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(ABSTRACT)

Chlorophenols represent a class of organic contaminants that are commonly used and
widely distributed in the environment. Adsorption to soils may inhibit the transport of these
chemicals, while slow desorption rates can create a potential source for long-term contamination
of groundwater supplies. Microbial degradation of these compounds may also play an important
role in their environmental fate. The purpose of this study was to investigate how the processes
of sorption, desorption, and biodegradation interact to effect the distribution of pentachlorophenol
(PCP) and 4-monochlorophenol (4-MCP) in two soils with different soil organic matter (SOM)
content.

Batch soil microcosms were used to measure the sorption of both test compounds at three
concentrations for each, exposed to two soils with different SOM levels. An ultrafiltration study
was designed to quantify partitioning to dissolved organic matter (DOM), while batch desorption
experiments were performed to measure chemical release from the soils. Finally, biodegradation
experiments were carried out under aerobic conditions to evaluate microbial interactions with
PCP and 4-MCP in both the liquid and solid phases.

Sorption of both compounds was rapid, with 60-80% occurring within one day, but the
process appeared to continue at a slower rate over several months. Statistical analysis showed

that there were no differences in sorption due to SOM content or chemical concentration, for the



two silty loam soils used in this study. Desorption followed a similar pattern of a fast and then a
slow stage, and a significant difference was measured between the two soils. Higher levels of
SOM resulted in slower desorption and a lower total release of the contaminants, but both soils
retained a large percentage of unextractable compounds. Contact time was found to have the
greatest effect on the amount of this nondesorbable fraction.

The ultrafiltration study suggested that DOM polymerized into larger molecules after
sufficient mixing time (3 months) in solution, which also increased the amount of e compounds
that were bound to these humic substances. The biodegradation study suggested that natural soil
microbes could utilize PCP and 4-MCP from both the liquid and solid phases, and that sorption to
dissolved organics and colloidal matter could protect these chlorophenols from microbial
degradation. Some data also indicated a possible correlation between desorption rates and

bioavailability.
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Chapter 1

Introduction

Due to their widespread use, there is concern over environmental contamination caused by
chlorinated phenols. Their presence is due to the application of pesticides and wood
preservatives, contaminated industrial waste waters, and accidental spills, to name a few of the
major sources. In the United States alone over 95% of the usable freshwater is stored below
ground, and the harmful effects that may result from its continuing pollution can no longer be
dismissed (Motris and Novak, 1989).

The World Health Organization (1987) reported that approximately 30,000 metric tons of
pentachlorophenol (PCP) was produced annually in the late 1980’s. Because of its low cost and
efficiency as a pesticide, herbicide, bactericide, fungicide, etc., its usage worldwide has resulted
in the pollution of many soils and water systems. Low-level human exposure can come from
treated textiles, paper, or wood products, but high concentrations of PCP have been found at
many spill or waste dump sites where drinking water sources are in danger of contamination. In
addition to direct application as a pesticide or preservative, environmental exposure from
chlorinated phenols may occur during the biodegradation of other herbicides and pesticides, such

as 2,4,5-T, 2,4-D, lindane and silvex (Sittig, 1985).



PCP is a very effective biocide that is mainly used to preserve wood products (Crosby,
1981), and has been labelled as a priority pollutant by the U. S. Environmental Protection Agency
(Sittig, 1985). There are many sites within the United States that are contaminated with wood-
preserving chemicals, and over 500 of these contain PCP as the primary pollutant (Cirelli, 1978).
This chemical was also found in the U. S. in 80% of over 100 tested sources of drinking water.
PCP is a highly toxic compound, and can cause adverse health effects in humans even at low
concentrations. However, its commercial form can contain even more toxic impurities such
as polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)
(Crosby, 1981).

