respectively, as compared to the actual 
measured ones (i.e., 120, 650, and 900 ng.kg-' d.w., respectively). 

This finding that deviation from equilibrium increases with decreasing volatility of 
the compounds (i.e., decreasing Kiap value) has also been observed in a field study by 
Bohme et al. (1999), who determined the concentrations of a large number of SOCs 
including PCBs, PCDDs, PCDFs, and PAHs in a variety of plants. A plausible 
explanation for these observations is that gas exchange becomes increasingly 
kinetically limited with increasing size of the molecule. Note that for SOCs of very 
low volatility, that are primarily bound to particles in the atmosphere, particle 
deposition may become the dominant process for the overall transfer of the 
compound from the atmosphere to plants (for more details see McLachlan, 1999, 
and Bohme et al., 1999). 

Uptake of Organic Pollutants from Soil 

Another important uptake route for chemicals by terrestrial plants and organisms 
living in soils (e.g., earthworms) is uptake from soil interstitial water and/or by 
ingestion of soil particles. In particular, uptake of contaminants from soils by 
certain plant species is of great interest, because this process, which is referred to 
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as phytoremediation, is used to clean up contaminated sites. The idea of phyto- 
remediation is that compounds partition from contaminated soils into the plant 
roots; subsequently the compounds may be metabolized in the plant tissues, 
transported to woody tissues for storage, or transported to the leaves where the 
chemical can be transferred to the atmosphere (e.g., Thompson et al. 1998). 
Uptake of contaminants from soil water to plant is particularly important for more 
water-soluble compounds including numerous pesticides and solvents. Note that 
for more polar compounds including various pesticides, plant components other 
than lipids (i.e., proteins, carbohydrates, and even plant water) may also become 
relevant reservoirs for the overall accumulation of the chemical in the plant, 
particularly if the plant (or crop) considered has a very low lipid content (Chiou et 
al., 2001). 

When evaluating the accumulation of chemicals in plants and soil organisms, we 
have a similar situation as encountered when dealing with organisms living at the 
sediment-water interface. That is, we are confronted with the fact that there may be 
a simultaneous exchange with more than one environmental medium (e.g., the 
atmosphere and the soil). Hence, to assess the direction in which chemicals are 
transferred, we need to determine the fugacities in all relevant compartments. 
However, this task is not too difficult, since we have already discussed all the 
relevant partition processes between biological media, air, water, and soil organic 
matter, respectively. 

For example, when we are interested in the accumulation of SOCs in earthworms, 
we may adopt a similar approach as we used for sediment-dwelling organisms. 
Since earthworms have a significant lipid content (ca. 5%, Table 10.1) and we are 
interested in relatively hydrophobic substances, we use lipid- and organic carbon- 
normalized biota-soil accumulation partition coefficients (Kllipoc) and bioaccu- 
mulation factors (BSAFillpOc). These correspond exactly to the biota-sediment 
accumulation partition coefficients and factors defined by Eqs. 10-21 and 10-24 (for 
an application see Problem P 10.2). 

Biomagnification 

Defining Biomagnification 

In the environment, one frequently observes the concentration of a given compound 
in organisms increasing as one examines successive organisms along a given food 
chain (see example given in Fig. 10.9). The term biomagnzfcation has been 
introduced to describe this phenomenon. The associated biomagnification factor, 
BMF,, is therefore defined as the ratio of the chemical concentration in the organism 
of the higher trophic level divided by the same chemical’s concentration in the 
organism contributing a major part of the diet (Fig. 10.5): 

(10-33) 

Eq. 10-33 can also be written in terms of the observed bioaccumulation factors (Eq. 
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concentration (ppb) 

water: 0.00006 ppb 

Figure 10.9 Example of a food 
chain biomagnification of PCB52 
(2,2’,5,5’,-tetrachlorobiphenyl). 
Concentrations in “parts per billion” 
(ppb, i.e., pg . L-’ or pg . kg-I, res- 
pectively) of this PCB in each 
“phase” of two food chains: ( i )  
from water to phytoplankton to 
herbivorous mysids to carnivorous 
small fish to carnivorous large fish, 
and (ii) from bed sediments to de- 
trivorous amphipods to camivo- 
rous small fish to carnivorous large 
fish. Data from a study of Lake 
Ontario (Oliver and Nimi, 1988) 
assuming all organisms were 80% 
water content to convert all con- 
centrations to a dry-weight basis. 

plankton: 12 ppb 

1 
mysids: 18 ppb 

I 
small smelt: 40 ppb 
large smelt: 90 ppb 

\ 
\ 

trouffsalmon: 31 0 ppb 

sculpin: 140 ppb 

I 
benthic amphipods: 11 0 ppb 

4 
bed sediments: 25 ppb 

10-8) of the organism considered and of its diet if both have been referenced to the 
same environmental medium ( Cimea): 

(1 0-34) 

We should point out that although the name of this biomagnzjkation factor suggests 
a buildup in organisms of higher trophic level, BMF, values may be smaller than 1. 
Such is the case, for example, for compounds that are efficiently metabolized in the 
organism but not in its diet; that is, BAFiOrganism < BAFidiet. Furthermore, if the 
compound concentrations are expressed on a total organism weight basis, a BMFi f 1 
does not necessarily mean that the concentration of the compound in a particularly 
important location in the organism (e.g., in the membrane lipids where a toxic effect 
may occur, see Section 10.6) is different in the organism and its diet. A BMF, f 1 may 
simply reflect differences in composition of the organism and its diet. For example, 
if, compared to its diet, an organism exhibits a much higher fraction of organic 
phases that are favorable for the compound to partition into (in particular, lipids), a 
BMF, value > 1 is likely to be found (see e.g., Leblanc, 1995; Kucklick and Baker, 
1998). On the other hand, a higher lipid content of the diet will tend to decrease the 
whole body weight-normalized BMF,. 

