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EN PREFACE

Two developments in the early 1960s were major factors in the development of the
field of environmental chemistry. The first was the introduction of the electron cap-
ture detector for the gas chromatograph (GC). This development provided a dra-
matic improvement in the level of sensitivity (several orders of magnitude) along
with some improvement in selectivity. A direct consequence of the introduction
of this technology was the demonstration of the widespread distribution of the poly-
chlorinated biphenyls (PCBs) and organochlorine insecticides such as DDT and its
metabolites. In her book, Silent Spring. Rachel Carson dramatized the potential bio-
logical consequences of chemicals in the environment and it was recognized that
dilution could no longer be considered the answer to pollution. Research workers
and government agencies realized that a systematic approach would be required
to anticipate and manage the impact of compounds released into the environment.

Colleagues in my department were involved in the analytical area while others
such as the late Dr. Virgil Freed were focusing on research that would improve
the understanding of the environmental behavior of agricultural chemicals. At the
same time, Dr. Cary Chiou was making significant contributions to our understand-
ing of sorption in soil and evaporation processes. The department decided to develop
a course that would focus on those chemical concepts that influence the environmen-
tal behavior of organic compounds. This area became very important to the Civil
Engineer who was responsible for water quality issues and solid waste management.
Those in agriculture and forestry needed to improve their understanding of the
chemicals used in pest management to maximize efficacy and minimize adverse
effects. The curriculum for students in these fields provided a limited background
in chemistry—freshman chemistry and perhaps a term of organic chemistry. I had
been teaching freshman chemistry for a number of years and realized that although
students were introduced to many of the needed concepts they were only interested
in accumulating sufficient information to pass the course and really were in no
position to understand how these concepts could be applied.

1 have offered a one-term course every year for about 27 years that has become
the basis for this text, a complete rewrite of my first effort published almost 25 years
ago. The content of the course has changed dramatically over this time as the field
matured, however, the objective to demonstrate chemical factors determining
environmental behavior has remained the same. The student response has been grat-
ifying. Students with limited background in chemistry were at times threatened by

vii
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the subject matter but developed a better understanding of the basic concepts as they
were able to apply them to the definition of environmental behavior. Chemistry
majors on the other hand were encouraged to find how much of the material they
had studied was so directly applicable in the environmental area.
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I CHAPTER 1

Introduction

When a chemical is introduced into the environment, there is a certain probability
that it can move from the point where it was released. The distribution of some com-
pounds has been shown to be global in scope having been detected on mountain
peaks and in polar regions. This discovery could involve their use over a broad geo-
graphical area or their ability to be transported over large distances. It is possible that
problems associated with the widespread distribution of chemicals could have been
avoided or at least reduced if the properties of the chemicals influencing their move-
ment had been understood when they were first introduced. However, the recog-
nition of these problems has provided the incentive to define the processes and
outline the chemical concepts involved resulting in the development of a new
focus of “environmental chemistry”. This field has matured over the past 25 years
to the point where predictions can be made concerning the fate and distribution of
organic compounds.

Distribution pathways are summarized in Figure 1.1. First of all, there can be
movement within a compartment; for example, any chemical introduced into an
aquatic compartment can move to the extent that the water moves, whether or not
the chemical is in solution or sorbed on a particle. This movement would be defined
by the appropriate hydrological parameters. A chemical may find its way into the
almosphere where it may be transported in atmospheric currents: In this situation
the appropriate meteorological phenomena will determine the rate and direction
of movement. Distribution in a plant or animal will be controlled by the transport
mechanisms in that organism; either the vascular system in an animal or the phloem
in a plant. In a much broader context, the transport of a chemical in an ecosystem
must have some relation to the overall mass flow in the system since the chemical
moves with the food constituents of the various components in the ecosystem.

Soil particles may carry chemicals in the air or water, however, movement
through the soil compartment is accomplished primarily through diffusion or
mass transport in water that seeps through the soil. In the situation where chemicals
move within a compartment, the transport processes of that compartment are con-
trolling and the effects of the properties of the chemical are minimal.