Due to its reported hazards and generally recalcitrant nature, PCP can remain concentrated
in soils or be transported to surface or ground waters where it may enter the food chain and
threaten wildlife and humans (Lee et al., 1978). Since chlorinated phenols can persist in aqueous
environments at levels hazardous to human health (Smith and Novak, 1987), it is important to
understand the fate and transport processes occurring in the subsurface environment.
Calculations by Hattemer-Frey and Travis (1989), based on reported partition coefficients,
suggest that the majority of PCP (96.5%) adsorbs to soils, 2.5% remains in the liquid phase, and
<1% partitions into the atmosphere. By inhibiting the transport of environmental pollutants, the
sorption-desorption mechanism can effect other processes which may occur underground, such as
hydrolysis, chemical oxidation-reduction, or biodegradation (Sabatini and Austin, 1990). The
kinetics of a pollutants sorption and desorption may greatly influence its rate of removal from a
contaminated site, and thereby control the economic feasibility of employing remediation
technologies.

In order to identify the factors controlling these fate and transport mechanisms, many
researchers perform lab experiments using a wide variety of techniques. Unfortunately, “real
world” conditions are so varied and complex that they cannot all be duplicated in a laboratory.
Also, experiments which incorporate too many variables would make it very difficult to isolate

the causes of the results obtained. Therefore, the scope of this research was limited in order to



more fully and accurately understand the in situ processes controlling the environmental fate of
chemical contaminants. Specifically, this purpose of this study was to characterize the relative
effects of soil organic matter, pollutant concentration and contact time on the partitioning and
bioavailability of two chlorinated phenols, pentachlorophenol (PCP) and 4-monochlorophenol

(4-MCP).



Chapter 2

Literature Review

2.1 Chemical Properties

The primary test chemical, PCP, represents a widely distributed primary pollutant that can
also be classified as a hydrophobic organic compound (HOC) due to its relatively low aqueous
solubility. The secondary test chemical, 4-MCP, is used in the manufacture of various
chlorophenol-based pesticides, and is also a biodegradation product of PCP. It represents a
similar compound physically, but with some important chemical differences. Neutral
chlorophenol species generally show increasing levels of hydrophobicity as chlorine atoms are
substituted onto the phenol ring structure (Lee et al., 1990). As a result, the 4-MCP was included
in this study in order to compare the PCP results with another contaminant that has a higher
aqueous solubility and is more readily biodegradable in the subsurface environment.

The chemical structures of the PCP and 4-MCP are shown in Figure 1. The radiolabelled
forms of these compounds are both uniformly labelled, which means that each of the six carbon

atoms in the ring is a carbon-14 isotope. This will allow each individual carbon atom from a PCP



OH OH

Cl Cl
Cl Cl
Cl Cl
Pentachlorophenol 4-Monochlorophenol

Figure 1.

Chemical structures of the test compounds.




or 4-MCP molecule to be tracked, even if the ring has been broken by a degradation process.

Experimentally determined properties of these compounds are shown in Table 1.

2.2 Sorption Processes

There are many theories and models that have been used to both describe or predict the fate
of pollutants in the environment. Some researchers using hydrophobic organic compounds
(HOCs) indicate a linear relationship between values of log Kow (the octanol-water partition
coefficient) and log Koc (the partition coefficient normalized for soil organic carbon) (Karickhoff,
1981; Leo et al., 1971). Correlation’s have also been shown to exist between log Koc and a
compounds molecular connectivity (Sabljic, 1987) or its hydrophobic surface area (Rao et al.,
1985). The nature of these relationships is primarily determined by the physical and chemical
characteristics of the sorbate and the fraction of organic carbon (foc) of the soil (Karickhoff er al.,
1979). Other soil properties such as particle size distribution, cation-exchange capacity (CEC),
anion-exchange capacity (AEC), and ionic strength (u) of the solution have little effect on the
sorption processes (Karickhoff er al., 1979; Lee et al., 1990), while soil pH can play an important
role when the pKa (acid dissociation constant) of the sorbate is also considered (Lee et al., 1990).
Probably the major property of a sorbate that determines its partitioning in a soil-liquid
environment is its aqueous solubility, which is also related to its Kow. A lower solubility
generally indicates a higher Kow value and increased sorption to the solid phase (Chiou et al.,
1983; Karickhoff, 1984).