However, biomagnification factors significantly different from 1 may also reflect 
real processes building up the effective concentrations in a given organism’s tissues. 
Said more accurately, the chemical activity or fugacity of the compound may prove 
to be greater as one moves up the food chain: 
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“real biomagnification” when: 

aiorganism > aidjet (10-35) 

or equivalently: 

<organism > <diet (10-36) 

Let us see why such “real” biomagnification may occur. First, in many organisms, 
the organic mass making up the diet is substantially degraded while in the animal 
gut. For example, herbivorous fish typically excrete about 30 to 40% of their 
ingested food while carnivorous fish excrete about 20% (Brett and Groves, 1979). 
Moreover, particular biochemical fractions of the diet may be especially utilized; for 
example, Gobas et al. (1999) observed that the gut contents of a rock bass contained 
only about one-third the lipid content of the crayfish species that formed the 
predominent prey. Hence, biomagnification would be encouraged in the herbivore’s 
or carnivore’s gastrointestinal tract, since it can be assumed that large parts of the 
lipids and proteins present in the diet, but not a biochemically recalcitrant xenobiotic 
compound, are degraded there. This digestion of the sorbent leads, of course, to an 
increase in fugacity of the compound in the gastrointestinal tract of an organism as 
compared to the original diet. Because elimination by passive depuration through 
the gills or lungs is slow in higher organisms, concentration levels well above 
predicted equilibrium values may thus be established in such organisms for long 
time periods (i.e., even for the lifetime of the organism). 

Biomagnification Along Aquatic Food Chains and Food Webs 

Thus, there are various compound- and organism-specific factors that determine 
whether a “real” biomagnification occurs in a given food chain or food web. Armed 
with our improved understanding of these factors, let us examine some reported 
examples of specific organochlorine compound concentrations in organisms 
forming simple food chains or food webs (Fig. 10-10). Knowing that this type of 
apolar compound tends to accumulate predominantly in the lipids of organisms, we 
normalize all the observed concentrations by the lipid contents of these organisms 
yielding values of C,,ip (yg . kg-’ lip) for each organism or organism tissue. To the 
extent that this lipid-dominance is correct, the resultant values are then linearly 
proportional to the individual compound’s activities or fugacities [Eqs. 10-27 and 
10-29 (phase = lip)]. 

As is evident in planktonic food webs (e.g., Fig. 10.10a, Harding et al., 1997; 
Paterson et al., 1998), individual persistent hydrophobic compounds such as PCB 
congeners do not tend to show large biomagnification. Often ranges of ClIip values 
observed at one trophic level overlap the ranges of observations made at higher 
levels. For example, in this case the plankton samples showed lipid-normalized 
concentrations of PCB 153 ranging from 25 to 170 pg . kg-’ lip, while the juvenile 
fish at a higher trophic level exhibited 90 to 500 yg . kg-’ lip. Using mean values, ClIlp 
values of the zooplankton are indistinguishable from the phytoplankton they eat, 
while the fish are only a factor of 3 “magnified.” 

Apparently, in smaller organisms like the plankton, depuration and /or excretion is 
fast enough that a significant disequilibrium between organism and diet may not be 
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Figure 10.10 Average values of 
lipid-normalized concentrations 
(ranges in parentheses) of some 
organochlorine compounds: 
PCB 153, ZDDT = o,p-DDT + p,p- 
DDT + o,p-DDE + p,p-DDE, 
ZHCHs = a- + p- + Ghexachloro- 
cyclohexane, and HCB = hexa- 
chlorobenzene (for structures see 
Fig. 2.14) in organisms belonging 
to some food chains (logKlOw 
values are given in parentheses 
after the compound names). All 
concentrations are expressed in 
pgg.kg-' lip. (a)  Planktonic food 
webs in 19 lakes in Southern 
Sweden (Berglund et al., 2000). 
The average lipid contents were 
5.4, 8.8, and 6.6% for the phyto- 
plankton, zooplankton, and fish, 
respectively. (b) Local marine food 
chain in a fjord in Northern Nor- 
way (Ruus et al., 1999). (c) Fish 
and fish-eating water birds from 
the Santa Barbara location, Bobio 
River, Chile (Focardi et al., 1996). 

(a) Freshwater Lakes in Southern Sweden 

phytoplankton zooplankton 

PCB 153 (7.1) 60 (25-170) 48 (25-125) 

(b) Fiord in Northern Norway 

(whole fish) 

XDDT (7.6-7.9) 60 
(30-1 30) 

PCB 153 (7.1) 25 
(1 0-60) 

HCB (5.1) 4 
(2-8) 

XHCH (3.8) 40 
(25-60) 

cod 
(liver) 

200 
(1 00-470) 

95 
(45-300) 

60 
(40-70) 

30 
(20-40) 

juvenile fish 

180 (90-500) 

seal 
(blubber) 

2000 
(600-7800) 

1200 
(550-2800) 

95 
(90-100) 

55 
(5-200) 

(c) Bobio River in Chile 

various fish 

X DDT (7.6-7.9) 890 
(480-1340) 

PCB 153 (7.1) 80 (50-130) 

HCB (5.1) 25 
(1 0-35) 

X HCH (3.8) 150 
(80-360) 

various water birds 

1570 
(970-2350) 

550 (400-700) 

50 
(25-75) 

45 
(24-9 0) 

established, even for highly hydrophobic compounds. However, in higher 
organisms, such disequilibrium with the environment may occur. Thus, if an 
organism's diet serves as the main source of a contaminant, and in digesting the diet 
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the compound’s kgacity in the gastrointestinal (GI) tract is increased by factors 
between 1 and 10, then the larger animal will exhibit a body fugacity between that of 
its GI tract and the environmental medium in which it respires. 

Empirically, it is found that this disequilibrium and thus the BMFi value tend to 
increase with increasing hydrophobicity of the compound (compare concentrations 
given in Figs. 10.10b and c; note that log Kiow values are given in parentheses). This 
is probably due mostly to slower depwation processes. Thus, for example, when 
considering biomagnification of PCBs, one usually observes a change in the 
mixture’s composition, that is, a shift toward higher chlorinated congeners along a 
given food chain (see cg. ,  Russel et al., 1995; Feldman and Titus, 2001; Jackson et 
al., 2001). In contrast, a faster depuration process may explain the diminished 
biomagnification of the much less hydrophobic HCHs (log K,, about 3.8) as 
compared to the other more hydrophobic organochlorine compounds. In addition, 
the BMF, value of 0.3 for CHCH observed for the water birds (Fig. 10.10~) can be 
attributed to an increased metabolic transformation of these compounds in the birds 
(Focardi et al., 1996). Finally, we should point out that biomagnification in aquatic 
food chains or food webs may have a significant impact on humans, primarily on 
those for which aquatic organisms form an important diet. For example, in a survey 
conducted between 1990 and 1995 in Canada (Greizerstein et al., 1999), it was 
found that the lipid-normalized PCB concentrations in human milk of Inuits (who 
consume a lot of fish) were about one order of magnitude higher (i.e., CPCB = 400 
pg . kg-’ lip) as compared to the other population in the same region. 