Chemical Concepts in Pollutant Behavior, Second Edition, by lan Tinsley
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2 INTRODUCTION

Introduction
of Chemicals

Atmosphere

Figure 1.1 Processes by which chemicals distribute in the environment.

By contrast, the properties of the chemical become most significant in determin-
ing its tendency to move between compartments. Thermodynamic and kinetic fac-
tors influence distribution and although natural systems are rarely reversible, such
an assumption can provide an indication of the trend for movement between com-
partments. The primary objective, then, will be to predict the environmental distri-
bution of an organic compound as a function of its physical chemical properties
using the following approach:

1. Define the process as concisely as possible: for example, what mechanisms
may account for binding in soil, or how do compounds move through a bio-
logical membrane?

1

Demonstrate which properties of the chemical are controlling in each situ-
ation,

3. Develop quantitative treatment when possible.

This analysis will be applied to the following distribution processes:

Distribution between soil and water.
Evaporation from water and soil.

S B S

Absorption across a biological membrane into animals and plants.

B

Bioconcentration, a biological distribution process.

Having defined how an organic compound might distribute in the environment,
the next question to address is, What is the potential for that compound to be
transformed? This answer will involve the identification of processes that would
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be of significance. For any compound of interest, it will be necessary to identify
which of these processes might be active, what products may be produced, and if
possible assess the rate at which the transformations might occur under ambient con-
ditions. In this analysis, the functional characteristics of the molecule, rather than the
physical chemical parameters, will be determining.

Solar radiation represents a ubiquitous source of energy that can drive chemical
reactions and, consequently, photochemical processes must be considered. Many
oxidative processes are also photochemically induced. At low-oxygen tension,
reductive reactions become important. The potential for organic compounds to
react with water must be considered given the general distribution of this reactant
in all compartmenis of the environment. Biochemical degradation processes in
biota represent the most versatile since most are enzyme catalyzed and the organism
can provide energy through cellular respiratory processes.

An understanding of transformation pathways will establish whether the com-
pound is broken down to simple derivatives, such as carbon dioxide and water,
and be incorporated into natural cycles or results in products that may be more
toxic than the parent. A good example of the latter situation is photochemical
smog. Automobile emissions, particularly the hydrocarbons and nitrogen oxides,
are themselves undesirable; however, when these are acted upon by solar radiation
a number of components are produced that are much more active and produce direct
effects upon populace and plant life.

Reaction rates can be critical in determining the environmental impact of a com-
pound. Those that are transformed at slower rates will be persistent and conse-
quently result in more significant effects. Transformation rates will be influenced
by distribution and site specific characteristics. For example, a compound that
may be transformed by photochemical processes will persist if it is distributed pri-
marily in the soil, and soil pH, which can vary with location, may have a marked
influence on reactions with water.

In an environmental context, these processes are all occurring simultaneously,
and it is not always apparent how they might interact. It is beyond the scope of
this publication to provide a comprehensive analysis of this area, however, some dis-
cussion is given of how laboratory systems and mathematical models are being used
to provide a more holistic analysis. These approaches are being used to predict levels
of organics in different environmental compartments, which facilitate exposure
assessment, one of the factors in defining the toxicological risk associated with a
given site.
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I CHAPTER 2

Physical Chemical Parameters

The potential for an organic compound to distribute among environmental compart-
ments is determined by its physical chemical properties. Thus it is necessary to
review these parameters in this context. For example, environmental conditions
impose temperature constraints of 10—40"C, which are often considerably lower
than those used under laboratory conditions or in other processes. Observations at
20-25°C are usually acceptable. The only solvent of consequence is water; not a
very effective solvent for many nonpolar organic compounds and determining aqu-
eous solubilities at ambient temperatures can present significant experimental chal-
lenges. This chapter will address equilibrium vapor pressure, aqueous solubility,
Henry's law constant, octanol—water partition coefficient, and acid—base dis-
sociation constants (pK,). The objective will be to develop a theoretical background,
provide some perspective on how these quantities are determined, and if possible
some basis for determining their validity—in some cases values reported in the lit-
erature for a given compound can vary by orders of magnitude. Useful data refer-
ences will be summarized along with procedures for predicting values that may
not have been reported.