Chlorophenols can also be classified as ionizable organic compounds (I0Cs). Lee et al.
(1990) defined the fraction of neutral compound as a function of the solution pH and the
chemicals pKa, which can be used to determine the amount of neutral species present for a given
set of conditions. Calculations based on these factors showed that PCP is >99% ionized at a pH

of 6.8, while 4-MCP is >99% neutral at the same pH. PCP is a weak organic acid that is strongly
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Table 1. Physical and chemical properties of PCP and 4-MCP.

Characteristic Pentachlorophenol 4-Chlorophenol
Molecular Wt. (g/mole) 266.35" 128.56"
Boiling Point (°C) 310° 217
Melting Point (°C) 191° 43°

Aqueous Solubility (mg/L)
LOg Kow

Vapor Pressure (mm Hg)

pKa

Vapor Density
Specific Gravity

Biodegradation * (days)

14 (@ 20°C)*®

5.01*

B

1.7x10™ (@ 20°C)
1.1x10* (@ 20°C)*

4.93 (@ 20°C)°
4.70 (@ 20°C)°

A

9.20

1.978*

D

>72

27,100 (@ 20°C)*
A

2.39

0.10 (@ 20°C)*
0.25 (@ 30°C)*

9.70 (@ 20°C)°

A

4.4

1.306*

References:

A Verschueren, 1983.

B Crosby, 1981.

C Lietal., 1991.
D Woodcock, 1971.

* Indicates the time required for complete decomposition in a soil suspension study.




hydrophobic in its neutral state, but displays increased solubility in its ionized form. As for the

characteristics of the sorbent, most soils have a net negative sutface charge at pH values between

4 and 8 (Lee et al., 1990), which would tend to create repulsive forces between the ionized PCP

and the soil surfaces, leading to decreased sorption.

However, Bjerrum'’s theory of ionic association describes how the formation of ion pairs in
the liquid phase can allow otherwise soluble compounds to transport to the solid phase as a
neutral, metal-ion complex (Hamed and Owen, 1958). Sorption of both the pentachlorophenolate
anion (PCP") and the neutral metal-phenolate complex has been reported (Schellenberg et al.,
1984). These ion pairs can form at the solid-liquid interface, or completely in the liquid solution.
As a result, the degree of dissociation can control the sorption process by changing the ratio of
neutral to ionized species (Harmed and Owen, 1958). Using many different forms of

polychlorinated phenols, including PCP, Schellenberg et al. (1984) observed that as solution pH

decreased, sorption of the test compounds increased in every case.

For both species, the sorption process is mainly govemed by interactions between solvent
and solute. Anion exchange is practically non-existent, while sorption of the neutral,
hydrophobic chlorophenols and/or ion pairs is the predominant mechanism. The ionized species
of a weak organic acid, such as PCP", is more soluble than its neutral form, and thus less likely to
sorb to a solid surface (Lee et al., 1990). As the various phenolates become the dominant species,
they may play an important role in the overall sorption process, and their partitioning has also
been found to be directly related to sorbent fo (Schellenberg et al., 1984). Features of the
minerals which may influence the sorption process include surface charge and mineral
composition. Even with a positively charged clay surface, the PCP™ in solution does not display
any electrostatic attraction for these solids, possibly due to the abundance of CI™ in the test

solution (Lee et al., 1990).

Increasing levels of dissolved salts in solution generally increase the amount of sorption

that is measured. Lee et al. (1990) found a 30% increase in PCP’s sorption coefficient over the



range of p tested. Increasing ionic strength can also effect the pKa of PCP, resulting in slightly

lower levels of sorption than expected. However, the total effect of ionic strength on the fate of
PCP appears to be minimal at typical environmental values near 10° M.

