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Methods of determining the aqueous solubilities of

twelve chlolrinated benzenes were evaluated in pure and in

different water matrices. In pure water, results were

comparable with the calculated values. Higher chlorinated

tetrachlorobenzene(TeCB)s, pentachlorobenzene(PCBz), and

hexachlorobenzene(HCB) gave better precision and accuracy

than lower chlorinated monochlorobenzene(MCB),

dichlorobenzene(DCB)s, or trichlorobenzene(TCB)s. Different

water matrices including hard, rain, and lake water did not

induce significant changes in the aqueous solubilities of

three TeCB isomers and PCBz. The influence of aquatic

fulvic acids(FA) on aqueous solubilities of the three TeCB

isomers and 1,2,4,5-tetrabromobenzene(1,2,4,5-TeBB) was

investigated. Results showed that aqueous solubilities of

1,2,4,5-TeBB were increased with increase of FA

concentrations whereas the three TeCB isomers showed no

significant differences.

Some chlorinated benzenes exhibit water induced

transformations in the absence of photo effects.

Transformation products were either isomeric or with higher



and lower number of chlorine atoms. Three DCB isomers

produced 1,2,4-trichlorobenzene(1,2,4-TCB) as the major

transformation product. The 1,2,4,5-tetrachlorobenzene

(1,2,4,5-TeCB) produced 1,2,3,4-tetrachlorobenzene

(1,2,3,4-TeCB) and PCBz, and the PCBz produced HCB.

Chlorinated benzenes with lower number of chlorine

substituents were detected as transformation products in

1,2,4,5-TeCB, PCBz, and HCB in water. Dissolved oxygen in

water did not affect the transformation of 1,2,4,5-TeCB.

1,2,4,5-tetrafluorobenzene(1,2,4,5-TeFB) showed no

transformation while 1,2,4,5-TeBB showed debrominated

1,2,4-tribromobenzene(1,2,4-TBB) as a major transformation

product. Transformations can be explained by polarities,

solute-solvent interactions, and hydrophobic interactions.

Symmetry of the compounds, reactivity of halogen atoms, and

carbon halogen bond energies appeared to be important

factors which control the transformations in water. The

disappearance of free radical populations of aquatic FA was

accelerated in the presence of 1,2,4,5-TeCB. The

transformation products from 1,2,4,5-TeCB were decreased

with the increase of FA concentrations. Results of electron

spin resonance(ESR) experiments suggest that the

transformation of 1,2,4,5-TeCB into 1,2,3,4-TeCB and PCBz

occurs via free radical mechanism.
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CHAPTER I

INTRODUCTION

This chapter includes a literature review and research

objectives. In the literature review the following topics

are discussed: 1) Properties of halogenated benzenes, 2)

Solubility of non-ionic solutes in water, 3) Major

environmental pathways, 4) Toxicity of chlorinated benzenes,

and 5) Aquatic humic substances.

I-1. Properties of Halogenated Benzenes

The important properties of halogen atoms are listed in

Table I. The four halogen atoms such as fluorine, chlorine,

bromine, and iodine can be substituted in the benzene ring

forming halogenated benzenes. But, iodine exhibits a

somewhat metallic character and its large molecular size

makes iodinated benzenes unstable(l). Actually, more than

three iodine-attached benzene isomers are difficult to make

and rare in the commercial market.

1



Table I. Properties of Halogen Atoms

Fluorine Chlorine Bromine

Atomic number 9
Atomic weight 18.99
Boiling point(OC) -188.2
Melting point(OC) -219.6
Electronegativity 4.0
Carbon-Halogen bond
energy(Kcal/mol) 103.8
carbon-Halogen bond
length(nm) 13.2
1st ionization energy
(Kcal/g.atm) 402
Covalent radius (pm) 71
Van der Waals radius(pm)131

Source: Mazor, 1975; Kirk-Othmer,
Chemistry and Physics, 1988.

17
35.45

-34.7
-101.0

3.0

66.6

17.7

300
99

181

1979;

35
79.91
58.88
-7.2
2.8

53.0

19.1

273
114
196

Handbook

Fluorinated Benzenes

In contrast with other halogens such as chlorine and

bromine, direct aromatic substitution of fluorine to benzene

gives a violent reaction involving ring scission, addition,

coupling, and polymerization. Consequently, indirect

fluorination techniques based on diazotization of anilines

were developed. Exchange of halogen atoms by fluorination

represents a major development in industrial aromatic

fluorine chemistry(2). Monofluorobenzene(MFB) is used in

crop protection chemicals and drugs such as tranquilizers,

hyponotics, and antibacterial agents. Difluorobenzenes

(DFB) also have several applications in the field of drugs.

2

Iodine

53
126.90
184.45
113.7

2.5

38.7

21.2

241
133
222
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Trifluorobenzenes(TFBs) have few applications.

Hexafluorobenzene(HFB) finds its application in the field of

high temperature lubricants, heat transfer fluids, and

radiation resistant polymers(3).

Chlorinated Benzenes

Twelve chlorinated benzenes can be formed by replacing

some or all of the hydrogen atoms of benzenes with chlorine

atoms. With the exception of 1,3-dichlorobenzene(1,3-DCB),

1,3,5-trichlorobenzene(1,3,5-TCB), and

1,2,3,5-tetrachlorobenzene(1,2,3,5-TeCB), they are produced

readily by chlorinating benzene in the presence of a

Friedel-Crafts catalyst. The hydrolysis of one of the

chlorine atoms in 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB)

with sodium hydroxide dissolved in a suitable alcohol

solvent produces 2,4,5-trichlorophenol which is an

intermediate to 2,4,5-trichlorophenoxyacetic acid(2,4,5-T)

herbicides. The reaction must be carried out under

extremely restricted conditions to prevent the formation of

the very toxic compound, 2,3,7,8-tetrachlorodibenzo-p-d

ioxin(TCDD) and

2,3,7,8-tetrachlorodibenzofuran(2,3,7,8-TCDF). Figure 1

shows the production of 2,4,5-T, 2,3,7,8-TCDD, and

2,3,7,8-TCDF from 1,2,4,5-TeCB(4).



0
0

A

Z A

o C

Ln

134

LI,

m
(1)
H-

I,
LN

0
0 0

0

0
0
z

rot '~
z

0

4

0

co

rA4
a

co

10

(+

E-4

co

E4

I

0

N

E4

Ln

4-4
0

0
0

0i4

rO E-

N0

44 4-4



5

Monochloronitrobenzene and 1,2-dichloro-4-nitrobenzene

are used as intermediate for herbicides and insecticides.

Pentachloronitrobenzene is used as a soil fungicide.

Monochlorobenzene(MCB) undergoes acid-base catalyzed

condensation with trichloroacetaldehyde to produce

dichlorodiphenyltrichloroethane(DDT)(5). Since the 1940s,

large quantities of MCB has been used in the production of

DDT. Presently, DDT use has been severely restricted due to

its serious ecological problems. As a result, the

production of MCB in the United States has declined from a

peak of 275,000 tons in 1960 to 146,000 tons in 1977(3).

MCB is now used mainly as a solvent, and to produce

chloronitrobenzene as intermediates for dyes, herbicides,

and parathion insecticides. Production of

1,2-dichlorobenzene(1,2-DCB) has grown from 11,200 tons in

1960 to 36,000 tons in 1975. Much of the increase has

resulted from increased use as a process solvent for the

manufacture of toluene. l,2-DCB is also used to make

3,4-dichloroaniline, an intermediate for dyes and some

agricultural chemicals and has found limited use as a heat

transfer fluid. 1,4-dichlorobenzene(1,4-DCB) is mainly used

as mothballs and room deodorant blocks. The production of

1,4-DCB increased from 29,000 tons in 1960 to 35,000 tons in

1972. 1,3-DCB has many potential uses.

1,2,4-trichlorobenzene (1,2,4-TCB) has limited uses as a

solvent and as a dye carrier in the textile industry.
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1,2,4,5-TeCB is used exclusively as the raw material for

2,4,5-Triacid and its esters, and bactericides.

Hexachlorobenzene(HCB) is used as a fungicide(3). Some

important properties of chlorobenzenes are compiled in Table

II.

Brominated benzenes

Brominated benzenes resemble their chlorine analogues but

usually have higher densities and lower vapor pressures.

Monobromobenzene(MBB) and dibromobenzene(DBB) are obtained

by the bromination of benzene in the presence of a catalyst

such as iron powder. 1,2,4,5-tetrabromobenzene

(1,2,4,5-TeBB) can be prepared by bromination of benzene in

carbon tetrachloride. MBB is used as an industrial -

intermediate and antibacterial agent. DBB has some

practical use in pharmaceutical fields. Bromine containing

compounds such as hexabromobenzene(HBB) and

1,2,3,4-tetrabromobenzene(1,2,3,4-TeBB) are frequently used

as flame retardants(6).

1-2. Solubility of Non-ionic Solutes in Water

The solubility of a compound in water may be defined as

the maximum amount of the chemical that will dissolve in

pure water at a specified temperature.
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Table II. Properties of Twelve Chlorinated Benzenes

Compound M.W. M.P. (oC) B.P. (OC) Solubility
(mol/L)

MCB 112.6 -45.3
l,2-DCB 147.0 -17.0
1,3-DCB 147.0 -24.8
l,4-DCB 147.0 53.0
l,2,3-TCB 181.5 53.5
l,2,4-TCB 181.5 17.2
1,3,5-TCB 181.5 63.5
1,2,3,4-TeCB 215.9 46.0
1,2,3,5-TeCB 215.9 51.0
1,2,4,5-TeCB 215.9 140.0
PCBz 250.4 85.0
HCB 284.8 228.7

Source: Handbook of Chemistry and
and Valvani, 1980.

131.7 4.8 x 10-3
180.4 8.5 x 10-4
173.0 8.5 x 10-4
174.1 4.7 x 10-4
218.5 1.0 x 10-4
213.8 1.8 x 10-4
208.5 7.9 x 10-s
254.9 1.9 x 10-S
246.0 1.7 x 10-s
243.0 2.5 x 10-6
276.0 1.5 x 10-6
319.3 1.2 x 10-8

Physics, 1988; Yalkowsky

Above this concentration, two phases will exist. Aqueous

solubility is one of the most important parameters that

affect the fate and transport of organic chemicals in the

aquatic environment. Highly aqueous soluble compounds tend

to have relatively low adsorption coefficients for soils and

sediments and relatively low bioconcentration factors in

aquatic life. They also tend to be more readily

biodegradable by microorganisms in soil, surface water, and

sewage treatment plants. Other degradation pathways such as

photolysis, hydrolysis, and oxidation are also affected by

the extent of the compound's aqueous solubility. Solubility

equilibria of halogenated benzenes in water depend on the

chemical and structural effects which lead to mutual
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interactions between the solute and the solvent.

Solubilities of non-ionic salutes in water and their effect

on water structure have been discussed in detail by several

investigators (7-9). Frank and Evans(9) introduced the

concept of iceberg formation around non-polar solutes. When

a rare gas or non-polar molecule dissolves in water, it

modifies the water structure in the direction of greater

"crystallinity". In other words, the water builds a

microscopic iceberg around it. Iceberg means a microscopic

region of pure water in which water molecules are tied

together in some sort of quasi-solid structure. The extent

of this iceberg is greater when the dissolving gas or non-

polar molecules are larger. This freezing of water causes

heat and entropy to be lost. Larger non-polar molecules

have stronger Van der Waals force fields around them than

smaller molecules. As a result, they are more strongly held

in aqueous solutions. The larger the icebergs formed, the

greater the loss of entropy involved in dissolving them.

According to this concept the water molecules become more

ordered around the solute with an increasing extent of

hydrogen bonding in this region. The regular solution

model(10) describes the solubility process by three steps,

i) loss of solute and solute interactions, ii) creation of a

cavity in the aqueous phase of the dimension of the solute,

and iii) placement of the solute in the cavity. The linear

solvation energy relationship(LSER) was recently used to
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model the solubility of hydrophobic compounds in water(ll).

The model separates the solution process into cavity

formation and polar dipolar interactions.

Aqueous solubilities of non-ionic electrolytes are

influenced by factors such as temperature, salinity, pH, and

dissolved organic matter. The enthalpy changes for any

particular process can be obtained from the relation

AH = AU + T AS (1.1)

where AU is a change of chemical potential, T is an absolute

temperature, and AS is an entropy change. Entropy changes

of solute in a solvent is related to temperature as follows:

AS = -AU / AT (1.2)

Hydrophobic interactions of a solute in water are associated

with solubilities and can be approximated with Gibbs free

energy changes as follows(12):

AG = AUd - 2 AUw + Uss(R) (1.3)

where Uw is the chemical potential of water, Ud is that

of water molecule dimer, and Uss(R) is the direct

intermolecular potential for the solute molecules at the

separated distance of R. Enthalpy and entropy changes are

functions of temperature, and they are responsible for

hydrophobic interactions. Generally, the strength of the



10

hydrophobic interactions of halogenated benzenes in water is

expected to increase with an increase in temperature. The

presence of dissolved salts or minerals in water leads to

moderate decreases in aqueous solubilities of several

polynuclear aromatics such as naphthalene, biphenyl, and

anthracene(13). Hydrogen ion concentration also affects the

solubility of organic compounds. Organic acids may be

expected to increase in solubility with decreasing pH,

while organic bases may act in an opposite way. A number of

studies have shown that the presence of dissolved organic

material such as the naturally occuring humic and fulvic

acids leads to an increase in the solubility of many

organics such as DDT and 2,2'5,5'-tetrachlorobiphenyl(14).

