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EPIGRAM

"The world we are told was made for man. A
presumption that is totally unsupported by
facts....Nature's object in making animals and plants might
possibly be first of all the happiness of each one of them,
not the creation of all for the happiness of one. Why
ought man to value himself as more than an infinitely small
composing unit of the one great unit of creation, and what
creature of all that the lord has taken the pains to make
is less essential to the grand completeness of that unit?"

~-John Muir, 1867
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ABSTRACT

We investigated the slow sorption kinetics of both
the protonated (neutral) and ionized (charged) forms of
pentachlorophenol (PCP) on a silt loam soil using batch
techniques. A multiple spiking methodology was employed to
circumvent the solubility limitation of neutral PCP. Both
forms of PCP reached an apparent equilibrium in about 42 h.
A slow sorption stage for the protonated form was detected
within 12 days (14 days total time) following the apparent
equilibrium.

The partition coefficient (Kp) of neutral PCP at
the apparent equilibrium was concentration dependent. It
decreased from 90 L/kg to 60 L/kg with a four fold increase
in the total PCP concentration, from 5 to 20 mg/L.
Increasing residence times resulted in slow increases in
Kp. The onset of the slow sorption kinetics was also
concentration dependent. At higher PCP concentrations the
slow sorption kinetics were much more pronounced. However,
there was not a clear definable trend in which
concentration could be correlated to Kp. Desorption
st ildies demonstrated that the extent of hysteresis was also

concentration dependent. At higher PCP concentrations, a
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smaller percent of the sorbed PCP at equilibrium was
desorbed. The hysteresis also increased with increasing
residence time and was greater for higher concentration
samples.

The ionized PCP took roughly 69 days before a
discernible slow sorption stage could be detected. The
hindrance of the slow sorption stage for the ionized PCP
could not be attributed to differences in the apparent
equilibrium sorbed concentrations. Oxidation of the soil
organic matter (SOM) resulted in a substantial reduction in
the slow sorption of the protonated PCP, thus suggesting
the importance of PCP diffusion into the SOM. Sorption
isotherms were linear out close to the solubility limit of
the protonated form and nonlinear for the ionized form.
Desorption and methanol extraction studies demonstrated
that hysteresis of the neutral PCP is mainly a kinetic
phenomenon but residual fractions do form. The ionized PCP
was relatively resistant to desorption.

It was concluded that speciation of
pentachlorophenol, and other ionizable organic compounds,
should be considered for environmental fate modeling and

when considering remediation strategies.

xiv



Chapter 1

INTRODUCTION

The extensive use of organic chemicals in both
agriculture and industry has led to a national awareness of
the potential problems associated with their presence in
the environment. Their introduction into the environment
occurs in a number of ways including: agricultural runoff,
waste disposal, spills, and leakage from underground
storage tanks. An entire array of these organic chemicals
has been found in ground water, surface water, drinking
water, wastewater effluent, soil, and the atmosphere. Many
of these compounds are carcinogenic or toxic to both humans
and animals.

These health and environmental concerns have been
the catalyst for the emergence of extensive research on the
fate of organic chemicals in the environment. One of the
most prominent and important areas of research has been the
sorption and desorption of organic compounds on soil,
sediments, and aquifer solids. Soil acts as a buffer zone
between anthropogenic sources of pollution and our natural
water supply. Understanding how organic contaminants

interact with the soil is paramount to predicting the fate



of these chemicals in the environment. It is also a
necessity for predicting the stability of a contaminated
site and developing a sound and cost effective remediation
strategy.

An understanding of the sorption process is
essential because this reaction directly affects the
distribution of the organic pollutant within the
environment. It will alter significantly the physical
transport and chemical and biological reactivity of the
contaminant. The desorption process is of utmost concern
for the understanding of leaching, runoff and soil
remediation. To fully comprehend these processes one needs
an understanding of the kinetics and mechanisms of these
reactions (Sparks, 1995).

Several of the U.S. Environmental Protection
Agency's list of 129 priority pollutants belong to the
class of chemicals known as hydrophobic organic compounds
(HOCs) . This group of chemicals can further be divided
into hydrophobic ionizable organic compounds (HIOCs) and
hydrophobic nonionizable organic compounds (HNOCS) .
Because of HOCs' persistence and slow rates of subsurface
transport, additional cases of ground water contamination
are likely to be detected for years to come

Rate-limited or slow sorption has been implicated

as the cause of slow and incomplete desorption. The



mechanisms of sorption can play an important role in
deciding on a remediation strategy. An understanding of
the spatial distribution of the organic pollutant within
the soil matrix is an important step forward in advancing
our remediation technology.

Rate-limited sorption of organic chemicals by
natural sorbents can have environmental implications that
are far reaching. The linear partition coefficient (Kp)
that is often used to predict the fate of organic chemicals
in the soil environment will be directly affected. In
addition, the desorption resistant fractions so often found
for organic chemicals with long soil residence times are
the result of rate-limited sorption. This slow and
incomplete desorption could be the rate-limiting step in
many of the soil remediation technologies presently
practiced (e.g., soil flushing, pump and treat, in situ
bioremediation). It could affect the time needed to flush
a contaminated aquifer. Also, microbial degradation of
organic chemicals in the environment will be affected by
the sorption-desorption process. Sorption often inhibits
the biodegradation process and desorption is usually the
rate limiting step.

Furthermore, during field testing, soil contaminant
concentrations are often determined by aqueous phase

analyses of soil-water mixtures, assuming complete



desorption of the soil contaminant. This will
underestimate pollutant concentrations substantially,
depending on the residence time of the pollutant in the
soil.

If the goal is to model these processes and to
predict the fate of organic chemicals under varying
conditions, then it is necessary to understand both the
kinetics and mechanisms. The reason there is such a
difference between Kp, values predicted from the laboratory
and those actually found in the field is the result of an
incomplete understanding of the mechanisms and controlling
factors involved. For practical reasons, it is important
to be able to relate laboratory results, where equilibrium
times are typically on the order of days, to field data
where exposure times are on the order of years.

If there are differences between the slow sorption
of HIOCs and HNOCs, then they need to be elucidated. The
remediation strategy for a particular site could well
depend on the state of the organic chemical. Diffusion
into the soil organic matter by a HNOC might have to be
treated differently than a HIOC that reacts specifically
with the surface. The principal concern here is
biocavailability for any intended bioremediation strategy.
Sorption, diffusion and biodegradation occur simultaneously

and are tightly coupled. Another concern might be the



availability of the organic chemical for surfactant soil
washing. If one species is more intractable, then altering
the pH might be a possible step in remediating a
contaminated soil.

Relatively little long-term soil sorption-
desorption research has been carried out on comparisons
between charged and neutral organic chemicals. Hydrophobic
ionizable organic compounds (HIOCs) offer a unique chance
to look at both the charged and uncharged species. Many
HIOCs, such as the chlorophenols, have a dissociation
constant (pKs) within an environmentally relevant pH range.
Therefore they can exist in either the protonated (neutral)
or deprotonated (ionized) forms. The physicochemical
properties such as solubility, octanol-water partition
coefficient (Kow)., Henry's Law constant (H), and soil-water
partition coefficients (Kp) vary orders of magnitude for
the two species. Comparisons between the two forms can
help to elucidate different sorption mechanisms.

Due to the recalcitrance of many HOCs, the frequent
lack of the necessary microbial community to degrade the
chemicals, and the present failure to successfully
introduce nonindigenous organisms into a contaminated site,
it is extremely important to understand the long-term fate
of organic contaminants in soil. Furthermore, the location

and bonding of the chemical in the soil will determine the