Banerji et al. (1986) also found that, in addition to SOM content, soil pH can play an
important role in the degree and mechanisms of PCP sorption. As pH drops, PCP binding to soils
can increase significantly. Whereas high SOM content soils generally have much larger sorption
coefficients that low SOM soils, their Koc values are often much smaller than those for the lower
SOM soils (Hamaker and Thompson, 1972, as cited by Banetji et al., 1986). This effect may be
caused by the organic matter existing in multiple layers on the mineral surfaces, which should
limit access to their sorption sites and thus reduce their overall sorptive capacities on an foc basis.

In laboratory experiments, the addition of NaOH to raise pH of soil solutions tends to lower
the ionic strength of the liquid, and increase the amount of dissolved organic carbon (DOC).
Koskinin and Cheng (1983) suggested that pesticide binding to DOC could reduce sorption to the

solid phase. However, Clay et al. (1988) found no correlation between DOC concentration and

sorption of two herbicides to various soils.

When hydrophobic compounds exist at equilibrium concentrations of <50% of their
maximum aqueous solubility, sorption isotherms have been found to be linear (Karickhoff ez al.,
1979; Means et al., 1980; Rodgers et al., 1980). This effect has also been witnessed when
nonhydrophobic bonding mechanisms dominate the sorption process (Mingelgrin and Gerstl,
1983). Rao and Davidson (1979) showed that enhanced mobility of certain pesticides occurred at
high loading rates, indicating that adsorption isotherms will not always remain linear over a wide
range of chemical concentrations. From numerous studies using various pesticides and soils,
many physical and chemical soil characteristics (pH, foc, CEC, particle size distribution, types of
clay minerals present, etc.) are known to control the sorption process to a large degree. However,
foc has been repeatedly identified as the one soil property that has the greatest effect on pesticide
sorption (Harris and Sheets, 1965; Karickhoff and Brown, 1978; Mingelgrin and Gerstl, 1983;



Wahid and Sethunathan, 1978).

Research has shown that it may take weeks or months for some soil-pollutant systems to
reach a true state of equilibrium, with one possible cause being limited access of the solute to the
sorption sites (Karickhoff, 1984). This effect is believed to be due to soil-bound organic matter
effectively blocking some of the binding sites on mineral surfaces, thus inhibiting the sorption
process. The observed result is a “two-stage” binding process, with the “fast-stage” representing
sorption to readily available solids and the “slow-stage” being caused by limited access to SOM
and/or mineral sites in soil aggregates. Karickhoff (1980) found that the sorption process for
several polyaromatic hydrocarbons (PAHs) could be divided into such fast and slow stages, with
about 50% of the sorption occurring within minutes to a few hours. Uptake of the remaining
chemicals appeared to need many days or even weeks to approach a true state of equilibrium.

Karickhoff (1984) found that in many situations, both the sorptive and desorptive processes
can be greatly effected by the solids concentration that is used in the soil suspensions. He
suggests that even at 1 g/L, aggregates can form which will delay both the uptake and release of
the target compound. Other studies have shown that when very low concentrations of solids are
used (<100 ppm) the results may show large increases in the measured Koc values. These are
possibly due to the minimization of soil aggregates, which increases the exposure of SOM and
mineral surfaces to the liquid-phase sorbate (O'Conner and Connolly, 1980; Weber et al., 1982).
Hassett er al. (1980) showed that with PAHs, larger molecular sizes decreased the compounds
availability to the sorbent.