Biomagnification Along Terrestrial Food Chains 

Influence of Temperature Dlfferences Along the Food Chain. Let us now evaluate 
some field data regarding biomagnification of semivolatile organic compounds 
(SOCs) in some terrestrial food chains. First, we consider an agricultural food chain 
involving air + pasture plants -+ (cow) -+ cow’s milk -+ human milk (Fig. 10.1 1). 
Again, here we focus on three specific PCB congeners (i.e., PCB52, PCB1.53, 
PCB180). Since these PCBs have been seen to be persistent in the environment, it 
may be reasonable to initially assume that they are not rapidly degraded in any 
compartment of this food chain (although we will revisit this at the end). Their high 
hydrophobicities allow us to assume they primarily exist in the lipid fractions of the 
biological elements in the food chain. 

McLachlan (1996) reported concentration data for these PCBs in the food chain from 
a study conducted in the region of Bayreuth, Germany (Table 10.5). Comparing cow’s 
milk and pasture grasses, the biomagnification factors, BMFl = Cll,p,cow/Cipl are greater 
than 1 for PCB153 and PCB180 (i.e., 15 and 24 kg d.w. .kg-’ lip, respectively; Table 
10.5), although PCB52 showed a value of only about 0.3. At first glance, this suggests 
that there is biomagnification of these two congeners from pasture to cow’s milk. 
However, if the plants are assumed to contain about 5% lipid-plus-cutin (Table 10. l), 
then these lipid-normalized biomagnification factors, BMFr,lp = Clllp,cow/CL,lp,p , of the 
two larger PCBs would have values close to 1. 

However, to do these comparisons correctly, we really need to contrast the fugacities 
(or chemical activities) of the compounds in the different media. But unlike aquatic 
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Table 10.5 Average Concentrations of PCB52, PCB153, and PCB180 in Air (Cja), 
Pasture (C,), Cow’s milk (lipid normalized, Cilip,cow), and Human Milk (lipid 
normalized, C;lip,h”man) in the Region of Bayreuth, Germany (1989 - 91) 
(Data from McLachlan, 1996. Also given are the estimated air-lipid partition 
coefficients and the used AalipHj values.) 

PCB52 PCB153 PCB 180 
(22’SS’)  (2,2’ ,4,4’,5,5 ’) (2,2’,3,4,4’ ,5,5 ’ ) 

Cia I (pg .m-3> 27 20 4.2 

C, I (ng.kg-’ d.w.) a 80 400 80 

Cilip,cow I (ng ‘kg-’ lip) 27 5900 1900 

Cilip,human 1 (ng. kg-’ lip) 1500 175000 71300 

log Kialip / (L . kg-’ lip) -7.8 -8.8 -9.5 

Aali#fi / (kJ.mo1-’) 81 91 97 

a Calculated from wet weight values by assuming 25% dry weight. Calculated for 25°C from 
Kilipw and Kiaw: Kialip = KiaJ Kilipw; Kjlipw estimated using Eq. 10-2. Values reported by Komp and 
McLachlan (1997a) for vaporization, i.e., AaliJYj f 

systems, terrestrial food chains often contain interacting elements that exist at very 
different temperatures. For example, to calculate the fugacities of compounds 
in mammals, it is most appropriate to use a temperature of 37°C. We might even 
be interested in the fugacities of the PCBs in the grasses after they have been 
eaten by the cow, and then we would want those values at 37°C also. So in 
addition to the pertinent air-lipid partition coefficients for each congener at 
25°C (Table 10.4), we need to adjust these partition coefficients for the 
temperature of interest using information on the enthalpies of air-lipid transfers 
(Aal,&li, Table 10.5). 

Now we can calculate each congener’s fugacity in each medium (Fig. 10.11). (The 
fugacities have been derived in the same way as described in the Illustrative 
Examples 10.4 and 10.5.) Due to seasonal variations, the resulting values represent 
averages and therefore should be viewed as order-of-magnitude values. Fur- 
thermore, the fugacities given in Fig. 10. l l differ somewhat from those calculated 
by McLachlan (1 996) due to slightly different air-pasture and air-lipid partition 
coefficients used for their derivation. We should also point out that for PCB 180, we 
have extrapolated the Kilipw from Kiow values using Eq. 10-2. This means that the real 
Kilipw value could be significantly smaller. This would translate into a larger Kjalip 
value, and therefore higher calculated fugacities of this compound in the lipids. 
Clearly one needs to be careful in interpreting such calculated fugacities, 
particularly in situations where we are close to equilibrium. 

Nevertheless, some interesting general conclusions can be drawn from this case 
(Fig. 10.11). First, we note that the deviation from air-pasture equilibrium increases 
with decreasing volatility of the compound. This may imply the slower uptake of 
more hydrophobic compounds by the plants (McLachlan, 1999; Bohme et al., 1999). 
Second, using the temperature considerations, the ratio of fugacities, 4, in the cow’s 
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Figure 10.11 Calculated average 
fugacities of PCB52, PCB 153, and 
PCB180 in air, pasture, cow’s 
milk, and human milk in the region 
of Bayreuth, Germany in 1989190. 
The average concentrations from 
which the fugacities have been 
calculated are given in Table 10.5 
together with the partition coeffi- 
cients and A,2Hi values for air- 
lipid partitioning. The average 
partition coefficients, Kiap, and 
corresponding A&€; values are 
given in Illustrative Example 10.5. 

milk versus the grass becomes 0.01,0.3 and 0.4 for PCB52, PCB153, and PCB180, 
respectively. 

Now we see the interesting result that at 37°C the fugacities of the compounds in the 
milk are lower than in the plants forming the diet of the cow. This result derives from 
the increased fugacities of the “diet” after it is taken in and its temperature is raised 
in the gut of the animal. On the other hand, with the digestion of the grasses causing 
the loss of sorbent in the GI tract and thereby increasing the fugacities on undigested 
components, one would expect higher chemical fugacities at the higher trophic 
level. 