However, the aqueous solubilities of smaller molecules were

unaffected (15).

In the gaseous state, water consists of monomer molecules

with a few dimers. The monomer water molecule is

symmetrically bent and the H-0-H angle is 104.520. The O-H

bond length is 0.951. In the solid phase, the water

molecule is hydrogen bonded to the four nearest neighbors,

forming a tetrahedral geometry around each oxygen with a

distance of 2.76X. The H-0-H bond angle in ice is the

tetrahedral angle of 109.40(16). The structure and

properties of liquid water is most relevant to an

understanding of the various factors affecting water
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solubility and miscibility with other molecules. In the

liquid state, water molecules are in continual motion and in

an instantaneous structure; the molecules are neither random

nor regular. The instantaneous structure of liquid water

lies between vapor and solid forms of water. Some physical

properties of liquid water listed in Table III along with

those of n-hexane.

Theoretical considerations of solubility

Intermolecular interactions

To understand, evaluate, and interpret the various

phenomena occurring between different molecules in a

solution, knowledge of intermolecular forces is necessary.

The partial molar enthalpy(Hi) of a solute i in a given

solvent is directly related to the forces between i and the

surrouning molecules j. The Hi values determine the

corresponding chemical potential Ui. As the intermolecular

interaction energy between i and j increases, there is a

greater tendency for i to concentrate in that phase(17).

There are two types of intermolecular forces, one is the

dispersion and the second is the specific interactions.
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Table III. Properties of Liquid Water and n-hexane

Properties water

Molecular weight
Dipole moment(xlO-18 esu)
Dielectric constant
Density(40C)
Boiling point(OC)
Melting point(OC)
Heat evaporization(cal/g)
Melting heat(cal/g)
Refractive index(200C)
Vapor pressure(mmHg)
Solvent polarity parameter
Solvent strenth parameter
Solvent selective group

Source: Handbook of Physics
et al. 1984; Ciaccio, 1972.

n-hexane

(18)n 86
3.11 0.085

78 1.89
1.0 0.66

100 69
0 -95

540 -
79 -
1.333 1.372

23.75 150.75
10.2 0.1

very large 0.01
VIII -

and Chemistry, 1988; Poole,

Dispersion interactions

Dispersion or London forces exist between any adjacent

pair of atoms or molecules. In hydrocarbons, they account

for virtually all intermolecular interactions. At any given

instant the various electrons of an atom or molecule can

assume any of a variety of distinct positions through

oscillating movements. Each instantaneous confirmation is

characterized by some degree of electrical dissymmetry, in

the sense that the atom or molecule possesses an overall

dipole moment. This instantaneous dipole polarizes the

electron clouds in adjacent atoms or molecules, including a

dipole of opposite polarity, which attracts the original

- i ||| In
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dipole. Dispersion interaction energies (E)d can be

estimated by following equation(18):

3 Ii Ij ai(Xj
(E)d=- - ( )( ) (I.4)

2 Ii + Ij r6

Here, I is first ionization potential, a is

polarizability, and r is the distance between i and j

molecules.

Specific interactions

Specific interactions can be subdivided as the following:

electrostatic dipole interactions, hydrogen bonding and

other electron donor-acceptor interactions, and ionic or

covalent bond formation. A molecule with a permanent dipole

moment can interact with adjacent molecules. When each of

two adjacent molecules possess a permanent dipole, dipole

orientation occurs with the positive head of one dipole

positioned close to the negative head of the other dipole.

The average net dipole attractive energy from dipole

orientation can be expressed as follows(18):

2 Ui2 Uj2
(Eij)o = - (1.5)

3 K T r6

Here, Ui and Uj refer to the permanent dipole moments of

adjacent molecules i and j, K is Boltzman constant, T is
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absolute temperature, and (Eij)o is energy from dipole

orientation.

A molecule i with a permanent dipole also induces a

temporary dipole in adjacent molecules j whether or not j

possesses a permanent dipole. A net attractive energy

results from this dipole-induced dipole(Eij)i is given

by(18),

Ui2 j
(Eij)i = ~ (1.6)

r6

When both molecule i and j possess a permanent dipole,

the total induction interaction is obtained by the

following(18):

Ui 2aj + Uj2ai
(Eij)i = - (1.7)

r6

In halogenated benzenes in water, the halogen atom can

act as a proton accepter while water acts as a proton donor.

This type of interaction is known as hydrogen bonding.

Hydrogen bonding is one example of a more extensive class of

acid-base interactions. The hydrogen bond is not a chemical

bond but a cohesive force. The hydrogen bonding originates

from two sources. First, the donor hydrogen atom has only

one valence shell electron, and second, the other element or

acceptor is a strongly electronegative element such as
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halogens, oxygen, or nitrogen. Hydrogen loses its lone pair

electron and the proton becomes unshielded. Consequently,

the polarization and the dipole moment of the bonds such as

H-0, H-N, and H-F is large(19). Furthermore, the attraction

between the unshielded proton and the electronegative atom

is very strong. Substances that form strong hydrogen

bonding have the tendency to associate with other molecules.

These associated molecules are held together by hydrogen

bonding. As a consequence of strong hydrogen bonding, the

compounds have unexpectedly high boiling and melting points.

The dielectric constants of these compounds are high and

they are good ionization solvents. Water is a good example

of these solvents. The solubility of a solute in water is a

matter of interactions between them. If the molecular

interactions between a solute and water are favorable,

solubility will take place. The combination of hydrogen

bonds between solute and solvent molecules can be found in

the good miscibility of water and alcohols. Aqueous

solubilities of organic molecules can be predicted from

their structures. The associated water molecules are bonded

together by hydrogen bonds between hydroxyl groups in the

liquid state, and those substances that possess hydroxyl or

carboxylic groups tend to be soluble in water. Halogenated

benzenes do not have these groups, and they cannnot

associate well with water molecules leading to insolubility.

The interaction energy of acid-base reaction(Eab) including
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hydrogen bonding can be expressed as(20),

Eab = Ea*Eb* + Ca*Cb* (1.8)

Here, Ea* and Eb* measure the hard electrostatic acid and

base strengths of a given molecule, and Ca* Cb* are the

corresponding measure of soft (covalent) acid-base

strengths. Hard acids and bases tend to be small and

slightly polarizable whereas soft acids and bases tend to be

larger and more polarizable. The total energy of

interaction of a molecule i and surrounding phase j (Eij) is

the sum of all possible interactions like the following:

Eij = Ed +(Eij)o + (Eij)i + Eab (1.9)

Molecular interaction varies with the type of compound in

question. The non-polar compounds are characterized by the

dispersion forces. Polar solvent interactions may include

dipole orientation, dipole-induced dipole, and electron

donor-acceptor forces.

Dipole moment of halogenated benzenes

The dipole moment(R) result from electronegativity

differences of the atoms within a molecule. The unit of the

dipole moment is debye(D), and one debye is equivalent to

10-18 electrostatic unit-cm(esu-cm). Typically, dipole

moments of organic molecules fall in the range of 0 to 5
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debyes(21). The dipole moment is a fairly significant

parameter to determine the molecular structure, bond angles,

and resonance. Also, dipole moment is a useful parameter in

molecular interactions of a solute with its surrounding

attractions. Dipole moments can be experimentally

determined by microwave spectroscopy, indices of refraction,

infrared vibration and rotation spectra, and electron spin

resonance. To estimate the net dipole moment of a compound,

substituent group dipole moments and bond angles can be

used. Each substituent dipole moment can be considered to

have a vertical component (gv) and a horizontal

component(14h). The vector sum of all vertical and

horizontal components corresponds to the net dipole moment

of the compound.

Estimation of aqueous solubilities of halogenated benzenes

Aqueous solubility can be thought as the partition of a

chemical between itself and water. Partition coefficient is

the ratio of chemical between an organic solvent and water.

So, partition of chemicals in an organic solvent and in

water can be the basis of some fundamental properties of

particular chemicals. Various techniques have been applied

for the prediction and estimation of the solubility of

halogenated benzenes. The two important methods to estimate

the aqueous solubilities are i) correlation of solubility
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with the group contribution methods, and ii) calculation of

solubility from the solvent cavity surface area. The

following is a review on these two methods.

i) Correlation of solubility with the group contribution

methods

The group contribution method for the calculation of the

infinite dilution activity coefficient of one binary

constituent from the other was proposed by Fredenslund, et

al.(22). This is called the Uniquac Functional group

Activity Coefficients(UNIFAC) method. The UNIFAC method is

based on the empirical expressions developed by Abrams and

Prausnitz(23) which is called the Universal Quasi

Chemical(UNIQUAC) equation. Using the group contributions,

the activity coefficient of a compound is calculated, and

activity coefficients are related with aqueous solubilities.

The activity coefficients of various groups of aromatic

hydrocarbons in water were calculated by Tsonopoulos(24)

using the group contribution method. The correlation

equation for monocyclic hydrocarbons was

log r = 3.3918 + 0.58259(Nc - 6) (1.10)

Where, log r is the logarithm of activity coefficient and Nc

is the number of carbon atoms in the compound. In a very

dilute aqueous solution, the activity coefficient relates to

WAW
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mole fraction(X) of the solute as follows:

1
r = -(1.11)

x

The mole fraction of a solute in water can be obtained

from its aqueous solubilities. The application of the

UNIFAC method to the water solubility calculation of 50

organic compounds was reevaluated by Banerjee(25). He

reported that solubilities which were calculated directly

from UNIFAC derived activity coefficients at infinite

dilution tend to be lower than measured values. He proposed

a corrected equation:

log S = 1.20 + 0.782 log [a org / (r aq) unifac] (1.12)

Where, (a org) represents the activity of the liquid in the

organic phase and (r aq) unifac is a UNIFAC derived activity

coefficient at infinite dilution. In another study by

Arbuckle(26), the UNIFAC method was outlined and applied to

estimate the aqueous solubility, octanol-water partition

coefficient, and Henry's law constant. He reported that the

estimation of Henry's law constant was best while aqueous

solubilities were predicted with least accuracy.

ii) Calculation of solubility from physical constants

The thermodynamic properties of a solute in solution have
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been related to the volume of the solute molecule by a

number of workers. Hermann(27_) correlated the hydrocarbon

solubility in water with solvent cavity surface area. The

size of the solvent cavity was calculated and expressed as a

function of hydrocarbon solubility in water. He reported a

correlation equation for alkanes and cycloalkanes at 250C,

as follows:

-log S-= 0.25847 + 0.01171 Ahw (1.13)

and for alkylbenzenes at 250C, as follows:

-log S-= -2.7689 + 0.0184 Ahw (1.14)

Where, S is the molal solubility of a compound in water and

Ahw is a solvent cavity surface area. For calculation of

cavity surface area, bond length, bond angles, atomic radii,

and radius of a spheical solvent molecules were used.

Yalkowsky, et al.(28) reported the solubility of halogenated

benzene in water at 250C. The molar solubility(Sw) was

correlated with the melting point(MP) and the total surface

area(TSA) of molecule according to the following expression:

log Sw = -0.0095(MP) - 0.0282(TSA) + 1.42 (1.15)

or, if the octanol-water partition coefficient(PC) is known

log Sw = -0.01(MP) - 0.88log(PC) - 0.012 (1.16)

In both cases, the correlation coefficient was greater than
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0.9877. Also, Yalkowsky and Valvani(29) presented a

relationship between total surface area and octanol-water

partition coefficient as follows:

log(PC) = 0.0303(TSA) - 1.389 (1.17)

In another study(30), the same authors derived an

equation to estimate the aqueous solubilities of organic

non-electrolytes. They reported that aqueous

solubilities(S) is related to partition coefficient(PC),

entropy of fusion(ASf), and melting point(MP) of compounds

as follows:

ASf (MP - 25)
log S = -l100 log PC - 1.11 + 0.54 (1.18)

1364

Application of this relationship to numerous chemicals-was

presented and compared with those of observed values. The

method of calculating molecular surface area has been

computerized by Hermann(27) and Amidon(31). Radius of

solute and water, molecular dimensions, and bond angles and

distances were used to calculate the total surface area.

The relationship between the aqueous solubility(S) and

the experimental octanol-water partition coefficient(Kow)

was studied by several workers. Chiou, et al.(32) reported

the following empirical equation for a wide variety of

chemicals:



22

log Kow = 5.00 - 0.67 log S (1.19)

Almgreen, et al.(33) reported a following linear correlation

between the logarithm of the aqueous solubility of aromatic

hydrocarbons(S) and boiling point(Tbp) of the arenes:

log S = 0.0138 Tbp + 0.76 (1.20)

where S is mole/L and Tbp is OC.