2.1 EQUILIBRIUM VAPOR PRESSURE

When a pure liquid or solid is held at a constant temperature in a closed system some
molecules at the surface will achieve sufficient energy to escape to the gas phase. In
time, molecules in the gas phase will begin to return to the solid or liquid ultimately
achieving a steady state with the evaporation rate balancing the condensation rate.
The equilibrium vapor pressure, P°, is thus defined as the pressure of the vapor
that is in equilibrium with its pure condensed phase.

Pressure is force per unit area and although the Pascal, Pa (N- m~? or
ke - m~'s™?) is the accepted SI unit, older terms found in the literature are listed
in Table 2.1, Equilibrium vapor pressures for selected compounds of environmental
interest are tabulated in Table 2.2. Equilibrium vapor pressure is considered to be an
index of volatility, but this refers only to the pure compound. It will be seen that

Chemical Concepts in Pollutant Behavior, Second Edition, by lan Tinsley
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6 PHYSICAL CHEMICAL PARAMETERS

TABLE 2.1 Units of Pressure

Unit Symbol SI Equivalent
Pascal Pa

Atmosphere atm 101,325 Pa

Torr Torr 101,325/760 = 133.32 Pa
mm Mercury mmHg 101,325/760 = 133.32 Pa

some of the more highly chlorinated PCBs can evaporate from water at significant
rates despite having low vapor pressures. This process is defined by the Henry’s law
constant, which involves water solubility as well as vapor pressure.

2.1.1 Vapor Density and Concentration Terms

It is often useful to convert equilibrium vapor pressures to vapor densities using the
ideal gas law
PV =nRT PV =——RT
=N _ —
MW
where MW = molecular weight and the vapor density in g - L~' would be given
by
m_P-MW
V. RT
where P is expressed in atmospheres (atm), V in liters (L), MW is in g - mol ', and
the gas constant R = 0.082 L - atm - mol ™' - K™'. For example, P° (25°C) for 4,4'-
(DCB) is 0.0050 Pa and

0.0050/101325(atm) x 223(g - mol™")
0.082(L - atm - mol ™' - K™!) x 298 K

vap density =

=045l pg-L7' =451 pg-m?

In the vapor phase, the concentration term, parts per million, (ppm), is defined as
molecules per million molecules of air, and since the gas laws tell us that equal
volumes of gases at the same temperature and pressure contain equal numbers of
molecules, this is a volume-to-volume relation. The number of moles in a liter of
air at 25°C and 1 atm would be

n/V(air) = 1 atm/[0.082(L - atm - mol~! - K™') x 298 K] = 0.0409 mol - L.~

Under equilibrium conditions at 25 K the number of mol of 4,4’-DCB per liter
would be

n/V(4,4-DCB) = [0.0050/101325)(atm)/[0.082(L - atm - mol~' - K™') x 298 K]

=2.019 x 10 mol - L'
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8  PHYSICAL CHEMICAL PARAMETERS
Thus, the vapor density of this biphenyl can be expressed in ppm

vap density = (2.019 x 1072 x N x | x 106)/(0.0409 x N)
= 0.0494 ppm = 49.4 ppb (parts per billion)

N is Avogadro’s number, 6.022 x 10* molecules - mol ™"