Hence, in this particular case we could speak of a “biodilution” rather than of a 
biomagnification. The especially low observed fugacity of PCB52 in cow’s milk 
could be partially due to metabolic transformation of this compound in the cow. 
Finally, we note that fugacities in human milk fat are between one and two orders of 
magnitude higher than in cow’s milk fat. These findings suggest that humans were 
not acquiring these PCBs chiefly from cow’s milk, but from other sources, for 
example, from aquatic food sources (fish, seafood, etc.) that contain much higher 
levels of such compounds (see Section 10.3), and/or that humans are very efficient 
in biomagnifying compounds from their food sources. 

Let us conclude this example by comparing these data with data collected in another, 
similar study (Thomas et al., 1998a; Table 10.6). As can be seen in the data, 
comparable BMFi values were found for cow’s milk as well as for cow’s meat. 
Hence it seems that such compounds accumulate in a very similar way in the milk 
and the muscle of the animals. For those among us who like to eat liver, we should 
note that PCB levels of various congeners were generally found to be a factor of two 
to four times higher in cow’s liver as compared to other body fat (Thomas et al., 
1999). 
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Table 10.6 Biomagnification Factors (i.e., Animal Fat-Feed Concentration Ratios), 
BMF, for PCB52, PCB153, and PCB180 for Transfer from Pasture to Animal Fat 

BMFi 1 (kg d.w.. kg-’ lip) 

PCB52 PCB 153 PCB 180 
Animal Compartment (2,2’,5,5’) (2,2’,4,4’,5,5’) (2,2’,3,4,4’,5,5’) 
_ _ _ ~  

Cow’s milk a 

Cow’s milk 

COW’S meat 

0.34 15 24 

n.d. 20 19 

0.40 13 20 

a Germany 1989/90; data from McLachlan (1996); see Table 10.5. England 1996/97; data from 
Thomas et al. (1998a). n.d. = not determined. 

Influence of Seasonal Temperature Differences. In our second example, we consider 
a wildlife food chain involving the transfer of our PCB model compounds from 
lichen/willow leaves to caribou to wolves in an arctic environment (Kelly and 
Gobas, 200 1). Using observations of chemical concentrations, we calculate the 
fugacities of a few PCBs as we have done before but always at 37°C (Fig. 10.12). 
The sampling for the analyses of the PCBs in lichens and in willow leaves was 
performed a few years later than for the animal tissues (i.e., 1994/97 instead of 
1992). However, when considering the very similar seasonal concentration pattern 
of the compounds in arctic air during these years (Hung et al., 2001), the calculated 
fugacities should be reasonably representative. 

We can see some interesting features. First, we notice the much higher fugacities 
(i.e., concentrations) of the compounds in the pasture in the spring as compared to 
the summer, although air concentrations are generally higher in the summer as 
compared to the winter (Hung et al., 2001). This is because the air-plant partition 

Figure 10.12 Calculated average 
fugacities of PCB52, PCB153, and 
PCB180 in pasture (i.e., lichens, 
willow leaves), caribou lipids, and 
wolf lipids in an arctic food chain 
in Canada (Bathurst Region). The 
caribou and wolf data represent 
averages of male and female 
animals. Data from Kelly and 
Gobas (2001). 
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coefficients are highly temperature dependent. For example, the Kiap value of 
PCB153 ( A , P i  = 110 kJ.mol-', see Illustrative Example 10.5) changes by almost a 
factor of 5 per 10°C change in temperature. Hence, the large seasonal concentration 
variations found for PCBs in arctic plant tissues are likely due primarily to the large 
seasonal temperature fluctuations in such regions. Since the body concentrations of 
contaminants such as PCBs in animals like caribou and wolves represent a time- 
averaging over months and years, such time-varying exposures make it difficult to 
determine any biomagnification. 

Another important result is that, very similar to the agricultural food chain discussed 
above (Fig. lO.ll), there is no real biomagnification from pasture to consumers (in 
this case the caribou). In fact, the caribou consistently exhibited fugacities that were 
much less than their springtime diet. 

Finally, for the higher chlorinated congeners (PCB 153, PCB 1 SO), biomagnification 
is observed between animal prey (ie., the caribou) and predator (i.e., the wolf). This 
may be explained if the wolf digests much of its caribou diet and thereby 
substantially increases the PCB fugacities in its GI tract. If excretion and respiration 
only slowly return the PCBs to the arctic air from where they came, then the wolf 
may exhibit a continuous fugacity excess relative to its prey. 

Finally, it is interesting to note that in the fall, female animals exhibited somewhat 
lower PCB and other organochlorine compound concentrations than male animals. 
This may be explained in part by lactation throughout the nursing period that occurs 
during the summer (for more details see Kelly and Gobas, 2001). 

Baseline Toxicity (Narcosis) 

We conclude this chapter by briefly addressing toxicological issues that primarily 
result from accumulation of chemicals in biological membranes. Organic chemicals 
can exert a variety of toxic effects in organisms. Depending on both the chemical 
and the organism, these may include unintended interactions of the contaminant or 
its reactive metabolites with critical functional components like enzymes or genetic 
macromolecules (DNA, RNA). Further, even without covalent bond formation, 
some nonpolar compounds can physically associate with enzymes or genetic 
materials and disrupt their normal three-dimensional structure. This may harm the 
hnctioning of the macromolecule (e.g., association of dioxins with DNA, or 
estrogen disruptors binding to hormone recognition sites). Such effects require quite 
specific chemical interactions with components of the organism. 

However, any compound, even if it is chemically inert, if present at high enough 
concentrations in biological membranes can change those membranes' properties 
and disrupt their functions. Consequently, membrane-associated processes like 
photosynthesis, energy transduction, transport in or out of the cell, enzyme 
activities, transmission of nerve impulses, and so on may deteriorate (see van Wezel 
and Opperhuizen, 1995 and literature cited therein). Since these effects seem to be 
primarily dependent on the space that contaminating molecules occupy in the 
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membrane, and not on the chemical structure of the compound, one commonly 
refers to this type of toxicity as nonspeczjic toxicity. Since such nonspecific 
interactions include disrupting nerve functions, they are also often referred to as 
narcosis. Furthermore, because any additional specific toxic effect would increase 
the overall toxicity of a compound, one also uses terms like minimum toxicity or 
baseline toxicity to describe this mode of toxic action. 