For the aqueous solubilities of halogenated benzenes at

250C, Yalkowsky, et al.(29) reported the following equation:

log S = -0.400347 - 0.015573 Tbp (1.21)

In general, the solubility of completely halogenated

hydrocarbons in water is much less than that of partially

halogenated hydrocarbons.

Experimental methods to determine the aqueous solubility

Despite the great demand for aqueous solubility data,

experimental values of halogenated benzenes are very

limited. Also, there are large deviations between aqueous

solubility data for some compounds depending on the method

used. Numerous methods of solubility measurement are

described in the literature. In principle, the various

methods applicable to the measurement of solubility can be
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related to the physical state of the solute and solvent.

The physical state of a substance naturally depends upon the

condition, the temperature and pressure of the system.

Dynamic coupled column liquid chromatography was used by

May(34) to obtain aqueous solubility data of 11 aromatic

hydrocarbons at 250C. The precision of replicate solubility

measurements was better than t 3%. Miller, et al.(35)

determined the aqueous solubilities and octanol-water

partition coefficients for chlorobenzenes and

polychlorobiphenyl(pcb)s by the modified generator column

method coupled with high performance liquid

chromatography(HPLC). Results were discussed in terms of

chlorine numbers, boiling points, and retention times.

Banerjee(36) determined the aqueous solubilities of a wide

variety of organic compounds. Determination of solubility

was conducted by gas chromatography(GC), HPLC, or

spectroscopy. The results were compared with those from

estimation methods. The ten chlorobenzenes which were

studied showed good agreement with the calculated values.

In another study, Miller, et al.(37) determined the aqueous

solubilities of 62 organic solutes by the modified generator

column method followed by HPLC or GC analysis. Aqueous

solubilities of six pcbs were measured at four different

temperatures by a slightly modified generator column method

coupled with GC with electron capture detector(GC-ECD).

Solubilities were increased exponentially with increasing
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temperatures(38). The aqueous solubilities of 26

halogenated benzenes were determined by

spectrophotometry(28). Observed and estimated molar

solubilities showed good agreement. Partition coefficients

of 11 chlorobenzenes were determined in heptane-water and

heptane-acetonitrile systems by Suzuki, et al.(39). The

increased value of the partition coefficient with the

increase of the number of chlorine atoms was discussed in

terms of surface and cohesive energies. They reported that

different dipole moment is responsible for small differences

in partition coefficients among the same chlorine atom

containing isomers.

1-3. Other Major Environmental Fate Processes

Other environmental fate processes besides aqueous

solubility include volatilization, hydrolysis, adsorption,

and photochemical degradation. The following is a brief

review of each.

Volatilization of chemicals from water

The vaporization of organics from water to atmosphere is

an important mass transfer pathway. This transformation is

dependent on the physical and chemical properties of

organics along with those of water. The factors that
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control the volatilization are the aqueous solubility,

molecular weight, and vapor pressure of the compound. To

evaluate the volatility of the chemicals, Henry's law

constant(H') is frequently used. Henry's law constant

relates the concentration of a compound in the gas phase to

its concentration in the liquid phase. The Henry's law

constant can be calculated from vapor pressure(P) and

aqueous solubility(S) of compounds by the following

relationship(40):

H' = P/S (1.22)

where P is in atm, S is in mol/L, and H' is in atm.L/mol.

Two methods are available to calculate the vapor

pressure(41).. The first method, based on Antoine Equation,

is applicable to liquid and gaseous compounds. The second

method is based on the Modified Watson Correlation and is

applicable to liquid and solid compounds. The required

information to calculate the vapor pressure is only the

boiling point for both methods. Since halogenated benzenes

exist in the liquid or solid state at 200C, the second

method is the better to apply. The general method of the

second equation is(42)

Hvp (3 - 2Tpb)
ln Pvp = [2 - T- 2(3 - 2Tpb)o-'ln Tpb] (1.23)

Z R Tpb

Here, Pvp = vapor pressure in atm/mol
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Hvp = heat of vaporization in cal/mol.K

Z = 0.97

Tpb = T/Tb

R = 1.987 cal/mol.K

a-= 0.19 for liquid, and for solids, Tpb > 0.6

G=0.36,

0.5 c Tpb < 0.6 ; o=0.8, 0.5 > Tpb ; r=1.19.

Calculated values of vapor pressure for twelve chlorinated

benzenes using the second method are compiled in Table IV.

Also, using these vapor pressures and aqueous solubilities,

Henry's law constants were estimated using equation (1.22)

and shown in Table IV. Generally, if H' of compound is less

than 3 x 10-7 atm.L/mol, the substance is less volatile than

water and volatilization can be considered unimportant(40).

However, halogenated benzenes have Henry's law constants

ranging between 0.07 and 1.88 atm.L/mol indicating

volatilization could be one of the major fate processes.

Hydrolysis

Hydrolysis is a chemical transformation process in which

an organic molecule reacts with water forming a new carbon

oxygen bond. In halogenated hydrocarbons, cleavage of the

carbon halogen bond followed by carbon oxygen bond formation

is a typical hydrolysis process.

.................
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Table IV. Vapor pressure(P), Aqueous solubility(S), and
Henry's Law constant(H') for Twelve Chlorinated Benzenes

a
Compound P(atm) S(mol/L) H' (atm.L/mol)

MCB 9.02 x 10-3 4.8 x 10-3 1.88
1,2-DCB 1.04 x 10-3 8.5 x 10-4 1.22
1,3-DCB 1.43 x 10-3 8.5 x 10-4 1.68
1,4-DCB 8.05 x 10-4 4.7 x 10-4 1.71
1,2,3-TCB 1.66 x 10-s 1.0 x 10-4 0.17
1,2,4-TCB 2.15 x 10-4 1.8 x 10-4 1.19
1,3,5-TCB 1.35 x 10-4 7.9 x 10-s 1.70
1,2,3,4-TeCB 1.40 x 10-6 1.9 x 10-5 0.07
1,2,3,5-TeCB 2.60 x 10-6 1.7 x 10-s 0.15
1,2,4,5-TeCB 2.20 x 10-6 2.5 x 10-6 0.86
PCBz 3.00 x 10-7 1.5 x 10-6 0.21
HCB 1.75 x 10-9 1.2 x 10-8 0.15

a: Yalkowsky and Valvani, 1980.

Hydrolysis of organic pollutants with water in aquatic

environment is a significant environmental fate process.

However, halogenated benzenes would not be expected to

undergo hydrolysis at an appreciable rate under

environmental conditions(43). Hydrolysis is, however, an

important process which initiates the metabolism of organic

compounds in the living organism. The metabolism of higher

chlorinated benzenes in rabbits was investigated by Kohli,

et al.(44). Metabolism of three TeCB isomers into three

possible tetrachlorophenols was discussed. In another

study(45), the metabolism of three TeCB isomers in rabbits

was studied. l,2,3,4-TeCB appeared to be the more rapidly

metabolized and more extensively oxidized to
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tetrachlorophenol than its isomers. They found 1,2,4,5-TeCB

was the least metabolized of all three TeCB isomers.

Adsorption for soils and sediments

It is possible to express the tendency of a chemical to

be adsorbed to soils and sediments in terms of the organic

carbon adsorption coefficient(Koc). Koc is closely related

to aqueous solubility(S), octanol-water partition

coefficient(Kow), and bioconcentration factor(BCF). The

degree of adsorption affects a chemical's mobility and is an

important parameter in fate processes. To estimate the

adsorption coefficient of a compound, several empirical

relationships have been reported. For halogenated benzenes,

Chiou, et al.(46). reported the following equation:

log Koc = -0.557 log S + 4.277 (1.24)

where S is aqueous solubility in u mol/L and oc represents

organic carbon contents. On the other hand, Karickhoff, et

al.(47) related the adsorption coefficient with the

octanol/water partition coefficient by the following

equation:

log Koc = 1.00 log Kow - 0.21 (1.25)

Adsorption coefficients for twelve chlorinated benzenes were

calculated using the above two equations. Results are
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compiled in Table V.

Photochemical degradation

Photochemical degradation of organic pollutants in

aqueous environments is another important process. There

are two categories in photolysis such as direct photolysis

and sensitized photolysis. In direct photolysis, the

organic chemical absorbs solar radiation directly, while in

sensitized photolysis, the energy is transferred from some

other species in the aquatic solution. The necessity for

light absorption is cited as the first law of photochemistry

such as "only the light which is absorbed by a molecule can

be effective in producing photochemical change in the

molecule". Practically, UV-Visible light is energetic

enough to lead photolysis of organic chemicals.

In a study of the photochemical reactions of tetra,

penta, and hexachlorobenzene in acetonitrile and water

mixtures(48), reductively chlorinated benzenes were found as

the main products by photolysis. The non-sensitized

photoreactions of tetrachlorobenzenes yielded photo

isomerized chlorobenzenes and pentachlorobenzene. Acetone-

sensitized irradiation of tetra and penta chlorobenzene

yielded up to several percent of pcbs.
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Table V. Adsorption Coefficients(Koc) for
Twelve Chlorobenzenes

Compound S(umol/L) log Kowa log Koc
Eq.(I.24)Eq.(I.25)

MCB 4.8 x 103 2.83 2.23 2.62
1,2-DCB 8.5 x 102 3.59 2.65 3.38
1,3-DCB 8.5 x 102 3.59 2.65 3.38
1,4-DCB 4.7 x 102 3.59 2.79 3.38
1,2,3-TCB 1.0 x 102 4.27 3.16 4.06
1,2,4-TCB 1.8 x 102 4.27 3.02 4.06
1,3,5-TCB 7.9 x 101 4.27 3.22 4.06
1,2,3,4-TeCB 1.9 x 101 5.05 3.56 4.84
1,2,3,5-TeCB 1.7 x 101 5.05 3.59 4.84
1,2,4,5-TeCB 2.5 x 100 5.05 4.06 4.84
PCBz 1.5 x 100 5.79 4.18 5.58
HCB 1.2 x 10-2 6.53 6.20 6.32

a: Yalkowsky and Valvani, 1980.

Free radical mechanism was suggested as a possible pathway

from tetrachlorobenzenes to their products. In another

study(49), the photochemical dehalogenation of

polyhalobenzenes(chloro and bromo) was conducted in hexane.

Relative rates of dehalogenation were obtained by GC. They

reported that dehalogenation of 1,2,3,4-TeCB is the fastest

among the isomeric TeCBs. Different rates of dehalogenation

were discussed in terms of steric effect and electrostatic

repulsion caused by the attached neighboring halogen atoms.

It was concluded that position and number of attached

halogen atoms are critical factors to determine the

reactivities. In another similar study(50), cleavage of C-

Cl bond, steric acceleration caused by neighboring chlorine
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atoms, and hydrogen donation from the solvent were

discussed.

To account for the fact that the irradiation of dilute

solutions of chlorobenzene in cyclohexane gave significant

amounts of chlorocyclohexane, Arnold and Wong(51) suggested

that the chlorocyclohexane derivatives from the

photosensitized addition of hydrogen chloride to cyclohexane

was formed by disproportionation of cyclohexyl radicals.

Quantum yields of dechlorination and of intersystem

crossing were measured in cyclohexane for chlorobenzenes by

Bunce, et al.(52). The results were compatible with the

reactions occurring predominantly from excited triplet

states. Irradiation of pentachloronitrobenzene,

pentachlorobenzene, and pentachlorophenol resulted primarily

in reductive dechlorination in organic solvents (53). They

discussed the possible pathways by reduction of ortho-,

meta-, or para- positioned chlorine atoms. Free radical or

hydride transfer mechanism appeared to be the most likely.

Intersystem crossing quantum yields for benzene derivatives

in cyclohexane were studied by Carrol and Quina(54). The

results were obtained by assuming that excited triplet

states of compounds were quenched with a heavy atom such as

Xenon. More symmetric compounds such as p-xylene and

1,2,4,5-tetr methyl benzene showed higher quantum yields

among their isomeric groups.
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Photolysis of polychlorobenzenes in acetonitrile was

investigated by Freeman, et al.(55). They reported that

polychlorobenzene radical anions undergo fission by two

pathways such as i) cleavage to aryl radical and Cl, or ii)

cleavage to aryl carbanion and Cl radical. In another

study(56), six polychlorobenzenes in aqueous acetonitrile

solution were irradiated in presence of humic model monomers

such as benzoic acid, benzaldehyde, vanillic acid, vanillin,

syringic acid, and syring aldehyde. They found that all

polychlorobenzenes except hexachlorobenzene yielded

photoproducts by the reaction of polychlorophenyl radicals

with individual humic monomers. A mechanism of

photoincorporation of 1,2,4,5-TeCB into vanillic acid was

proposed.

1-4. Toxicity of Chlorinated Benzenes

Environmental toxicology is a hybrid of a variety of

scientific disciplines. It can be divided into further

subdivisions according to the compounds such as

Environmental toxicology of pesticides, of insecticides, or

of industrial pollutants. Two factors are important in

environmental toxicology. First, the amount of

environmental pollutants are minute, and second, their

effects are confined exclusively to biological systems.

Toxicities are usually measured by acute or chronic toxicity
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tests. Terminologies such as carcinogenicity, mutagenicity,

and teratogenicity are frequently used in toxicity studies.