The sorptive capacities of most minerals is largely controlled by the surface area they
present to the sorbate. As a result, swelling clays such as montmorillonite have been found to
dominate the mineral-phase sorption process in soils containing solids of various sizes and
composition (Hassett et al., 1980; Karickhoff and Brown, 1978). While fou typically controls the
sorption process, there appears to be a point where the contributions by these swelling clays can
dominate those of the organic matter. This level has been found to occur when the ratio of

swelling clays to organic carbon exceeded 30:1 (Hassett et al., 1980). When this situation occurs,
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the removal of organic carbon can result in increased sorption for some polar organic compounds.
This effect also should appear to support the theory of organic matter blockage of mineral

surfaces. If it is assumed that the SOM exists in a single layer on the surface of the soil minerals,
it has been estimated that a foc of 0.01 would decrease that surface area by 32 m2/g (Walker and
Crawford, 1968, as cited by Karickhoff, 1984). This would result in a 20-30% reduction in
available surface area for most swelling clays. When aquifer materials were studied having an foc
< 0.001, no correlation could be found between the measured sorption coefficients (K) and foc

values. However, reasonable correlation’s were found between K values and CEC, silt content,

and 1:1 clay content (Stauffer et al., 1989).

Theoretically, increasing system temperature should result in smaller partition coefficients
due to increased solubilities for most organic chemicals. However, Weber et al. (1982) found
that some HOCs showed significantly greater levels of sorption with higher temperatures. If the
sorption process is limited by physical access to binding sites, the increase in molecular kinetic
energy caused by raising the temperature may allow more rapid intraparticle transfer of these
compounds.

While studying sorption of various HOCs to soil fractions separated by particle size,
Karickhoff et al. (1979) found that when sorption to each size fraction was corrected for organic
carbon content, the Koc values were approximately equal between the silt and clay fractions.
However, the sand fraction showed a 50-90% reduction in Koc when compared to the silt and
clay, suggesting physically andfor chemically assisted sorption for these fines, probably due to
their increased surface areas. Karickhoff er al. (1979) found it possible to make a fairly accurate
estimation of HOC sorption knowing only a soils particle size distribution, the foc associated with
each size fraction, and the Kow of the target pollutant.

Uniformity of the composition and reactivity of soil organic matter cannot be taken for
granted, as it may display very different physical and chemical characteristics depending on the

formation processes and the degree of weathering it has undergone (Grathwol, 1990). Other
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researchers have found that some organic chemicals can sorb preferentially to fulvic acids, humic
acids, humins or lipids (Garbarini and Lion, 1986; Stauffer et al., 1988, as cited by Grathwol,

1990). Results such as these suggest that Koc values found in the literature are dependent on the
characteristics of the organic matter that was used in the respective experiments. Grathwol
(1990) performed a vapor-phase sorption study using several volatile, chlorinated aliphatic
hydrocarbons. The sorption process was found to be controlled to a large degree by the nature of
the organic matter in the tested soils. These properties were determined by the level of
weathering or coal forming processes to which the soil or sediment was exposed. Since the
weathering process tends to increase the polarity, and thus decrease the hydrophobicity of SOM,
it should also lower the sorptive capacities of these organic polymers for HOCs. This is exactly

the effect that Grathwol (1990) observed, noting decreases in KCc values (vapor-phase sorption

coefficient normalized for foc) of 1-2 log units between unweathered and highly weathered shales

and sandstones. These results seem to indicate that a direct relationship exists between the

hydrogen to oxygen (H/O) atomic ratio of SOM and the Ko that can be expected when using
neutral HOCs as sorbates (Grathwol, 1990).

Boyd et al. (1988) studied the sorption of PCP onto clays that were supplemented with
organic cations of varying hydrophobicities. He found that the greater the hydrophobic nature of
these cations, the higher the level of sorption that was observed. Solution pH was found to have
little effect on the sorptive capacities of these clay-organic complexes, as they sorbed the neutral
and ionized PCP species equally. These facts seem to indicate that non-polar or hydrophobic
mechanisms are dominating the uptake of PCP by treated clays. It has also been shown that
increasing the level of chlorination of the basic phenol structure, and as a result its

hydrophobicity, increased the amount of sorption to different organo-clay complexes (Mortland et

al., 1986).