Quantitative Structure-Activity Relationships (QSARs) for Baseline Toxicity 

Let us now evaluate how we can assess the baseline toxicity of organic chemicals in 
a quantitative way. We have already mentioned that certain membrane functions 
may be disrupted if a chemical occupies a certain volume fraction of that membrane. 
This means that for two compounds of the same size, we would anticipate that when 
they are present at equal concentrations in the membrane they would exert the same 
effect. Furthermore, since the majority of chemicals of interest to us do not differ in 
size by more than a factor of 3 to 4 (compare molar volumes in Chapter 5, e.g., Fig. 
5.2), the membrane concentration required for any compound to cause a narcotic 
effect will be in the same order of magnitude. Therefore, we may expect that the 
concentration of a compound required in an environmental medium ( e g ,  water, air) 
to cause a narcotic effect in an organism should be inversely proportional to the ten- 
dency of the compound to accumulate from that medium into biological membranes. 

In fact, for chemicals that exhibit only baseline toxicity, linear free energy 
relationships (LFERs) relating the environmental concentration required to exert a 
certain effect on (i.e., the effective concentration, EC,), or even kill (i.e., the lethal 
concentration, LC,), an organism have been found to correlate with parameters used 
to describe organic phase-water partitioning (e.g., Lipnick, 1995). The simplest and 
most widely used descriptor is the octanol-water partition constant. Hence, in the 
literature, one can find numerous LFERs [also called quantitative structure-activity 
relationships (QSARs)] relating LCisO values (concentration in mol . L-' required 
to kill 50% of a given population after a certain time period, i.e., 24 h, 48 h, 96 h) 
with Kiows: 

(10-37) 

For example, such a relationship can be seen to apply to the data of Hutchinson et al. 
(1 978), who reported the concentrations of numerous apolar and slightly monopolar 
compounds to inhibit microalgal photosynthesis by a factor of 2. When the effective 
concentrations (in mol . L-') are examined versus each compound's octanol-water 
partition coefficients, one finds the following relations: 

- 0.93 log K,,, + 5.17 (for Chlumydomonas angulosa) (10-38) 
1 

logEC, - 

and: 

(10-39) 
1 

ECi 
log- = 0.82 log K,,, + 4.93 (for Chlorella vulgaris) 

These trends clearly reveal that chemicals with greater tendencies to partition into 
membranes require lower concentrations in the culture media to cause 
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o narcotics I (apolar) 
. v narcotics I I  (polar) 

o narcotics I (apolar) 
v narcotics II (polar) 

0 

0 1 2 

Figure 10.13 Plot of log 1/LC,50 
for guppies (small tropical fish, 
Poeciliu ueticulata) versus (u)  log 
octanol-water partition constant 
(log K,,,), and (b)  log L-a- 
dimynstoylphosphatidylcholine lipo- 
some-water coefficient (log K(i,psw) 
for a series of neutral apolar and 
weakly polar ( 0 )  and polar ( 7 )  
compounds. Data from Gobas et al. 
(1988), Vaes et al. (1998), and 
Gunatilleka and Poole (1999). 

photosynthetic inhibition. Such an effect could be caused by mixing enough of each 
compound into the chloroplast membranes to change their properties in a way that 
their function is compromised. 

However, as we have already pointed out above (Fig. 10.4), K,,, is not always an 
optimal choice for mimicking membrane-water partitioning, particularly when one 
is dealing with a diverse group of chemicals including apolar, monopolar, and 
bipolar compounds. This can be seen in an analysis of the log l/LC,,o values for a 
series of compounds of different polarities tested for their ability to kill guppies 
(Fig. 10.13~).  Plotting the data against each compound’s log K,,, yields different 
regression lines for some monopolar and bipolar compounds as compared to some 
apolar and weakly monopolar compounds. Such findings have led to the suggestion 
that we must divide chemicals exhibiting only baseline toxicity into two categories: 
polar and nonpolar narcotics (Verhaar et al., 1992). However, when we use a more 
appropriate membrane mimic like liposomes to study the contaminant’s buildup in 
the biological membranes, then we find that the resulting liposome-water partition 
coefficients, KlllpSw, can be used to develop a single LFER for all the compounds 
(Fig. 10.13b): 

( 10-40) 
1 

LC150 
log-- = 0.87 log Klllpsw + 1.3 ( R 2  = 0.99; N = 27) 

Note that other promising approaches for relating toxicity to molecular properties 
include the use of polyparameter LFERs, as we have discussed in Chapters 6 and 7 
for describing air-organic phase and organic phase-water partitioning (Gunatilleka 
and Poole, 1999). 

The problem of using octanol as a surrogate for membranes is even more 
pronounced when dealing with membrane-water partitioning of weak organic acids 
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Figure 10.14 Log octanol-water 
distribution ratios (log Diow, broken 
lines) and log L-a-dioleylphos- 
phatidylcholine liposome-water 
distribution ratios (log Dilipsw, solid 
lines) of pentachlorophenol (PCP) 
and 2-sec-butyl-4,6-dinitrophenol 
(dinoseb) as a hnction of pH at 
25OC and 100 mM ionic strength. 
Data from Escher et al. (2000). 
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or bases. Consider the octanol-water and liposome-water partitioning behavior of 
the two weak acids pentachlorophenol (PCP, pKa = 4.75) and 2-sec-butyl-4,6- 
dinitrophenol (dinoseb, pK, = 4.62). We evaluate how these compounds' organic 
phase-water distribution ratios, Diorg,phase w, vary as a function of pH (Fig. 10.14): 

(10-41) 

where [HA]org.phase,tot is the total concentration of the acid in the organic phase 
(neutral + anionic species) and [HA], and [A-1, are the concentrations of the neutral 
and deprotonated species in the aqueous phase (see also Section 8.5). For both 
compounds, the distribution ratios are clearly pH-dependent. However, the pH- 
dependence is much more pronounced in the octanol-water system. The reason is 
that phenolates and, in general, charged organic species partition much more 
favorably from water into polar lipids (such as present in membranes) as compared 
to octanol (for more details see Escher and Schwarzenbach, 1996; Escher et al., 
2000). These amphiphilic compounds are able to position themselves so that their 
polar ends may interact with the polar moieties of the lipid bilayer while the 
nonpolar part is accommodated in the nonpolar regions of the liposomes; such 
accommodation is not favored in octanol as a bulk medium. 