Carcinogens are compounds that eventually cause some type of

cancer in exposed animals or humans. Twenty five chemicals

including benzene are listed as recognized human carcinogens

by Weisburger(57). Mutagens are compounds that can cause

abrupt and inheritable genetic changes. Since acute and

toxic results are developed over long periods a certain type

of bacteria is used to determine the mutagenicity.

Teratogenicity relates to capability to induce a congential

malformation in a developing system with structural or

functional nature. Toxic chemicals which are introduced

into the body by inhalation, ingestion, or skin absorption

consequently contact and damage the DNA and RNA of a

critical organ(58). Some chlorinated benzenes such as MCB,

three DCBs, and l,2,4-TCB are listed as chemicals to be

reported to the state commissions for monitoring of the

toxicities. And other halogenated benzenes have been a

subject of toxicity studies.

The acute toxicities of selected priority pollutants to

bluegill were determined by Leblanc, et al.(59). LC50(mg/L)

at 24 hour and 96 hour were summerized for 64 chemicals.

The degree of toxicity was as follows:

chlorinated phenol < chlorinated benzene < chlorinated

ethylenes < chlorinated ethanes.
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In another study, Kacew, et al.(60) conducted toxicity

tests on three TeCB congeners in pregnant Sprague-Dawley

rats. Relatively higher bioaccumulation of 1,2,4, 5-TeCB

than 1,2,3,5- and 1,2,3,4-TeCB in various organs of the rats

was observed. also, the results indicated that 1,2,4,5-TeCB

is most toxic while 1,2,3,5- and 1,2,3,4-TeCB showed similar

toxicity. Braun, et al.(61) studied toxicity of

1,2,4,5-TeCB in Beagle dogs for 2 years of exposure and 20

month recovery periods. They determined the concentration

of 1,2,4,5-TeCB in the plasma and fat. They discussed the

results in terms of the ratio of 1,2,4,5-TeCB concentration

in fat to that of plasma, the solubility of 1,2,4,5-TeCB in

higher affinity compartments to lower compartments, and the

equilibration time of steady state of 1,2,4,5-TeCB

concentrations.

The bioconcentration of 10 brominated and chlorinated

aromatics in rainbow trout was studied by Oliver and

Niimi(62). They found that some compounds reached a steady

equilibrium concentration while some did not over a 90 day

study period. An extremely low aqueous solubility and very

high octanol-water partition coefficient, and molecular size

and structure seemed to be responsible for inhibition of the

chemical's transformation from water to fish. Mackay, et

al.(63)- studied the relationships between properties and

acute toxicities of chlorinated benzenes. They concluded
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that critical review of physical and chemical properties of

compounds is a prerequsite to successful development of

quantitative structure-activity relationships.

I-5. Aquatic Humic Substances

Humic substances are complex mixtures of organic

compounds produced from microbial degradation, chemical

polymerization, and oxidation of plant and animal

products(64). Humic substances are divided into three

fractions based on their solubilities in acids and bases.

Humic acids(HA) are soluble in bases, Fulvic acids(FA) are

soluble in both acids and bases, and Humins are insoluble in

both. The detailed molecular structures of humic substances

are still unknown, but humic substances are known to have

acidic functional groups such as carboxylic, phenolic, and

hydroxyl groups.

Humic substances exhibit paramagnetic properties.

Alkaline solutions of HA isolated from some eighty different

soils and peats gave electron spin resonance(ESR) spectra

indicating a presence of radical species(65). The analysis

of the shape and the temperature dependence of the spectrum

of soil HA suggest that two radical species such as

semiquinone type and quinhydron type may exist. Quinhydron

and quinone are believed to be the moieties in humic

mwmwpm-mko
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substances responsible for the free radicals(66). An ESR

study of HA from lake and marine sediments showed the

presence of free radicals with g-values of

2.0032-2.0035(67). In another study(68), stable ESR peak

with g-value of 2.003 + 0.002 and line with of 6 2 gauss

has been reported for wood, lignin, and HA. Soil HA and FA,

and humins were characterized in terms of free radical

population, g-value, and line width(69). Free radical

populations were in the order of Humin > HA > FA. Saleh, et

al.(70) have conducted an ESR study for Suwannee River HA

and FA. They reported that the free radical content

corresponds to concentrations of 1 to 2 radicals per

thousand molecules of FA based on an estimated molecular

weight of 1000 for FA.

1-6. Research Objectives

Detailed studies on halogenated benzenes in aqueous

systems are important to predict their fates and toxicities

in the environment. Most of the previous research on

halogenated benzenes has been focused either on aqueous

solubility determination or photochemical reactions in

organic solvents. The objectives of this research were to

investigate the solubility behavior and transformation of

halogenated benzenes in aqueous solutions without the photo

effect. The approach used in this research was to evaluate
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the solubility equilibria in different water matrices.

Emphasis was placed on the role of water as a solvent and

the possible solute and solvent interactions which could

lead to the transformation and/or the decomposition of the

parent compounds. The research plan included the following:

1) Experimental determination of aqueous solubilities of

twelve chlorinated benzenes and 1,2,4,5-TeBB in different

water matrices.

2) Investigation of the role of water as a solvent in the

transformation of some halogenated benzenes.

3) Investigation of the role of fulvic acids on the

solubility behavior and transformation of the halogenated

benzenes.
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CHAPTER II

EXPERIMENTAL

This chapter includes the following sections: 1)

Aqueous solubility experiments, 2) Transformation

experiments, and 3) Interaction experiments. Figure 2 shows

the experimental outline and the instruments used.

Chemicals and Samples

High purity chemicals were used. All of the chemicals

were higher than 97% purity except 1,2,3,5-TeFB and DPPH

which were 95% purity. All of the halogenated benzenes and

benzene derivatives were purchased from Aldrich Chemical Co.

and stored in a dark room. Chemicals were used without

further treatment. Nanograde quality n-hexane, isooctane,

and acetone were purchased from American Scientific

Products. Highly purified aquatic fulvic acids were

purchased from International Humic Substance Society(IHSS)

in Denver, Colorado. Table VI shows the list of chemicals

with chemical abstract service(CAS) registry number.
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Table VI. Chemicals and Samples

Compound Abbreviation
aCAS Registry No.

monochlorobenzene
1, 2-dichlorobenzene
1, 3-dichlorobenzene
1, 4-dichlorobennzene
1, 2-dibromobenzene
1, 3-dibromobenzene
1, 4-dibromobenzene
1,2, 3-trichlorobenzene
1,2, 4-trichlorobenzene
1,3, 5-trichlorobenzene
1,2, 4-tribromobenzene
1,3, 5-tribromobenzene
1,2, 3, 4-tetrafluorobenzene
1,2,3, 5-tetrafluorobenzene
1,2, 4, 5-tetrafluorobenzene
1, 2, 3, 4-tetrachlorobenzene
1, 2, 3, 5-tetrachlorobenzene
1,2, 4, 5-tetrachlorobenzene
1,2, 4, 5-tetrabromobenzene
pent achlor oben zene
hexachlorobenzene
3,4,5,6-tetrabromo-o-cresol
2, 3, 4, 5, 6 -pentabromotoluene
2, 2-diphenyl-l-picrylhydrazyl
N-tert-butyl- x-phenylnitroene
n-hexane
isooctane
acetone
aquatic fulvic acids

MCB
1, 2-DCB
1, 3-DCB
1, 4-DCB
1, 2-DBB
1, 3-DBB
1, 4-DBB
1, 2, 3-TBB
1,2, 4-TCB
1, 3, 5-TCB
1, 2,4-TBB
1, 3,5-TBB
1,2, 3,4-TeFB
1,2,3, 5-TeFB
1,2,4, 5-TeFB
1,2, 3,4-TeCB
1,2,3, 5-TeCB
1,2, 4,5-TeCB
1,2, 4, 5-TeBB
PCBz
HCB
3,4,5,6-TeBC
PBT
DPPH
TBPN

FA

108-90-7
95-50-1
541-73-1
106-46-7
583-53-9
108-36-1
106-37-6
87-61-6
120-82-1
108-70-3
615-54-3
626-39-1
551-62-2
2367-82-0
327-54-8
634-66-2
634-90-2
95-94-3
636-28-2
608-93-5
118-74-1
576-55-6
87-83-2

3376 -24-7
110-54-3
540-84-1
67-64-1

a: Aldrich, 1988.
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Instrumentation

The following five major instruments were used:

1) Tracor 560 gas chromatograph with Ni6 3 electron capture

detector(GC-ECD). Packed and capillary columns from Supelco

Inc. were used. Packed columns were 1.8m L x 2 mm id and

2.4m L x 2mm id glass columns packed with 3% SP 2100(100/120

mesh) or GP 10% SP 2100(100/120 mesh). Capillary column was

15m L x 0.5mm id fused silica coated with OV-17. Operating

conditions were: injection port 2500C, detector 3000C, and

oven temperatures kept isothermal with various temperatures.

Argon/methane(95/5 %) mixture or nitrogen carrier gas were

used. The flow rate was variable, but centered around 30

mL/minute.

2) Varian Vista 6000 GC-ECD coupled with Tekmar LSC-2 liquid

sample concentrator. The columns used with the Varian Vista

6000 GC-ECD were the same ones used with the Tracor 560 GC-

ECD. Both isothermal and temperature programmings were

used. Oven tempertures in isothermal operations were 800C,

1100C, 1200C, 1400C, 1600C, or 1800C. The injection port

was 2500C and detector was 3000C. In temperature

programming, column temperature was from 800C to 2500C with

10 0C/minute rate. Stainless steel trapping column(Supelco

Inc.) for liquid sample concentrator was packed with 1 cm of

3% SP 2100 and 24 cm of Tenax-GC. Baking and desorb
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temperatures for the absorbed trapping column were 1800C and

2500C, respectively.

3) Hewlett Packard model 5790A GC with model 5970A mass

selective detector (GC-MS). Column for GC was 12 m L x 0.2

mm id fused silica capillary coated with OV-101 (Supelco

Inc.). Operating conditions were: injection port 2500C,

detector 3000C, column temperature 700C to 2500C at rate of

10OC/minute.

4) Varian model 4502 electron spin resonance(ESR)

spectrometer, consisting of 100 KC field modulation and

control unit, magnet power supply, X-Band microwave bridge,

magnetic field, and frequency counter. Operating conditions

were: magnetic field 3100 Gauss, temperature ambiant, scan

range 500 Gauss, scan time 10 minutes, microwave frequency

9.5 GHz, and magnetic amplitude and signal level variable.

An aqueous ESR flat cell was used for liquid sample. A

dewar flask was used for liquid nitrogen and low temperature

operation.

5) Waters Associates HPLC model ALC 201 equipped with model

6000 pump. Flow rate was 1.2 mL/minute.

II-1. Aqueous Solubilities Experiments

This section includes the determination of aqueous
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solubilities for twelve chlorinated benzenes in pure water.

The analysis of chlorobenzenes were performed using Tracor

560 GC-ECD. Saturated solutions of chlorinated benzenes in

water were made by vigorous stirring method or generator

column method. Also, different water matrices were used to

investigate the aqueous solubility changes in three TeCB

isomers and PCBz. Purified aquatic FA effects on aqueous

solubilities were tested for the three TeCB isomers and

1,2,4,5-TeBB. The following four experiments were

performed: i) Determination of aqueous solubilities of

twelve chlorinated benzenes by vigorous stirring method.

ii) Determination of aqueous solubilities of twelve

chlorinated benzenes by generator column method. iii)

Aqueous solubilities of the three TeCB isomers and PCBz in

different water matrices. iv) Aqueous solubility

enhancement for three TeCB isomers and 1,2,4,5-TeBB in

presence of aquatic FA.

i). Determination of aqueous solubilities of twelve

chlorinated benzenes by vigorous stirring method

Aqueous solubilities of the twelve chlorobenzenes were

individually determined according to the following

procedures: A sufficient amount of each twelve

chlorobenzenes(MCB, 2g; three DCBs, Ig; three TCBs, 500 mg;

three TeCBs, 150 mg; PCBz and HCB, 30 mg) was added into 250
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mL of pure water. A brown colored conical flask was used to

make saturated aqueous solutions of chlorobenzenes. The

flasks were tightly sealed and vigorously stirred on the

magnetic stirrer under dark conditions. The samples were

taken with time series to check the saturation level of the

compounds in solution. Collected samples were filtered

through a 0.45 Km glass fiber filter (Schleicher & Schuell

#30). Centrifugation( IEC HN-SII centrifuger, Damon-IEC

Division) was also used to separate the undissolved solutes

from the samples. Samples were centrifuged for 30 minutes

at 3000 rpm. Then 2 mL of saturated solutions were taken

from the upper layer for extraction. Filtered saturated

aqueous solutions of chlorobenzenes were then extracted with

n-hexane at the appropriate ratio. N-hexane was added into

aqueous portions of filtered chlorobenzenes, and mixed well

using rubber topped mixer(Model M-16715, Thermolyne

Corporation) for a few minutes. A 5 RL of the n-hexane

extracts of each of the chlorobenzenes was injected into

Tracor 560 GC-ECD. To check the reproducibilities of the

instrument, each sample was injected at least three times.