In any soil system, sorption of various compounds can occur by the resident microbial

biomass, even if sterilization procedures have been followed. Tsezos and Bell (1989) found that
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for compounds which are easily degradable or hydrophobic in nature, the live biomass will uptake
them to a greater extent than dead biomass. Using PCP as one of their test chemicals, they also
found that this biosorption was not completely reversible in all cases. Other research has
indicated that physical interaction comprise the major mechanisms of biosorption of PCP and
several other pesticides, and Kow is a fairly good predictor of the extent of this process (Bell and
Tsezos, 1987).

The development of mathematical models to simulate the transport processes of sorption
and desorption, has been undertaken by many researchers. The last several decades, especially,
have seen great strides taken towards the understanding of these mechanisms. Recurring
deviations from expected sorption equilibrium, were shown to be due to more than just chemical
nonequilibrium effects (van Genuchten et al., 1974). van Genuchten and Wierenga (1976) found
that physical processes, such as mass transfer and diffusion, were better predictors of
nonequilibrium. These findings enabled them to develop a two-phase model, which incorporated
their hypothesis of relatively mobile and immobile stages during the solute transport process.
More recently, a dual resistance model was proposed as a more accurate descriptor of physical
nonequilibrium. In this model, a contaminant molecule was seen as diffusing from a free liquid
phase through a hydrodynamic film layer, to the surface of the sorbent. From there, intraparticle
diffusion was responsible for the transport of the contaminant to a sorption site within the solid
phase (Miller, 1984, as cited by Sabatini 1990). This theory was supported by later research,
when diffusion within an organic sorbent was found to be the cause of sorption nonequilibrium

during column studies (Bouchard et al., 1988).

2.3 Desorption Processes

HOCs can appear to sorb rapidly in soil suspensions, but often are very difficult to extract
from the solid phase. A hexachlorobiphenyl compound was found to sorb within hours to various

soil fractions, but approximately 50% of the bound chemical would not desorb from the sorbent
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(Di Toro and Horzempa, 1982). Karickhoff (1980) found that the two-stage sorption theory
would also apply to and have a significant impact on the desorption process. Compounds sorbed
during the “fast” stage were easily removed by solvent extraction, but the slowly bound chemicals
often required many days to desorb. He also observed that a relationship existed between contact
time and the desorption process. When the compounds were mixed with the soils for less than
five minutes, removal efficiencies of >90% were achieved. However, when this contact time
increased to 4-5 days, only 20-40% of the sorbed PAHs could be extracted. Karickhoff (1984)
suggests that the intraparticle movement of the chemicals within pore structures to internal
binding sites, can account for the two stages observed for both the sorption and desorption
processes. Other researchers have also found evidence of this “nonlabile” nature displayed during
chemical release from the solid to the liquid phase (Di Toro and Horzempa, 1982).

Banetji et al. (1986) found that, although PCP sorption to soils is largely reversible, a
fraction of the compound may be irreversibly sorbed, especially at lower concentrations. As a
result, a contaminant plume consisting of PCP would be slowed and diluted by this sorption-
desorption process, but would also continue a relatively long-term release of low-level
concentrations of the pollutant. The desorption process was shown to occur at a slower rate than
sorption for phenol, 2-MCP, and 2.4-dichlorophenol (Isaacson and Frink, 1984). They also found
that a portion of these test compounds was irreversibly bound to the solid phase.

It has been observed by various researchers, when plotting sorption-desorption isotherms,
that a degree of asymmetry is often found in the data. In these cases, the desorption data do not
* follow the sorption isotherms, but often remain above them. This effect, often called hysteresis,
indicates that desorption can occur at a much slower rate than adsorption (Sabatini and Austin,
1990). Also, if these isotherms do not meet at the graph’s point of origin (0,0), the data may
suggest that some of the test compounds have been irreversibly bound to the sorbent.