Air quality standards are often expressed in ppm and it can be useful to convert
these values to mass per unit volume, usually g - m >, If a liter of air contains
0.0409 mol, a concentration of | ppm of say ozone, would thus contain
4.09 x 10"% mol - L™" which would convert to 4.09 x 10™" mol per cubic metre
or 4.09 x 10" (mol - m_3) x MW(g - mol ") x 1 x 10° (ng - g*'). Thus

pg - m™ = ppm x 40.9 x MW
A background concentration of 0.03 ppm of ozone would correspond to

pg-m > =0.03 x409 x 48 =59 ug - m—*

2.1.2 Procedures for Measuring Vapor Pressure

Different procedures can be used to determine equilibrium vapor pressure.3 When
a compound is sufficiently volatile, one can simply use head-space analysis of a
closed system. Boiling points can be measured as a function of pressure down
to ~10 mmHg, defining the liquid—vapor equilibrium of the phase diagram
(Fig. 2.1). The Knudson effusion method* measures the rate of loss of vapor through
a small aperture into a vacuum, which is accomplished using a Knudsen cell and
monitoring, over time, the weight loss of the container or trapping and measuring
the mass of vapor effusing. The weight loss, W, over time, 1, is defined by the Knudsen
equition developed from the kinetic theory of gases

W = PAMW/[27RT))' %1

where P is the vapor pressure, A is the area of the orifice, and MW is the molecular
weight. This procedure can provide accurate data but is very sensitive to the presence
of impurities, particularly those more volatile than the compound under investigation.

The gas saturation or transpiration method® can measure vapor pressures as low
as 10~% mmHg and involves the saturation of a slowly moving stream of carrier 2as
with the chemical and trapping and analysis of the chemical in the vapor phase. The
vapor pressure is derived from the concentration of the vapor in the carrier gas. The
accuracy of this method is predicated on achieving equilibrium between the liquid or
solid and the vapor phase. This accuracy is accomplished by passing the carrier gas
through a column containing quartz sand coated with the compound under study
(Fig. 2.2) and providing sufficient residence time in the column (30—-40 min) either
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Figure 2.1 Phase diagram for an organic compound indicating temperature—pressure
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10 PHYSICAL CHEMICAL PARAMETERS

by using low flow rates or a large column. If the analytical method is specific, this
method is not affected by impurities and, in fact, the vapor pressures of several com-
pounds can be determined simultaneously providing there are no interactions
between compounds in the vapor phase (Table 2.3). These data illustrate the effect
of impurities on vapor composition. The technical product contains < 1% of the
o, p’-DDE, which contributes 27% of the vapor density.

2.1.3 Temperature Relations

Many organic compounds of environmental interest are solids at ambient tempera-
tures and have low vapor pressures. Consequently, it has been expedient to measure
vapor pressures at elevated temperatures to provide a response that is easier to
detect. These data may be useful to a process engineer who might be managing
these compounds at elevated temperatures, but the environmental chemist is put
in the position of extrapolating from these observations to ambient conditions.

Phase diagrams (Fig. 2.1) summarize the pressure and temperature relations
defining the equilibria between different phases. From an environmental perspec-
tive, the more important processes are the solid—vapor and liquid—vapor equilibria.
The effect of temperature on the vapor pressure of the solid and the liquid are defined
by the lines separating the two phases and, of course, the boiling point is the tem-
perature at which the vapor pressure is 1 atm. Also note that a liquid can be cooled
below its melting point providing a super-cooled liquid and in this state the vapor
pressure is higher than the solid at the same temperature. It will be demonstrated
that, in some situations there are advantages in considering the response of com-
pounds in this state.

Thermodynamic analysis of the equilibrium between a condensed phase (solid or
liquid) and the vapor is summarized by the Clausius—Clapeyron equation:

dP _ AH
dT ~ TAV

TABLE 2.3 Composition at 30°C of 1-2% Technical DDT on Silica

Sand
Vapor Density Conc. in
Tech. DDT
Compound (ng L~ h % of Total PY (Pa) (%)
p.p-DDT 13.6 8.0 9.66 x 107° 74.6
o0,p'-DDT 104 61.7 739 x 107* 211
p.p/-DDE 24.1 14.3 1.91 x 107* 0.81

o.p'-DDE 26.9 16.0 2.13 x 107* 0.07