The integrated area of particular chlorobenzenes was

compared with those of standard chlorobenzenes which were

made according to the recommended method by the U.S.

Environmental Protection Agency(U. S.EPA) (l). The stirring

was continued until the aqueous solubilities showed no

increase. Shaking of the sample solutions using
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shaker(Junior Orbit Shaker, Lab-Line Instruments Inc.) was

tested instead of vigorous stirring on the magnetic stirrer.

Shaking conditions were at 1000 rpm for 24 hours.

Preparation of standard twelve chlorobenzenes in isooctane

Stock solutions of 200 mg/L of each chlorobenzene in

isooctane were prepared. 50 mg of each chlorobenzene was

accurately weighed and dissolved into 250 mL of isooctane.

These stock solutions were stored in the refrigerator which

was controlled at about 40C temperature. Daily working

standards were prepared by dilution of the stock solutions

to appropriate concentrations using n-hexane. Routine

working standards concentration for twelve chlorobenzenes

are shown in Table VII. The GC-ECD instrument was

frequently calibrated using these working standards.

ii). Determination of aqueous solubilities of twelve

chlorinated benzenes by generator column method

This method is based on published procedures(2,3). A

fine powder of glass beads(Pierce Chemical Co.) of particle

size of 37-74 nm were packed into a 5 cm L x 4 mm id

stainless steel preparative column. Initially, glass beads

were suspended in n-hexane and a sufficient amount of

individual chlorobenzene was added.



Table VII. Concentrations of Twelve chlorobenzenes'
Working Standards in n-hexane

compound concentration (mg/L)

MCB 200
1,2-DCB 100
1,3-DCB 100
L, 4-DCB 100
1,2,3-TCB 50
l,2,4-TCB 50
1,3,5-TCB 50
1,2,3,4-TeCB 5
1,2,3,5-TeCB 5
1,2,4,5-TeCB 1
PCBz 1
HCB 0.5

The n-hexane solution containing a particular chlorobenzene

and glass beads were allowed to evaporate under dark

conditions. After complete evaporation of n-hexane, the

coated glass beads with a particular chlorobenzene were

packed into the generator column. The column was connected

to the HPLC solvent delivery system. 200 mL of pure water

was circulated through the packed generator column. Flow

rate was controlled at 1.2 mL/minute. The outlet from the

generator column represents the saturated aqueous solution

of particular chlorobenzenes. Samples were taken from the

outlet of the generator column and extracted with n-hexane.

Subsequently, the n-hexane extract was injected into GC-ECD.

The quantitation of the compound was made by comparison of

the integrated peak area of samples with those of standard

52
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authentic compounds. Figure 3 shows the diagram of

determination of aqueous solubilities by vigorous stirring

method and generator column method.

iii). Aqueous solubilities of three TeCB isomers and PCBz in

different water matrices

Solubility experiments were performed in five different

water matrices for the three TeCB isomers and PCBz. These

included pure, distilled, hard, rain, and natural lake

waters. Hard and rain water was reconstituted by adding

chemicals to distilled water according to the established

methods(4,5). Pure water was obtained from a water

purification system(Milli-R04, Millipore Co.). It consists

of three cartridges namely, prefilter, anion exchange, and

cation exchange columns. Lake water was collected from

Cross Lake, Louisiana. Distilled water was supplied from

this laboratory. All five waters were prefiltered before

use. Table VIII shows the compositions and characteristics

of the five experimental waters.
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Figure 3. Determination of aqueous solubilities of
twelve chlorinatd benzenes by generator column method
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150 mg of each TeCB isomer was added to 250 mL of five

different waters in 250 mL brown colored conical flasks.

The flasks were tightly sealed and vigorously stirred on the

magnetic stirrer under dark conditions. 30 mg of PCBz was

treated in the same manner as the TeCB isomers.

Equilibration, filtration, extraction, and GC-ECD analysis

were the same as in the determination of aqueous

solubilities in pure water.

iv). Aqueous solubility enhancement for three TeCB isomers

and 1,2,4,5-TeBB in presence of aquatic FA

The influence of FA on the aqueous solubility of the

three TeCB isomers and 1,2,4,5-TeBB was determined.

Concentrations of 0, 20, 40, 60, 80, and 100 mg/L of FA were

prepared by dissolving the FA in pure water. A stock

solution of 100 mg/L of FA was prepared by dissolving of 15

mg FA in 150 mL of pure water. 0, 10, 20, 30, 40, and 50 mL

of this stock solution was taken into 50 mL conical flasks,

and the volume was adjusted to 50 mL with pure water.

Enough- crystals of each TeCB isomer and 1,2,4,5-TeBB were

added into the 50 mL of each different aqueous FA solutions.

Equilibrium, filtration, extraction, and GC-ECD analysis

were the same as described in the previous experiment.
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11-2. Transformation Experiments

In this study, I investigated the transformation of some

halogenated benzenes in the absence of light. The roles of

solute-solvent interactions and the dissolved oxygen in

water were evaluated. The following three experiments were

performed: i) Transformation of twelve chlorinated benzenes

in water. ii) Transformation of 1,2,4,5-TeFB, TeCB, and

TeBB isomers. iii) Dynamic head space analysis of

1,2,4,5-TeCB isomer in water.

i). Transformation of twelve chlorinated benzenes in water

The objectives of these experiments were to study the

transformation of the test compounds in the absence of photo

effects. Twelve chlorobenzenes were used in this

experiments. A sufficient amount(MCB, 2g; three DCBs, lg;

three TCBs, 500 mg; three TeCBs, 150 mg; PCBz and HCB, 30

mg) of each halogenated benzene was added into 250 mL of

pure water and n-hexane, respectively. Both samples were

tightly sealed and vigorously stirred on the magnetic

stirrer for 24 hours under dark conditions. After 24 hours,

aqueous samples were filtered through a 0.45 sm glass fiber

filter followed by extraction of organics with n-hexane.

Samples in n-hexane solutions were diluted to appropriate

concentrations according to the aqueous solubilities of the

.^-.MFMwWAWAmwm
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corresponding halogenated benzene. Dilute n-hexane sample

solutions and n-hexane extracts of aqueous halogenated

benzene samples were injected into the Tracor GC-ECD. To

confirm the unknown peaks from 1,2,4,5-TeCB transformation,

a more concentrated sample was prepared as follows:

21 L of aqueous saturated 1,2,4,5-TeCB solutions were

prepared using seven 3 L bottles. According to the previous

procedure, the aqueous samples were vigorously stirred,

filtered, and extracted. The sum of n-hexane extracts were

gently evaporated using a Kuderna-Danish concentrator until

0.5 mL of concentrated extract was obtained. This

concentrated n-hexane extract was injected into a Hewlett

Packard GC-MS.

ii). Transformation of 1,2,4,5-TeFB, TeCB, and TeBB isomer

The objectives of these experiments were to compare the

water-induced transformation of the most symmetric

tetrafluoro, chloro, and bromo benzenes. A sufficient

amount(1,2,4,5-TeFB, 1 g; 1,2,4,5-TeCB, 150 mg;

1,2,4,5-TeBB, 30 mg) of each compound was added to 250 mL of

pure water and n-hexane, respectively. The samples were

vigorously stirred on the magnetic stirrer under dark

conditions for 24 hours. Aqueous samples were filtered

through a 0.45 gm glass fiber filter, extracted with n-

-4 ... go-am""
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hexane, and injected into the Tracor 560 GC-ECD. Organic

samples were diluted into their aqueous solubility level

with n-hexane, and injected into the Tracor 560 GC-ECD.

iii). Dynamic head space analysis of 1,2,4,5-TeCB isomer in

water

The dynamic head space analysis is an extension of the

static head space analysis. A continuous flow of gas is

swept through the liquid, carrying the head space volatiles

to a trap where they are accumulated prior to analysis.

Transfer of organics from liquid phase to gas phase is

favored by adding a salt to the samples, maintaining an

elevated temperature, or vigorously stirring the samples(6).

A tenax GC trapping column is widely used to adsorb a wide

range of organics including chlorinated aromatics. Tenax GC

is a linear polymer of p-2,6-diphenylphenylene oxide with

molecular weight of 5 x 10s - 5 x 106. Tenax GC has a low

efficiency for the retention of water, and is thermally

stable permitting the use of high desorption temperatures.

The objective of this experiment was to study the role of

dissolved oxygen on transformation. 250 mL of pure water

was put into three conical flasks. For 30 minutes, two

flasks were purged with air and helium, respectively. A

third flask was not purged and it served as a blank. After

30 minutes, the dissolved oxygen level was measured by an

Mo-q"Ww---w
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oxygen meter(Model 57, Yellow Springs Instruments). Then,

100 mg of 1,2,4,5-TeCB was introduced into the three flasks,

and stirring and purging were continued for 12 hours. Tenax

GC trapping columns were then connected to air and helium

purging flasks. Air and helium purged vapor phases were

collected on the trapping columns for 3 minutes. The

trapping columns were disconnected from the sample flasks

and were introduced to the Tekmar LSC-2 purgeable organic

analyzer for analysis. The Absorbed organics in the

trapping column were baked for 4 minutes with 1800C followed

by desorption with 2500C. The desorbed vapor phases were

introduced into the Varian Vista 6000 GC-ECD automatically.

The corresponding liquid phases were also analyzed by the

GC-ECD. Figure 4 shows the diagram-of this experiment.

11-3. Interaction Experiments

In these experiments, aquatic FA or DPPH were used to

investigate the intertactions between free radicals in these

samples and the halogenated benzenes. in these samples.

The following two experiments were performed: i)

Interaction of 1,2,4,5-TeCB and 1,2,4,5-TeBB with aquatic FA

in water. ii) Interaction of 1,2,4,5-TeCB with DPPH in

acetone-sensitized water.

wqjwoQlw"w ................. I ---
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i). Interaction of 1,2,4,5-TeCB and 1,2,4,5-TeBB with

aquatic FA in water

1% FA in pure water was prepared by dissolving 50 mg of

solid fulvic acids into 5 mL of pH 12.5 alkaline water. 5

mL of aqueous FA solution was divided into two aliquots of

2.5 mL each and were used as reference and sample,

respectively. To the sample solution, enough crystals of

1,2,4,5-TeCB compound were added. Both reference and sample

solutions were stirred on the magnetic stirrer continuously.

At time series, 100 $L were taken from both solutions. Each

was introduced into the aqueous flat cell for the ESR

measurement.

The aqueous FA solutions were prepared for GC-ECD

analysis. 15 mg of FA was added into 150 mL of pure water

resulting in 100 ppm FA. Then, 0, 10, 20, 30, 40 and 50 mL

portions were taken from 100 ppm FA solution into 50 mL

volumetric flasks and were made to mark with pure water.

The resulting solutions were 0, 20, 40, 60, 80, and 100 mg/L

concentrations of FA in water. To every FA aqueous

solutions 30 mg of 1,2,4,5-TeCB was added, and the six

samples were stirred vigorously under dark conditions. As

in the previous experiments, the samples were filtered,

extracted, and injected into the GC-ECD to determine the

transformation products. The same procedure was applied to

1,2,4, 5-TeBB.
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ii). Interaction of 1,2,4,5-TeCB with DPPH in acetone-

sensitized water

In this experiment, 10% acetone in water was used rather

than pure water due to the insolubility of DPPH in water.

Three 250 mL solutions were prepared as follows:

A) 10% acetone in pure water and DPPH

B) 10% acetone in pure water and 1,2,4,5-TeCB added

C) 10% acetone in pure water, and 1,2,4,5-TeCB and DPPH

added

A) and C) solutions were subjected to analysis by ESR

spectrometer, and B) and C) solutions were analyzed by the

GC-ECD. Each of the three solutions was stirred on the

magnetic stirrer under dark conditions. For the ESR

experiments 100 tL of the sample and reference solutions

were taken with time series and their radical concentrations

were determined. In the GC-ECD analysis, 250 mL of each

sample and reference was vigorously stirred on the magnetic

stirrer under dark conditions. Samples were taken after 6,

12, 18, and 24 hours followed by filtration through a 0.45

Km glass fiber filter and extraction with n-hexane. 5 gL of

n-hexane extract was injected into the GC-ECD.
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CHAPTER III

RESULTS AND DISCUSSION

Discussion of the results is presented under three major

sections: 1) Aqueous solubilities of halogenated benzenes,

2) Transformation of halogenated benzenes, and 3)

Interactions of halogenated benzenes.