Recognizing the complexity of quantifying both apolar and bipolar compound 
partitioning to membranes with a single parameter, let us now inspect the acute 
toxicity (expressed by the LCa0) of dinoseb and of a series of chlorinated phenols 
(including PCP) toward guppies at pH 7. We compare these ionizable compounds' 
toxicities to the toxicities of a series of chlorinated benzenes that act only as 
narcotics. For most of the phenols, but particularly dinoseb and PCP, a much higher 
toxicity is seen than one would predict from either their Diow (Fig. 10.1%) or Dilipsw 
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(Fig. 10.15b) values and the trend derived from the chlorinated benzenes alone (i.e., 
the data points for these compounds lie well above the regression line indicating 
baseline toxicity). This enhanced toxicity of the phenols may not be too surprising 
since these compounds are known to exert specific effects, including interference 
with the energy transduction of cells by destroying the electrochemical proton 
gradient (i.e., uncoupling; for more details, e.g., Escher et al., 2001). We should note 
that comparison of the actually measured toxicity of a compound with its baseline 
toxicity predicted from QSARs such as Eq. 10-40 allows one to recognize whether 
the compound also exerts a specific mode of toxic action. To this end, a toxic ratio, 
TR,, can be defined to quantify this excess toxicity. For example, if death of the 
organism is the measured toxicity end point, TR, is given by (Verhaar et al., 1992): 

LC;~O (baseline, predicted from a QSAR) 
LC;so (actually measured) 

TRi = (1 0-42) 

As can be seen from Fig. 10.15a, if we would use D,, for prediction of baseline 
toxicity, we would get a TR, value of almost lo4 for dinoseb. But this result would be 
at least partially due to our underestimating the partitioning of this compound from 
water to the membranes. A more correct TR, value is the one taking into account the 
significant partitioning of the anion to the membrane by using the DiliPw value; that 
is, a more realistic TR, value for dinoseb is only in the order of lo2 (Fig. 10.15b). 
Note that in this case, we assume that the anionic species exhibits the same narcotic 
effect as the neutral species. This example shows again that we have to be very 
carefbl in choosing appropriate molecular parameters for describing partitioning of 
organic compounds to biological media. 

Critical and Lethal Body Burdens 

Finally, we can use our insights into bioaccumulation phenomena to understand 
concepts such as critical body residues (CBR, , McCarty et al., 1992), critical body 
burdens, CBB, and lethal body burdens, LBBi (e.g., Sijm and Hermens, 2000; 
Barron et al., 2001). These parameters reflect attempts to set values quantifying 
generally applicable concentrations of a chemical in an organism that are found to 
elicit a particular toxic effect. For example, it has been proposed that a small range 
of chemical concentrations between 2 and 8 mmol kg-' W.W. of nonionic compounds 
always induces a narcotic effect for all organisms; this "threshold" concentration in 
organisms has been called the critical body residue level (CBR,) (McCarty et al., 
1992). Similarly, the critical body burdens (CBB,, if the observed effect is not death) 
and the lethal body burdens (LBB,, if the organism is killed) have been quantified for 
various organisdcompound combinations to identify relatively sensitive organisms 
for particular contaminants (e.g., Sijm and Hermens, 2000; Barron et al., 2001.) 

However, having seen that organisms are variable mixtures of organic materials (and 
they have variable water contents), we should now recognize that whole body- and 
wet weight-normalized concentrations may not be the most useful parameter. As 
discussed in this chapter, compounds accumulate very differently into the various 
compartments of an organism. Thus, for example, an organism exhibiting a large 
portion of storage lipids (where no toxic effects occur) may have a significantly 
higher CBB, as compared to an organism with a very low lipid content. Such a 
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Figure 10.15 Plot of log l/LC,,o species may thus be classified (erroneously) as less sensitive to the compound. 
for guppies (a)  log Octanol- Consequently, for many hydrophobic compounds a lipid-normalized CBBII,, or 
water distribution ratio (log D,,,, 
Eq. 

and (b)  log liposome- LBBIllP would already be a more reasonable parameter, although only the 
water distribution ratio (log D,,,,,,, concentration in the membrane lipids may be of toxicological relevance. For apolar 
Eq. 10-41) at PH 7 for a s-eries-of or weakly polar compounds that partition more or less equally well into the various 

(O) and lipid compartments, this would not be too much of a problem, and CBBilip or LBBilip chlorinated benzenes 
chlorinated phenols (0); as well as 
for the herbicide 2-sec-butyl-4,6- would be a reasonable measure. For polar compounds, and in particular weak 
dinitrophenol (dinoseb) (r).  The organic acids and bases, we would expect organisms with a high storage lipid 
liposomes used were L-a-dimy- content to be more sensitive, because polar compounds tend to partition more 
ristoyl-phosphatidylcholine (chlo- 
rinated benzenes) and L-a-dioleyl- favorably into polar lipids (as present in membranes) as compared to apolar storage 
phosphatidylcholine (chlorinated lipids. Hence, these should have a smaller apparent CBBilip or LBBilip value. 
vhenols and dinoseb). The VH 
dependence of Diow and Dilipsw of 
pentachlorophenol (pep) and di- Finally, we should point out that in natural systems, organisms may be exposed to a 
noseb is shown in Fig. 10.14. Data variety of chemicals at the same time (e.g., after an oil spill, in PCB-contaminated 
from Saarikoski and Vihskela sediments, etc.). Since in the case of narcotic effects, the chemical nature of the 

compound is not so important, it is easy to imagine that it is the sum of all (1992), Gobas et al. ( I  988), Escher 
and Schwarzenbach (1996), and 
GunatiIleka and Poole (1999). compounds accumulating in an organism’s membrane that will lead to an adverse 

effect. Thus, the CBB, and LBB, values measured for a single mixture component 
may be significantly lower than the value that would be measured if a clean 
organism were exposed to the compound alone. Similarly, an already contaminated 
organism may exhibit a much lower EC, or LC, value when exposed to a single 
chemical as compared to an organism that, prior to exposure, had lived in a clean 
environment. Hence, although for narcotic effects the CBB, or LBB, values are quite 
high for a single compound (see Illustrative Example 10.6), because of its 
concentration-additive nature, this mode of action may be of ecotoxicological 
significance in contaminated environments (van Wezel et al., 1996b). 
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Illustrative Example 10.6 Evaluating Lethal Body Burdens of Chlorinated Benzenes in Fish 

Problem 

Sijm et al. (1993) determined LBB, and 96h- LC150 values of a series of chlorinated 
benzenes in guppies (Poeciliu reticulutu). The fish had an average weight of 0.18 
g W.W. and a total lipid content of about 5% W.W. For 1,2,3-trichlorobenzene 
(TrCB) the LBB, values found were 2.7,2.0, and 2.4 mmol. kg-' W.W. for exposure 
to 5.6, 3.8, and 1.9 pmol TrCB .L-', respectively. The death of the fish occurred 
after 2.4, 24, and 96 hours. Note that similar LBB, values (2 - 8 mmol . kg-' w.w.) 
were found for the other compounds. The 96 h LClsO value of TrCB was deter- 
mined to be 1.9 pmol . L-'. 