Desorption rates in soil-water systems are highly dependent on the concentration gradient
between the solid and liquid phases, and the average path length from the sorption sites to the

bulk liquid (Rijnaarts et al., 1990). Other factors which may control desorption include chemical
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reaction with the sorbent (Lapidus and Amundson, 1952), diffusion out of the SOM fraction
(Karickhoff and Motris, 1985), or transport rates through a stationary layer of liquid surrounding
the solid surfaces (Miller and Weber, 1988). Since contaminants can bind to soils with
mechanisms of varying strengths (e.g. hydrogen bonds, covalent bonds, ionic bonds, van der
Waals forces, hydrophobic bonds, etc. ) the extent and rate of their release can differ significantly
(Dec and Bollag, 1988). The sorption of various pollutants to SOM is often reversible to some
degree, and this suggests that the primary mechanisms of attachment are physical (physisorption)
rather than chemical (chemisorption) in nature. The rationale for this theory comes from the
lower bonding energies that are involved in the physisorption process (Sabatini and Austin,
1990).

Freeman and Cheung (1981) proposed that some of the “sorbed” chemicals may simply be
physically trapped within the structure of the organic matter. For optimum extraction in this
situation, the solvent used should closely approximate the solubility characteristics of the SOM’s
humin-kerogen polymer, enabling it to “swell” the organics and release these compounds more

efficiently.

2.4 Soil-Bound Organic Matter

The primary sources of SOM include both terrestrial plants and microorganisms from the
marine environment. Once they are deposited onto a soil surface or the bottom of a body of
water, various natural processes eventually incorporate them into the subsurface layers. Grathwol
(1990) briefly described some of the transformation processes in which the original biopolymers
(proteins, carbohydrates, lignins, lipids, etc.) are degraded into geopolymers (fulvic and humic
acids, humin, kerogen). These changes generally lower both the oxygen and hydrogen to carbon
ratios (O/C and H/C), and raise the levels of organic carbon through polymerization effects. The
reverse process, or weathering, causes oxidation of the functional groups contained on the organic

polymers. This results in increased numbers of carboxyl and hydroxyl groups, and a decrease in
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the hydrogen to oxygen (H/O) atomic ratio. The net effect of weathering is to increase the

polarity of these large, organic molecules, which can decrease their affinity, and thus their
sorptive capacities for neutral, hydrophobic compounds in solution (Grathwol, 1990).

Soil humates are often divided into fractions (humin, humic acid and fulvic acid) based on
their solubilities in different acidic and basic solution. Soils are extracted with sodium hydroxide
to remove the humic and fulvic acids, leaving the insoluble humins on the mineral surfaces.
Then, by dropping the solution pH below 2, the humic acids precipitate out and the fulvics will
stay in solution. Due to their widely varying characteristics, this operational definition is the only
generally accepted method for fractionating humic materials (Wershaw, 1986). Humic acids
isolated in this manner, can be further separated using gel chromatography on the basic of
physical and chemical differences (Wershaw and Pinckney, 1973). The heterogeneous nature of
humic acids has been researched, showing that some are aliphatic while others are mostly
aromatic, and all may contain widely varying types and quantities of substituent functional groups
(Wershaw, 1986). These macromolecules can separate during gel fractionation, evidence that
their larger components are held together by relatively weak mechanisms, such as hydrogen or pi
bonding (Wershaw, 1986). Wershaw and Pinckney (1973) found that humic acids were bound to
clay minerals by the electrostatic charges of proteins, amino acids or metal ions.

Some researchers believe that humic acids are created from the polymerization or
condensation of fulvic acids and even lower molecular weight (MW) compounds. Others have
suggested that the larger, more complex molecules (humins and humic acids) are created initially
from organic matter, and that their physical, chemical, and/or biological degradation results in the
formation of fulvic substances (Hatcher, 1985; Schnitzer, 1978). Still other believe that humins

are simply larger, stable polycondensates of humic acid molecules. Radiocarbon dating
techniques, measuring “c activity, have been used to determine the ages of SOM fractions.

Balesdent (1987) found that the newest organic fractions (<15 years) consisted mainly of plant

debris. The oldest (280 years) consisted of the non-hydrolyzable humins that were bound to clay
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minerals. From each soil sample, the humic and fulvic extracts were of approximately equal age.
Therefore, these findings do not support the theoretical creation of humic acids through the
polycondensation of fulvic acids.