III-l. Aqueous Solubilities of Halogenated Benzenes

This section includes the results and discussion of the

following experiments: i) Aqueous solubilities of twelve

chlorinated benzenes by GC-ECD, ii) Aqueous solubilities of

three TeCB isomers and PCBz in different water matrices, and

iii) Influence of aquatic FA on aqueous solubilities of

three TeCB isomers and 1,2,4,5-TeBB.

i) Aqueous solubilities of twelve chlorinated benzenes by

GC-ECD

Aqueous soLubilities of twelve chlorobenzenes were

determined by GC-ECD. Vigorous stirring method and

generator column method were evaluated and results are shown

65
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in Tables IX and X, respectively. The tables also include

calculated solubilities using the Yalkowsky method(l). The

experimental results show a systematic negative error by

both methods in 10 out of 12 compounds. However, the

magnitude of the error decreases with the increase of the Cl

substituents. Better agreements between solubilities were

observed in most symmetric isomers among each of di, tri,

and tetra halogenated benzenes. 1,4-DCB, 1,3,5-TCB, and

1,2,4,5-TeCB compounds showed less deviations from the

calculated values while 1,2-DCB, l,2,3-TCB, and 1,2,3,4-TeCB

showed relatively larger deviations. As discussed in the

literature section, solubility can be derived from

thermodynamic or empirical relations. However, the

calculated values are not uniform and may differ by one

order of magnitude. Furthermore, it is difficult to

experimentally verify the calculated values since the

solubility measurement itself is a subject of several

inherent problems. The larger errors detected in the di-

and tri- halogenated benzenes are believed to be

instrumental limitations. The less Cl containing compounds

may have larger signal error on the ECD detector. The two

methods gave comparable results indicating both methods are

valid for determination of aqueous solubilities of twelve

chlorobenzenes. Table XI shows the comparison of the

results with other experimental values.
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Each method may have its own limitations and may be more

suitable for a specific group of compounds. To ensure the

reliability of the experimental results, factors such as

equilibrium of the solute and solvent, separation of the

excess solute from saturation solution, extraction of the

solute from the solution, and analysis of the solute were

evaluated.

Equilibrium between the solute and the solvent

The equilibrium between a solute and a solvent depends

upon the contact time and surface area of each. In small

scale solutions of chlorobenzenes such as 50 mg/250 mL, the

equilibrium was attained in 12 hours. However, in large

scale aqueous sample solutions such as 500 mg/3.8 L, several

days of equilibration time were needed. The larger the

water volume, the less effective stirring becomes, and the

chance of solute and solvent interaction might be decreased.

Using the shaker for 24 hours with 1000 rpm, the results

showed that equilibrium was achieved much slower than by

vigorous mixing with the magnetic stirrer. This is due to

the less effective contact of solute and solvent molecules.

The effect of light on the solubility of the three TeCB

isomers was evaluated, and the results showed no measurable

differences. The integrated parent peak area under light

and dark conditions appeared to be the same. Photochemical

....... ̂VAN
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effect on haLogenated benzenes has been widely investigated

(2-5). Chlorobenzenes are the subject of decomposition by

uv light, and as a result, aqueous solubilities may

decrease. However, in a closed system where enough

chlorobenzenes are present in 250 mL of water, there is a

sufficient and continuous supply of the solute to be

solubilized in water. As a result, once the system is

equilibrated, the equilibrium will be maintained well

against loss of the dissolved parent compound.

Separation of excess crystals from saturated aqueous

chlorobenzenes

In filtration of samples through a 0.45 Km glass fiber

filter, some loss of solute may occur by adsorption on the

filter. To minimize this loss it was necessary to use

larger volumes of samples. A good filtration technique

involves wetting the filter with pure water and filtering

small portions of samples before collecting the sample for

analysis. About 200 mL samples were large enough to achieve

the satisfactory and reproducible separation of undissolved

crystals from the equilibrated solutions. To verify that no

measurable loss of the solute had occurred, filtered samples

were filtered again through the same apparatus but with a

new glass fiber filter. The results showed no significant

differences, indicating successful separation was achieved.
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Centrifugation of the saturated samples was tried as a

substitute for filtration. Results showed higher and

inconsistent concentrations from batch to batch. Using a

simple Milipore filtration apparatus with a 0.45 m glass

fiber filter appeared to be fast and consistent from batch

to batch.

Contamination of the hexane extracts from solvents and

glassware, or sample loss due to adsorption are frequently-

encountered problems in trace analysis. Glassware should be

thoroughly cleaned and rinsed with pure solvent. The

solvent used in liquid extraction is a potentially rich

source of contaminants, and solvents of the highest purity

should be used. In trace analysis, sample blanks should be

run to estimate the extent of contamination. With various

extraction ratios, the chlorobenzenes were extracted with n-

hexane. The extraction ratio was made considering the

calculated aqueous solubilities and concentrations of the

working standards of chlorobenzenes. To verify the

efficiency of extraction, the extracted aqueous portions

were reextracted with fresh n-hexane for second time.

Chlorobenzene concentrations of the corresponding n-hexane

extracts were determined. Results showed more than 99% of

chlorobenzenes in aqueous samples were extracted by first

extraction.
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GC-ECD analysis

Figure 5 shows the calibration curves of three sets of

chlorobenzenes using working standards. In each group, the

slope of the curve decreases with the decrease of the

compound's polarity. Figure 6 shows the diagram of electron

capture detector(6). The cathode, which is made of a Ni63

beta emitter, produces large amounts of thermal electrons in

the GC carrier gas and all of them are collected by the

anode. Molecules that have an affinity for thermal

electrons capture them as they pass between the electrodes

and thus reduce the steady state current. By amplification

through the electrometer, the signal is transferred into an

electrical GC peak. Halogenated benzenes, pcbs, and

chlorinated hydrocarbons give excellent response. In the

case of mono and dichlorobenzenes, the ECD response is not

sharp. Particularly, in MCB, the response is quite weak and

inconsistent. This is mainly due to the small electron

affinity and ease of hydrolysis of MCB in water. As a

result, consistent and reproducible data from batch to batch

were difficult to obtain for MCB. More reproducible and

consistent responses were obtained from the higher Cl

compounds.

-0.
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Figure 6. Cross section of an electron capture detector.
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Derivation of linear relationships for aqueous solubilities

Aqueous solubilities of the twelve chlorobenzenes

decreased with an increase of attached chlorine atoms.

Relationships between the number of chlorine atoms and the

logarithms of molar solubilities were obtained by the

regression method. Figure 7 and 8 show the linear

relationships of aqueous solubilities versus number of

chlorine atoms in the twelve chlorobenzenes. Among the

twelve chlorobenzenes HCB did not have a good linear

relationship. As a result, two different linear equations

were developed; one included HCB and the other excluded HCB.

For the vigorous stirring method, the following two

equations were derived:

-log S = 1.34 + 1.00 Ncl (11.1)

-log S = 1.78 + 0.8131 Ncl (111.2)

Where S is in mol/L and Ncl represents the number of

chlorine atoms in chlorinated benzenes. For the generator

column method, the following equations were obtained:

-log S = 1.32 + 1.02 Ncl (111.3)

-log S = 1.69 + 0.8624 Ncl (111.4)

Equations (111.2) and (111.4) were obtained excluding the

HCB and showed a better correlation among eleven
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chlorobenzenes. Equations (III.1) and (111.3) were obtained

including HCB and give a general estimation of solubilities

of twelve compounds. In isomeric chlorobenzenes, the most

polar isomer is expected to show the largest aqueous

solubility, and this is true for TeCB isomers. However, in

DCB and TCB isomers, this trend is not observed although the

least polar isomers showed the least solubility. Other

properties such as melting point, boiling point, and

physical state of the compound at room temperature may

contribute to the compound's actual solubility.

ii). Aqueous solubilities of three TeCB isomers and PCBz in

different water matrices

Factors such as temperature, salinity, dissolved organic

matter, and pH are known to affect aqueous solubilities(7).

One report described the decrease in aqueous solubilities

for several polynuclear aromatic hydrocarbons in sea water

compared to fresh water(8) due to the salting out effect.

In these experiments, the influence of the inorganic matrix

in synthetic hard, rain water, and natural lake water was

investigated. Table XII shows the results.



Table XII. Aqueous Solubilities of Three TeCB Isomers
and PCBz in Different Water Matrices(mg/L)

1,2,3,4-TeCB 1,2,3,5-TeCB 1,2,4,5-TeCB PCBz

Pure

Hard

Rain

Lake

X
s

X
s

AX
y

X
s

AX
y

X
s

AX
y

3.42
0.13

3.50
0.10
0.08'
0.16

3.41
0.12
0.01
0.19

3.34
0.17
0.08
0.27

Distilled X 3.27
s 0.02

AX 0.03
Y 0.03

2.77
0.14

2.40
0.10
0.37
0.16

2.79
0.07
0.02
0.11

2.68
0.01
0.09
0.02

2.79
0.14
0.02
0.22

0.58
0.02

0.60
0.02
0.02
0.03

0.63
0.04
0.05
0.06

0.59
0.01
0.01
0.02

0.58
0.03
0.00
0.05

80

0.30
0.01

0.29
0.02
0.01
0.03

0.30
0.02
0.00
0.03

0.28
0.02
0.02
0.03

0.29
0.03
0.01
0.05

X: Mean of aqueous solubilities(mg/L)
s: Standard deviation(mg/L) based on triplicate measurements
AX: Difference of solubilities between in pure water and in

various water matrices

Y: ts 1 2

\ N1 N 2
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Apparently, the inorganic species in water did not affect

the aqueous solubilities of the four test compounds. The

results of the aqueous solubilities from different water

matrices were compared with those of pure water.

Differences between the mean values were evaluated at a

confidence level of 95%. Among 16 sets of results,

1,2,3,4-TeCB in distilled water, 1,2,3,5-TeCB in hard water,

and 1,2,3,5-TeCB in lake water revealed statistically

significant differences. However, the overall results

suggest no significant differences.

iii). Influence of FA on aqueous solubilities of TeCBs and

1,2,4,5-TeBB.

The influence of natural organic materials such as humic

and fulvic acids on aqueous solubilities of hydrophobic

organics are well documented(9). Enhancement is thought to

be due to natural organics acting as cosolute in water.

Hydrophobic organic compounds can be solubilized in water by

natural humic and fulvic acids. However, some reports

indicated that this solubility enhancement is not always

observed. I investigated the aqueous solubilities of three

TeCB isomers and 1,2,4,5-TeBB in the presence of aquatic FA.

The results, shown in Table XIII and Figure 9 respectively,

were evaluated by statistical analysis at a confidence level

of 95%.



Table XIII. Aqueous Solubilities of Four Halogenated
Benzenes in the Presence of FA(mg/L)

1,2,3,4-TeCB 1,2,3,5-TeCB 1,2,4,5-TeCB 1,2,4,5-TeBB

0 X
s

20 X
5

AX
y

40 X
s

AX
y

60 X
s

AX
y

80 X
s

AX
y

3.28
0.06

3.38
0.03
0.10
0.10

3.29
0.01
0.01
0.05

3.37
0.06
0.09
0.10

3.28
0.04
0.00
0.06

2.73
0.04

2.76
0.03
0.03
0.06

2.71
0.03
0.02
0.05

2.75
0.04
0.02
0.05

2.79
0.07
0.06
0.11

0.56
0.02

0.59
0.02
0.03
0.03

0.64
0.02
0.08
0.03

0.64
0.03
0.08
0.05

0.67
0.02
0.11
0.03

82

0.040
0.004

0.056
0.006
0.016
0.006

0.070
0.004
0.030
0.009

0.086
0.008
0.046
0.013

0.104
0.005
0.064
0.008

X: Mean value of aqueous solubilities(mg/L)
s: Standard deviation(mg/L) based on triplicate measurements
AX: Difference of solubilities between in 0 mg/L of FA and

in various concentrations of FA

y 0 N1 + N 2
ts I 2
N NN2
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Figure 9. Aqueous solubilities of three TeCB iscners and
1,2,4,5-TeBB in presence of aquatic FA.
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More hydrophobic compounds are expected to exhibit larger

partition with natural organics leading to a larger aqueous

solubility enhancement. On the other hand, less hydrophobic

compounds are expected to exhibit smaller partition-like

interactions with humic and fulvic acids. Subsequently, the

aqueous enhancement effect will be smaller or negligible.

Partitioning of hydrophobic compounds into organics can be

estimated from their octanol-water partition coefficients.

If there are more partition-like interactions between solute

and cosolute, the enhancement of solubility will be larger.

In 1,2,3,4- and 1,2,3,5 TeCB isomers, no aqueous solubility

enhancements were detected due to the larger aqueous

solubility and smaller partitioning with aquatic FA.

However, the 1,2,4,5-TeqB isomer which has much smaller

aqueous solubility than others is expected to have larger

partitioning with aquatic FA. Although the changes were not

significant in experiments, the aqueous solubilities of

1,2,4,5-TeCB showed a slight tendency of increase with an

increase of FA concentration. These results are in

agreement with the results reported by Chiou, et al.(9) on

small molecules such as 1,2,3-TCB and lindane.

An obvious trend of aqueous solubility enhancement was

observed in the 1,2,4,5- TeBB isomer. 1,2,4,5-TeBB has even

smaller aqueous solubility compared to the 1,2,4,5-TeCB

isomer, and partition-like interaction with aquatic FA is
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expected to be more effective. Furthermore, the larger size

of 1,2,4,5-TeBB over TeCB isomers could be another factor

resulting in larger partitioning and prominent aqueous

solubility enhancement. The experimental aqueous

solubilities of 1,2,4,5-TeBB increased steadily with the

increase of FA concentrations. At FA concentrations of 80

mg/L, the solubilities were more than doubled. Larger

molecules with much less aqueous solubility and with much

larger octanol-water partition coefficients, such as DDT. and

pcbs, exhibit more noticeable aqueous solubility

enhancement(10).