(a) Estimate the volume fraction of TrCB in the membrane lipids of the guppies 
for a LBB, value of 2.4 mmol. kg-' W.W. 

(b) Calculate the theoretical bioaccumulation potential TBP, (Eq. 10-5) of TrCB at 
an aqueous concentration corresponding to the 96 h LC150 value and compare this 
value with the LBB, value given above. 

Answer (a) 

Assume that TrCB accumulates primarily in the lipid phases of the fish, and that 
accumulation into the polar membrane lipids (about 25% of the total lipids; van 
Wezel et al., 1995) and storage lipids is about equal. Hence, the lipid normalized 
concentration of TrCB in guppy is: 

& 
CI 

i = 1,2,3-trichIorobenzene 
(TrCB) 

10gK,,,, = 4.14 

C,, = LBB, /Aip = (2.4 mmol. kg-' w.w.) / (0.05 kg lip. kg-' w.w.) 

= 48 mmol . kg-' lip 

Estimate the molar volume, K., of TrCB from its density and molar mass given in 
Appendix C (see also Eq. 3-18): 

vl;=Mi/pi=(181.5 g.mol- ') /(1.49g.~rn-~) = 121 cm3.mol-' 

The total volume of TrCB in one kg of lipid is then given by: 

k&TrCB = (48 x mol) (0.121 L.mol-' ) = 0.0058 L 

Assuming that the density of the lipids is close to 1 kg lip. L-' , this means that the 
lethal volume fraction of apolar narcotics in membranes is on the order of I %  
(fraction ~ 0 .  01 L compound. L-' lipid), which is quite considerable. 

Answer (b) 

Use Eq. 10-7 to estimate the TBPilip value: 
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Estimate KiliPw from Ki,, using the LFER Eq. 10-2. The resulting KiliPw value is 
1.9 x lo4 L . kg-’ lip. Insertion of this value together with the corresponding LCiso into 
Eq. 1 yields: 

TBPi,,,=(1.9x1O4L.kg~’lip)(1.9x 10-6mol.L-’)=36mmol.kg-’lip 

which corresponds to a LBBivalue of: 

LBB, = TBP,;, .hip= (36 mmol . kg-’ lip) (0.05 kg lip. kg-’ w.w.) 

= 1.8 mmol.kg-’ W.W. 

This is in very good agreement with the LBBi values determined experimentally. 
Note, however, that for the same compound and type of fish, significantly higher 
(factor of 5 )  96 h LCis0 values have been reported (Gunatilleka and Poole, 1999), 
indicating that depending on the test conditions (including the conditions of the 
organisms) one has to expect some variability in the toxicity data for a given 
compound and organism. 

Questions and Problems 

Questions 

Q 10.1 

Why can bioaccumulation, in general, not be treated as an equilibrium process? 

Q 10.2 

What are the most important organic phases (polymers) present in living media into 
which organic pollutants may partition? Characterize these phases with respect to 
their ability to “dissolve” organic solutes via various intermolecular interaction 
mechanisms. In which cases are which phases important? 

Q 10.3 

Describe in words, the parameters: (1) bioconcentration factor, (2) biomagnification 
factor, (3) biota-sediment- and biota-soil- accumulation factor, and (4) bioaccumu- 
lation factor. 

Q 10.4 

Through what mechanisms can bioaccumulation lead to a “real” biomagnification? 

Q 10.5 

Why do biomagnification and biota-sediment-accumulation factors of persistent 
chemicals in aquatic systems tend to increase with increasing hydrophobicity of the 
compounds? 
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Q 10.6 

Why is it useful to compare the activities or hgacities of a given compound in 
various environmental compartments? 

Q 10.7 

Explain in words how you calculate the activity or fugacity of a given compound in 
a given environmental compartment (e.g., water, sediment, lipid components of an 
organism, etc.). What are the major problems encountered when calculating (or 
estimating) fugacity values? 

Q 10.8 

What is meant by the terms “baseline toxicity” or “narcosis”? Why is this type of 
toxicity relevant in the environment? 

Q 10.9 

When is the n-octanol-water partition constant an acceptable parameter for the 
quantification of nonspecific membrane toxicity? In what situations does it fail? 

Problems 

P 10.1 Evaluating the Accumulation of Chlorobenzenes from Water to Tissues 

Tam et al. (1996) investigated the uptake from water of a series of chlorinated 
benzenes by various tissues (leaves, petals, stems, roots) of the soybean plant. For 
two of the seven compounds investigated, they obtained the following apparent 
equilibrium leaf-water (BAFileafi) and root-water (BAF,,,,) bioaccumulation 
factors (or bioconcentration factors since uptake is only from water, see Fig.lO.5): 

of the Soybean Plant 

1,2-Dichlorobenzene 1,2,3,4-Tetrachlorobenzene 
(DCB) (TeCB) 

BAFileafi /(L . kg-‘ w.w.) 

BAF,,,, /(L . kg-’ w.w.) 

7.9 x 10‘ 

2.2 x 10’ 

1.0 103 

2.9 x lo2 

The lipid and water contents of the fresh leaves were 1.9% and 82%, respectively, 
those of the roots, 0.38% and 92%. 

Estimate the Kibio values (Eq. 10-4) of the two compounds partitioning to the 
soybean leaves and roots and compare these values with the experimentally 
determined BAFi values given above. How important are materials contributing to 
the plant biomass other than the lipids (i.e., proteins, polysaccharides, water) with 
respect to the accumulation of the two compounds in soybean? Use Table 10.2 and 
Appendix C for solving this problem. 
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1,2-dichlorobenzene 1,2,3,4-tetrachIorobenzene 
(DCB) (TeCB) 

P 10.2 Evaluating the Bioaccumulation of PAHs by Earthworms in 

In a field study, Ma et al. (1998) determined the concentration of PAHs in 
earthworms (Limbricus rubellus) present in various contaminated soils. The 
concentrations measured for phenanthrene and benzo[a]pyrene in the worms, C,,,, 
collected from two of the soils investigated are given below together with the 
respective soil concentrations of the two compounds. The& values of the soils were 
0.038 (soil 1) and 0.015 (soil 2) kg oc-kg-' solid. The average lipid content of the 
worms was 0.012 k 0.06 kg lip. kg-' f.w. (f.w. = fresh weight). 