More recently, Ramunni et al. (1987) found that microbial activity on an isolated sample of
each class of humates (humin, humic acid, fulvic acid) could generate a small amount of the other
two forms. This process occurred under both aerobic and anaerobic conditions, although the
presence of oxygen enhanced the substrate degradation and the formation of byproducts. These

results suggest that humic substances are not formed solely on the basis of molecular size, and

that the processes of formation and degradation are reversible to some degree.
SOM was reported to have a high surface area (approximately 560-800 m2/g) by Bower and

Gschwend (1952), using a modified ethylene glycol-retention method. This fact was thought to
account for much of the large sorptive capacities reported for this organic fraction. Throughout
the 1980's, however, more researchers began to believe that partitioning rather than sorption was
the mechanism of uptake of neutral organic compounds by SOM (Chiou e al., 1983). Using the
standard BET (Brunauer-Emmet-Teller) method of nitrogen adsorption, Chiou er al. (1990)

measured the surface areas of two highly organic soils (fou > 0.85) and two humic acid extracts.

Their findings showed sutface areas of 0.61-0.73 m2/g for these humic substances, except for one

humic acid extract (18 m°/g) which probably was artificially enhanced through a freeze-drying
process. The results of Bower and Gschwend were discounted due to their analytical method,
which measured the uptake of ethylene glycol by SOM. The polar nature of the ethylene glycol
essentially makes it soluble within the organic macromolecular structures, resulting in false high
levels of apparent surface area (Chiou et al., 1990). This problem does not occur with nitrogen
adsorption, and thus the BET surface area measurements of SOM are significantly lower and
more reliable. Therefore, it should be concluded that significant surface adsorption of organic
contaminants by the relatively low surface area of SOM is highly unlikely, and the partitioning

mechanisms currently proposed have a much stronger scientific foundation (Chiou et al., 1990).
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Fendler (1982) suggested that the degradation of organic matter into lipids, carbohydrates,
phenols and other components, also results in their aggregation into micelle-like structures with
hydrophilic exteriors and hydrophobic interiors. In this respect, humic materials can display
characteristics similar to biological membranes. In 1969, Wershaw et al. suggested that their test
compound, DDT, was not adsotbed by humic compounds but rather was solubilized and
pattitioned into their interiors. Changes in pH can ionize acid groups in these structures, and
thereby alter their solubility. Higher pH values will disrupt these humic micelles and release the
humates into solution, while low pH will enhance their aggregation and precipitation (Wershaw,
1986). Depending upon the HOC in question and the environmental conditions, pollutant

transport or remediation efforts can be either hindered or made easier by partitioning into SOM.
Catroux and Schnitzer (1987) used "’C nuclear magnetic resonance (NMR) to analyze

humic acids extracted from soil samples, and the residual humins left on the minerals. They
found that the humic acids which came from the clay fraction, were significantly more aliphatic
in nature than those from either the sand or silt fractions. This effect appears to be due to a high
content of alkanoic or hydroxyalkanoic acids in the clay-associated humic acids. Conversely, the
other extracted humic acids contained more aromatic structures and both phenolic and carboxylic
acid groups. An analysis of the humins showed that they are even more aromatic in nature,
larger, more homogeneous, have less carbohydrates and proteins, and contain higher
concentrations of phenolic and carboxylic acid groups. These findings suggest that humin

structures are more complex, and yet more stable than extractable humic acids.

NMR measurements of "°C in liquid samples, using magic-angle spinning (MAS) and cross
polarization (CP), has demonstrated the ability to provide additional insights into the structures of
humic and fulvic materials (Hatcher et al., 1980). This technique has made it possible to identify
aromatic compounds and various functional groups present in the samples. Hatcher et al. (1981)
found a much lower degree of aromaticity present in soil humic acids using CPMAS “C NMR,

than was previously found using various oxidation techniques. These results suggest that
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