111-2. Transformation of Halogenated Benzenes

This section includes the results and discussion of the

following topics: Transformation of twelve chlorobenzenes,

transformation of 1,2,4,5-TeFB, 1,2,4,5-TeCB, and

1,2,4,5-TeBB in water, and dynamic head space analysis of

1,2,4,5-TeCB.

i). Transformation of twelve chlorobenzenes

Figure 10 shows the GC-ECD chromatograms of the twelve

chlorobenzenes' working standards in n-hexane, which

concentrations are shown in Table VII. This chromatogram

was obtained by temperature programming from 800C to 2500C
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at a 10 0C/minute rate. With the increase of the attached

chlorine substituents, the chlorobenzenes showed increased

retention times due to the increase of molecular

interactions between chlorobenzenes and stationary phase.

In the twelve chlorinated benzenes, boiling point and

molecular size increases with increase of attached chlorine

substituents and result in increase of the retention time.

For investigation of each isomeric groups of chlorobenzenes,

isothermal operation was made. Figures 11 through 14 show

the gas chromatograms of different sets of chlorobenzenes in

n-hexane and in water, respectively.

In dichlorobenzene isomers, shown in Figure 11, all three

compounds showed additional peaks in water. The additional

peak was identified as 1,2,4-TCB. The magnitude of

1,2,4-TCB was largest from 1,3-DCB in water. l,2-DCB and

1,3-DCB isomers are liquid at room temperature, and they are

polar compounds. Molecular interactions of dipole

orientation and dipole-induced dipole in polar aqueous

condition might be responsible for production of 1,2,4-TCB.

1,4-DCB isomer is a solid with a dipole moment of zero.

Since l,4-DCB has higher symmetry than the other two

isomers, the hydrophobic interactions rather than dipole

orientation or dipole-induced molecular interactions would

be responsible for the transformation. The melting point of

1,4-DCB(550C) is considerably higher than that of
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1,2-DCB(-150C) and 1,3-DCB(-240C). In trichlorobenzene

isomers, shown in Figure 12, all three compounds showed less

reactivities than the other chlorobenzenes. 1,2-DCB was

detected in hexane extract of the aqueous samples of 1,2,3-

and 1,2,4-TCB. The most polar l,2,3-TCB has a melting point

of 540C whereas the non-polar 1,3,5-TCB has a melting point

of 640C. These two isomers are solids at room temperature.

On the other hand, 1,2,4-TCB is a liquid with a melting

point of 160C, and it is a moderately polar compound. All

three TCB isomers are not highly symmetric indicating that

hydrophobic interactions are not significant. Among the

twelve chlorobenzenes, the three TCB isomers appear to be

relatively stable against further transformation(ll). In

tetrachlorobenzene isomers, shown in Figure 13, only

1,2,4,5-TeCB showed two additional peaks in water. The

transformation products were identified by GC-MS as

1,2,3,4-TeCB and PCBz. High symmetry and a considerably

higher melting point (1400C) of 1,2,4,5-TeCB may result in

the larger entropy changes in water. By contrast, polar

1,2,3,4-TeCB and 1,2,3,5-TeCB have melting points of 460C

and 500C, respectively. In analysis of more concentrated n-

hexane extracts of aqueous 1,2,4,5-TeCB solution,

dechlorinated species such as MCB, 1,2-DCB, 1,2,3-TCB, and

1,2,4-TCB were detected. However, the magnitudes of these

dechlorinated products were small relative to the other

transformation products. In mono, penta, and
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hexachlorobenzene compounds, shown in Figure 14, MCB showed

no differences between n-hexane and in water. However, PCBz

and HCB showed some reactivities in water. PCBz showed HCB

as well as dechlorinated 1,2,4-TCB and l,2,3,4-TeCB

compounds. In PCBz, the sterric effect of five chlorine

atoms may assist the cleavage of the carbon chlorine bond.

HCB showed l,2,4-TCB and l,2,3,4-TeCB as major

transformation products. The high symmetry and high melting

point(2280C) of the HCB compound can be related to the large

entropy change which is responsible for the large

hydrophobic interactions. Thus, among the twelve

chlorobenzenes, major transformation occurred in five

compounds, namely three DCBs, 1,2,4,5-TeCB, and PCBz.

Products included more polar isomers, dechlorinated

compounds, or products with higher numbers of chlorine

atoms. Table XIV summarizes the results. Dechlorinated

compounds are not included in the Table since they represent

the normal degradation pathways of the chlorinated benzenes.

The overall results indicate that water as a solvent

induced transformations of some chlorinated benzenes.

Various factors such as polarities, melting points,

symmetry, sterric effects, hydrogen bonding, and hydrophobic

interactions may influence the transformations. It is

important to note that all twelve chlorobenzenes did not

show transformation phenomena in n-hexane under dark
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Table XIV. Production of Compounds from Five Chlorobenzenes

a
Parent Products(mg/L)
Compound 1,2,4-TCB l,2,3,4-TeCB PCBz HCB

1,2-DCB 8.0-10.5
l,3-DCB 42.5-47.5
1,4-DCB 5.0-7.0
1,2,4,5-TeCB 2.0-2.5 0.018-0.022
PCBz 0.010-0.015

a: After 24 hours of reaction where each DCB was 1 g;
1,2,4,5-TeCB was 150 mg; PCBz was 30 mg in 250 mL of
pure water, respectively.

conditions. However, in aqueous condition, some compounds

showed transformations. Among the twelve chlorinated

benzenes, 1,2,4-TCB, 1,2,3,4-TeCB, and PCBz appeared most

stable and were detected as major peaks in various

chromatograms.

Polarity of the compounds can be estimated from their net

dipole moments. Except for MCB, 1,4-DCB, and 1,3,5-TCB, the

experimental values of net dipole moment of the

chlorobenzenes showed deviations from calculated values.

Obviously, the compound's polarity is not only dependent on

the strength of the net permanent dipole moment but also the

actual molecular structure and its environment. The net

dipole moment of chlorobenzenes were calculated as the

vector sum of the attached chlorine atom's permanent dipole

moment. Estimation of the net dipole moment of 1,2,3-TCB
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was made as follows:

u = 2L.59(sin(O) + sin(60) + sin(120) + cos(Q) + cos(60)

+ cos(120))

= 3.18

The estimated net dipole moments of twelve chlorobenzenes

are shown in Table XV along with experimental values. Group

dipole moments of chloro substituents are important to

estimate the intermolecular interaction. Only in the case

of the ortho isomer are the two chloro groups sufficiently

close for partial addition of the two dipoles. In the

trichlorobenzene isomers, 1,2,3-TCB has a net dipole moment

which is the sum of all three attached chloro groups. In

1,2,4-TCB, however, the para positioned chlorine has no or a

very minute effect on additivity and net dipole moment is

largely represented by the ortho chlorine. As a result, the

net dipole moment of 1,2,4-TCB is similar to that of

1,2-DCB. In TeCB isomers, 1,2,3,4-TeCB exhibits a net

dipole moment from all attached chlorine atoms whereas

1,2,3,5-TeCB is similar to that of 1,2,3-TCB. 1,2,4,5-TeCB

is similar to that of l,2-DCB. Depending on the direction

of the dipole moment of the attached chlorine atoms, there

could be a subtraction effect as well as an addition effect.

For example, 1,2,4,5-TeCB has an identical strength of

dipole moment additivity in the opposite direction,

resulting in canceled dipole moment. This subtraction
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Table XV. Dipole Moments(D) of Twelve Chlorobenzenes

a
Compound Calculation Observation

MCB 1.59 1.59
1,2-DCB 2.76 2.27
1,3-DCB 1.59 1.49
1,4-DCB 0 0
1,2,3-TCB 3.18 2.33
1,2,4-TCB 1.59 1.26
1,3,5-TCB 0 0
1,2,3,4-TeCB 2.76 1.92
1,2,3,5-TeCB 1.59 0.65
1,2,4,5-TeCB 0 0.73
PCBz 1.59 0.89
HCB 0 0.20

a: McClellan, 1974.

effect is observed in l,2,4-TCB, 1,2,3,4-TeCB, 1,2,3,5-TeCB,

and PCBz and is responsible for the small net dipole moment

of these molecules. Axis of the net dipole moment is -

another important factor which contributes to the polarity

of compounds. Some compounds such as 1,2-DCB and

1,2,3,4-TeCB appeared to have the largest net dipole moment

in their isomeric groups. However, the axis of their net

dipole moment is located between the carbon and carbon bond

on the. benzene ring. As a result, some portion of

additivity from neighboring chlorine is lost by bumping each

other. The most efficient dipole moment additivity is found

in compounds that has an axis on the carbon and chlorine

bond such as 1,3-DCB, 1,2,3-TCB, and 1,2,3,5-TeCB.
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Dipole orientation and dipole induced molecular

interactions are related to the polarities of solutes and

solvents(12). These two molecular interaction energies were

estimated for the twelve chlorobenzenes using the equations

(1.5) and (1.7), respectively. In the calculation of

molecular interaction energies, the chlorobenzenes were

assumed as spherical structures. Intermolecular distances

were obtained as the sum of the radius of each chlorobenzene

and water molecule since solute and solvent molecules must

be in contact for molecular interactions. For example, the

dipole orientation and the dipole induced energies of

1,2-DCB in water were calculated using the following

parameters:

a) dipole moment of 1,2-DCB: 2.76 x 10-18 esu.cm

b) dipole moment of water: 3.11 x 10-18 esu.cm

c) Boltzman constant: 1.3805 x 10-16 erg/OK

d) temperature: 298 OK

e) molar volume of 1,2-DCB: 112.6 mL

f) molecular volume of 1,2-DCB: 1.8695 x 10-22 mL

g) molecular radius of 1,2-DCB: 3.548 x 10-8 cm

h) molar volume of water: 18.0 mL

i) molecular volume of water: 2.9885 x 10-23 mL

j) molecular radius of water: 1.926 x 10-8 cm

Dispersion forces are estimated using equation (1.4).

Dispersion forces of MCB and l,4-DCB are 141.3 and 134.6
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cal/mol, respectively. Dispersion forces are not polarity

dependent and expected to be comparable for the twelve

chlorobenzenes. The (E)o and (E)i of twelve chlorinated

benzenes in water were estimated using equations (1.5) and

(1.7), respectively and included in Table XVI along with

some molecular descriptors. Hydrogen bonding interaction

energies may be important. Solvents that have O-H or N-H

bonds are hydrogen bond donors, whereas most hydrogens bound

to carbon are too weakly acidic to form hydrogen bonds. Any

site with unshared electrons is a potential hydrogen bond

acceptor. In halogenated benzenes in water, halogens

attached on the benzene ring act as hydrogen bond acceptors

and water provides hydrogens to form a H-X hydrogen bonding.

The strength of hydrogen bonding is reported to be about 6

Kcal/mol(13).

Symmetry of the molecular structure is an important

factor to be considered. For instance, the most symmetric

1,2,4,5-tetrahalogenated benzenes have symmetry numbers of

8(three twofold axes, 2 x 2 x 2) while the less symmetric

1,2,3,4- and 1,2,3,5-tetrahalogenated benzenes have 2(one

twofold axis, 2 x 1). According to Benson's additivity

rules(14), entropy corrections(AS) can be estimated by the

following equation:

AS = -R ln r
(III.5)
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where o is symmetry number and R is equal to 1.987

cal/mol.OK. At 250C, the most symmetric 1,2,4,5-TeCB has

AS = -1.987 x 298 x In8 = -1231 cal/mol.OK

while 1,2,3,4- and 1,2,3,5-TeCB has

AS = -1.987 x 298 x ln2 = -410 cal/mol.OK

As a result, the most symmetric 1,2,4,5-TeCB has larger

negative entropy changes when solubilized in water than the

less symmetric 1,2,3,4- and 1,2,3,5-TeCB isomers. This

entropy effect, coupled with the symmetry of the molecule,

is mainly responsible for hydrophobic interactions of

halogenated benzenes in water. The strength of hydrophobic

interactions are comparable with that of hydrogen bonding.

Hydrophobic interactions are much larger in highly symmetric

compounds, leading to large differences in molecular

interaction energies. Large hydrophobic interactions are

related to large entropy changes, which reflects higher

melting points of the compounds. For example, the most

symmetric 1,2,4,5-TeCB(o-=8) has the largest entropy

changes(-1231 cal/mol.OK) and highest melting point(1400C)

in their isomeric group.

ii). Transformation of 1,2,4,5-TeFB, 1,2,4,5-TeCB, and

1,2,4,5-TeBB in water
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The gas chromatograms of three 1,2,4,5-tetra halogenated

benzene isomers in n-hexane and in water were obtained and

are shown in Figure 15. All three compounds showed a single

peak in n-hexane but, in water, the three compounds showed

different chromatograms. Various factors such as bond

dissociation energy, electronegativity, and enthalpy or

entropy changes might be responsible for these different

chromatograms(15). Table XVII compiles some molecular

descriptors of three test compounds.