Contaminated Soils 

Calculate the lipid- and organic carbon-normalized biota-soil accumulation factors 
(BASFllipOc) for the two compounds and soils. Compare these values with estimated 
equilibrium accumulation factors (KiapOc). All necessary data can be found in 
Appendix C. Discuss why the resulting BASFi and Ki values differ. 

phenanthrene benzo[a]pyrene 

Phenanthrene Benzo [alpyrene 

Soil 2: 

Cjwo, /(pug. kg-' f.w.) 

Cis /(pg. kg-' solid) 

17 

840 

4 

22 

28 

990 

6 

27 
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P 10.3 Evaluating Phenanthrene and Pyrene Concentrations in 

Bohme et al. (1999) conducted a field study in which the concentrations of 
numerous SOCs were determined in a variety of agricultural plants in the region of 
Bayreuth, Germany. For phenanthrene and pyrene, they measured the following 
concentrations in ryegrass (C,,) and yarrow (Cjyar). They also reported average air 
concentrations (Cia) of the two compounds: 

Agricultural Plants 

Phenanthrene Pyrene 

Ciwe /(pug. kg-' d.w.) 18 11 

G y a r  l(Yg . kg-' d.w.1 160 33 

AapHi /(kJ . mol-' ) 90 100 

Cia /( ng . m-3) * 2.7 0.18 

a Concentration in gaseous form. Estimated value. 

Estimate the concentrations of the two compounds in the plants (pg . kg-' d.w.) that 
would be established in equilibrium with the measured concentrations in the air (a) 
by using the LFERs given in Table 10.4 (note that these equations were derived for 
PCBs), and (b) by assuming that the compounds are primarily accumulated in the 
lipids Kip = 0.02 kg lip. kg-' d.w. for ryegrass and 0.01 5 kg lip. kg-' d.w. for yarrow) 
of the plants, and that Eq. 10-2 can be also applied to PAHs. Also assume an average 
temperature of 15"C, and use the A a P i  values given above to quantify the effect of 
temperature in both air-plant and air-lipid partitioning. Do the values you estimate 
match the observed results? Discuss any discrepancies. 

phenanthrene pyrene 

P 10.4 Assessing the Fugacities of Hexachlorobenzene (HCB) and 2,3,7,8-Tetra- 

McLachlan (1996) measured the concentrations of a series of SOCs in an 
agricultural food chain in Bayreuth, Germany. For HCB and 2,3,7,8-TCDD he 
reported the following concentrations: 

chlorodibenzodioxin (2,3,7,8-TCDD) in an Agricultural Food Chain 
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HCB 2,3,7,8-TCDD 

Air a Cia / (Pg. m-3> 460 

Soil Cis / (ng . kg-' d.w.) 3 60 

Grass Cip / (ng . kg-' d.w.) 85 

Cow's milk Ci,ip,cow / (ng . kg-' lip) 9000 

Human milk Ci,ip,hum / (ng . kg-' lip) 230000 

AVap Hi / (kJ . mol-') 90 

0.0027 

0.05 

0.006 

0.19 

3.6 

105 

' Gaseous concentration. 'hC = 0.02 kg oc . kg-' solid. Various grasses, use average Kiap value (Table 10.4). 

Calculate the fbgacities of the compounds at 18°C (average temperature during the 
sampling period) for air, soil, and grass, and at 37°C for grass, cow's milk and 
human milk. Critically comment on the results. Assume that HCB and 2,3,7,8- 
TCDD can be treated like PCBs, and use Ay,H, to account for the temperature 
dependence of the partitioning between the air and the various condensed phases. 
Use the data given in Appendix C. 

CI 

hexachlorobenzene 2,3,7,8-tetrachlorodibenzodioxin 
(HCW (2,3,7,8-TCDD) 

P 10.5 Estimating Lethal Body Burdens in Fish Using LCiso values 

Van Wetzel et al. (1995) determined LBBi values for some chlorinated phenols in 
fathead minnows (Pimepholes promela) at about 20°C in the laboratory. The fish 
had an average weight of 0.68 g W.W. and a lipid content of 4.4% of the wet weight. 
The LBB, value found for 2,4-dichlorophenol (DCP) at pH 6.2 in short-term 
experiments (1 hour) at elevated concentrations was about 2 mmol . kg-' W.W. 
Compare this value with the theoretical bioaccumulation potential (TBP,) of this 
compound at an aqueous concentration corresponding to the LCis0 value. Note that 
the experimental LBBi value is given on a wet weight basis. Assume that the LBB, 
values for fathead minnows are similar to those for guppies, that is, use Eq. 10-40 to 
estimate LCiso from KjlipSw given in Table 10.2. ForpK,, see Appendix C. 

OH 
I 

CI 

2,4-dichlorophenol 
P C P )  
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P 10.6 Estimating the Lethal Body Burden (LBB,) for 4-Nonylphenol for the 
Marine Amphipod, Ampelisca abdita, and Setting a Corresponding 
Sediment Quality Criterion 

The marine amphipod Ampelisca abdita is a suspension and deposit feeder and it 
often occurs as a numerically dominant member of benthic communities (Fay et al., 
2000). It can also serve as an important food source for bottom-feeding fish. 
4-nonylphenol is a degradation product from detergents (see Fig. 2.16). Its relevant 
physical-chemical properties are given in Appendix C. 

You are interested in the well-being of Ampelisca abdita, living in a harbor whose 
sediments are contaminated with 4-nonylphenol. You remember that the lethal 
volume fraction of narcotic chemicals in membranes is about 0.01 L compound.L-' 
lipid. If the sediment contains 2% organic carbon by weight, and the amphipod is 
assumed to accumulate body burdens up to equilibrium with the sediments on which 
it lives, what sediment concentration of 4-nonylphenol should be deemed acceptable 
with respect to baseline toxicity? Assume a log Kilipsw = 5.5 for 4-nonylphenol. Use 
Eq. 9-26c (alkylated and chlorinated benzenes!) for estimating Kioc. Compare your 
result with the findings of Fay et al. (2000), who observed a die-off of half the 
amphipods when they were exposed to about 0.16 g 4-nonylphenol . kg-' sediment. 

4-nonylphenol 