Gas chromatograms of 1,2,4,5-TeFB show no additional

peaks in both n-hexane and water, indicating that no

transformation has occurred. Besides the polarity of the

compound, carbon fluorine bond strength might play an

important role. The carbon and fluorine bond cleavage is

not likely due to the strong carbon and fluorine bond

dissociation energies. In the case of 1,2,4,5-TeCB, one

carbon and chlorine bond was broken due to the solute and

solvent interactions. Radical species could be produced as

a result of bond cleavage, and a radical mechanism could

occur. Rearrangement of a free radical in the benzene ring

is possible and this is known as Jacobson type

rearrangement(16).
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Table XVII. Properties of Three Most Symmetric
Tetrahalogenated Benzenes

1,2,4,5-TeFB 1,2,4,5-TeCB 1,2,4,5-TeBB

Molecular weight 150.07 215.89 393.72

Boiling point(OC) 90 243 -
Melting point(OC) 4 140 180

Aqueous solubility(mg/L) - 0.54 0.044

Octanol-Water partition
coefficients(logKow) - 5.05 6.01

Ph-X energy(Kcal/mol) 116 90 72

Ph-X distance(nm) 13 17 18.5

Source: Aldrich, 1988; Yalkowsky, 1980; Lowry and Richardson,
1981.

Figure 16 shows the mass spectra of 1,2,4,5-TeCB and its two

transformation products, namely 1,2,3,4-TeCB and PCBz.

These spectra are well matched with those of library

data(17). All three mass spectra show the sequence of

dechlorinated fragments corresponding to TeCB, TCB, DCB, and

MCB at m/e 216, 181.5, 147, and 112.5, respectively. Figure

17 depicts the suggested transformation pathways of

1,2,4,5-TeCB to its products via radical mechanism.

Dechlorinated products such as 1,2,4-TCB or 1,2-DCB were

also detected in the GC-ECD but were present only in small

amounts.

On the other hand, 1,2,4,5-TeBB shows 1,2,4-TBB as a

major transformation product in water. Carbon and bromine

bond dissociation energy is much weaker than carbon and

fluorine or carbon and chlorine bonds.
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Bond cleavage of carbon and bromine is favorable in

1,2,4,5-TeBB due to weaker bond dissociation energy.

However, the larger size and less electronegativity of

bromine leads to less reactivity compared to fluorine or

chlorine. As a result, cleavage occurred more easily

whereas recombination of bromine did not occur.

iii). Dynamic head space analysis of 1,2,4,5-TeCB isomer

These experiments illustrate a comparison between the

hexane extraction method and the head space anlaysis method.

The latter method was evaluated using air or helium as

purging gases. Hydrogen peroxide radical species is

reported to be present in aerated water and may participate

in the free radical mechanism in aqueous solutions(18)..

Figure 18 shows the GC-ECD chromatograms of 1,2,4,5-TeCB in

the three liquid sample extracts. Both air and helium

purged samples showed all three peaks but, in less

concentration than the non-purged sample. In the air and

helium purged chromatograms, the 1,2,3,4-TeCB peak was

significantly reduced, indicating high volatility.

Actually, the 1,2,3,4-TeCB has the highest vapor pressure

among the three TeCB isomers(ll). Figure 19 shows the

chromatograms of the liquid phase and vapor phases of the

1,2,4,5-TeCB isomer from air and helium purged samples.
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The vapor phases contained large amounts of 1,2,3,4-TeCB,

which was the major product lost in the liquid phase. The

amount of transformation products detected in the vapor

phase account for the loss in the liquid phase in both the

air and the helium purged samples. The experimental results

indicate that dissolved oxygen did not influence the

transformation of 1,2,4,5-TeCB isomer in water. Decrease of

1,2,3,4-TeCB in liquid phase in both air and helium purged

conditions were due to the physical purge by the gases, and

the produced transformation products were trapped in the

Tenax GC trapping column and detected by the GC-ECD.

111-3. Interactions of Halogenated Benzenes

If halogenated benzenes can produce the radical species

in water, the produced radical species would be a subject of

a radical mechanism such as rearrangement and recombination.

In this section, I investigated the radical mechanism of

halogenated benzenes using 1,2,4,5-TeCB and 1,2,4,5-TeBB.

Aquatic fulvic acids which are known to have stable free

radical populations and 1,1-diphenyl-a-picrylhydrazyl(DPPH)

were used in a radical combination reactions. ESR

measurements were used to monitor the radical concentration

changes in FA and DPPH. The changes in the transformation

products in the presence of FA and DPPH were investigated by

GC-ECD.
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i). ESR results

DPPH is routinely used to calibrate the ESR spectrometer.

DPPH shows a sharp and strong single peak in the solid

state. In the liquid state such as in acetone or in

benzene, however, DPPH shows five peaks due to the coupling

of the free radical located on the odd atomic numbered

nitrogen atom. ESR spectra of DPPH in solid and liquid

states are shown in Figure 20 and 21, respectively. On the

other hand, FA shows a single peak in both solid phase and

in alkaline liquid phase. This may indicate the free

radicals in FA are located on even numbered atoms such as

carbon and oxygen. Quinone type radical species, where a

free radical is located on oxygen, were suggested to be

present in humic substances(19). Figure 22 shows the

typical ESR spectrum of FA in the solid state. The radical

populations of FA in alkaline solution are known to

disappear fast. Figure 23 shows the ESR peak of 1% FA in

alkaline water(pH 12.5) with time.

The g-value is a dimensionless constant and equal to

2.0023 for the free electron. The g-value reflects the free

radical environment of compounds, and g-value can be the

parameter for characterization of compounds.
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The g-value of the sample can be determined by comparison of

spectra of reference material. Finely powdered DPPH, which

is completely in the free radical state, is used as a

reference compound in ESR spectroscopy. Linewidth is

another parameter in ESR spectroscopy since the spectra are

obtained usually as the first derivative curve. Linewidth

is the separation between peak to peak in gauss. Also,

linewidth is a function of chemical environment of radicals,

and it is characteristic for specific compounds. The area

under the peak reflects the radical concentration of the

sample. In Gaussian shape spectra, the peak area can be

determined by following equation(20):

peak area = 1/2 (linewidth)2(peak height)

To get the radical concentration in terms of number of

radicals, the peak area of the sample is compared with that

of DPPH. The pure DPPH contains Avogadro's number(6.023 x

1023) of radicals at standard state. Table XVIII compiled

the ESR characteristics of FA. At basic condition, the

disappearance of radical populations in FA could be

monitored up to 12 hours. Figure 24 shows the disappearance

of total radical populations in FA. In the presence of

1,2,4,5-TeCB compound, the disappearance of free radicals

was slightly enhanced. In an aqueous condition, the

1,2,4,5-TeCB compound might produce a radical species by

solute and solvent interactions. Produced chlorine and
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Table XVIII. ESR Characteristics of FA

a b
Solid FA Liquid FA

g-value 2.0040 0.0011 1.9923 0.0157
1017 (S)/g 2.29 2.20 8.7 2.2
Line width(gauss) 5.54 3.76 3.70 2.60

a: Suwannee River Fulvic Acids
b: 1% Suwannee River Fulvic Acids in 0.03M NaOH(pH 12.5).

arene radical species can react with radicals in FA, causing

an acceleration of the disappearance of radicals in FA. The

disappearance of free radicals of FA in the presence of

1,2,4,5-TeBB showed no measurable differences. The radical

species from 1,2,4,5-TeBB fragmentation might not

effectively interact with the radicals in FA. The bromine

and brominated benzene radicals may be less reactive due to

their larger size and weaker electronegativity. As a

result, a radical combination reaction seems unlikely in

1,2,4,5-TeBB isomer.

In the presence of 1,2,4,5-TeCB, DPPH samples showed

decreased peak areas in ESR spectrum compared to the

reference DPPH solution. The same rationale can be applied

to explain the differences. It is possible that the radical

species produced from 1,2,4,5-TeCB are trapped by the

radical species in FA or DPPH resulting in decreased total

radical populations.
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However, the differences in the total radical populations of

DPPH in the presence and absence of 1,2,4,5-TeCB were small.

The DPPH is insoluble in water and its radical combination

reaction with 1,2,4,5-TeCB's intermediates would depend upon

the solubilized portion of DPPH in acetone. The 10% acetone

in water would be responsible for the radical reaction and

this amount is small compared to the FA experiment.

ii). GC-ECD results

In the presence of FA, the solubility of 1,2,4,5-TeCB

showed no measurable differences. But, the production of

1,2,3,4-TeCB and PCBz decreased with the increase of the FA

concentration(21). Figure 25 shows the production of the

two transformation compounds from 1,2,4,5-TeCB in the

presence of FA. Solute and solvent interactions based on

polarities can produce the chlorine and arene radical

species. Arene radical species might be the intermediate to

1,2,3,4-TeCB and PCBz. Introducing additional new radical

species such as FA causes loss of arene radical species due

to the.radical capture by FA. As a result, the products

decreased with increasing FA concentration. Thus, the GC-

ECD results are consistent with those of the ESR experiments

and provide a further proof of the free radical mechanism.

The production of 1,2,3,4-TeCB and PCBz were inversely

proportional with the increase of FA concentrations.
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CHAPTER IV

CONCLUSION

The first objective of this research was to study the

aqueous solubilities of halogenated benzenes. Since water

is a major transport compartment in the environment, aqueous

solubility is one of the most important properties of

halogenated benzenes to predict their fates.

Aqueous solubilities of twelve chlorinated benzenes in pure

water were determined by the GC-ECD method. Solute-solvent

equilibrium for preparation of saturated chlorinated

benzenes in water was achieved by two different methods.

One was by vigorous stirring method and the other was by

generator column method. Both methods appeared to be valid

to obtain saturated chlorinated benzenes in water. Most of

the results were comparable with those calculated from

physical constants. Linear relationships between aqueous

solubilities and number of attached chlorine atoms were

derived. The aqueous solubilities of three TeCB isomers and

PCBz in different water matrices were tested. Results

showed no significant changes from in pure water. The

influence of FA as a cosolute on the aqueous solubilities of

the three TeCB isomers and 1,2,4,5-TeBB was investigated.
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Results showed no significant enhancement of aqueous

solubilities of three TeCB isomers in the presence of up to

80 mg/L aquatic FA. On the other hand, 1,2,4,5-TeBB showed

a steady increase of aqueous solubilities at the same FA

concentration ranges. At an 80 mg/L concentration of

aquatic FA, the aqueous solubilities of 1,2,4,5-TeBB were

doubled. The larger size and more hydrophobic properties of

1,2,4,5-TeBB than 1,2,4,5-TeCB result in more efficient

interactions with FA, leading to larger aqueous solubilities

enhancements.

The second objective of this research was to study the

water-induced transformation of halogenated benzenes. Water

and n-hexane, which represent two extreme solvent

properties, were used. The transformation phenomena of

twelve chlorobenzenes were investigated in water in the

absence of photo effects. Results can be explained by

solute-solvent interactions and hydrophobic interactions.

Contributing factors include polarities, bond energies, and

reactivities of halogen atoms. The strength of dispersion

forces, dipole orientation, and dipole-induced dipole

energies were estimated. The transformations of the three

most symmetric 1,2,4,5-TeFB, 1,2,4,5-TeCB, and 1,2,4,5-TeBB

were investigated. 1,2,4,5-TeFB showed no transformation

phenomena, while 1,2,4,5-TeCB showed transformation to



1,2,3,4-TeCB and PCBz as major products in water.

1,2,4,5-TeBB showed only debrominated 1,2,4-TBB as the major

product. Hydrophobic interactions based on symmetry of the

molecules and melting point were related to the

transformations. Bond strength between carbon and halogen

atoms and reactivities of halogen atoms also appeared to be

important factors which control the transformations. In

dynamic head space analysis of 1,2,4,5-TeCB, the role of

dissolved oxygen was evaluated. Dissolved oxygen may

produce radical species by homolytic cleavage of oxygen.

These radical species may be involved in the transformations

of chlorobenzenes. Results indicated that dissolved oxygen

in water did not influence the transformation. The reaction

seemed to be regulated by the free radical mechanism where

1,2,4,5-TeCB cleavage was initiated by a carbon chlorine

bond break followed by rearrangement and recombination among

chlorobenzene radicals and chlorines. Results of the ESR

experiments were supportive of this mechanism.

The ESR experiments were conducted to study the

interactions of 1,2,4,5-TeCB and 1,2,4,5-TeBB with free

radical containing compounds. Aquatic FA and DPPH were

selected for this study. In the ESR study, the free radical

populations of FA and DPPH were monitored in the presence

and in the absence of 1,2,4,5-TeCB or 1,2,4,5-TeBB. Results
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showed that in presence of the 1,2,4,5-TeCB, the

disappearance of radicals in FA and in DPPH was accelerated.

On the other hand, the presence of 1,2,4,5-TeBB caused no

change in FA or DPPH radical populations. The results

suggest the consumption of radicals in FA or in DPPH by

intermediate radical species produced from 1,2,4,5-TeCB.

However, in the presence of 1,2,4,5-TeBB, the larger size

and less reactivities of bromobenzene radicals and bromine

cannot scavenge the radicals in FA, resulting in no

significant changes in the total radical concentrations of

FA.
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