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“It requires great love of it deeply to read
The configuration of a land,
Gradually grow conscious of fine shadings,
Of great meanings in slight symbols.....”

from “Scotland” by Hugh MacDiarmid
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SUMMARY OF THE WORK CARRIED OUT IN THIS THESIS

Ombrotrophic (rain-water fed) peat bogs have been used to study the contents
and distributions of heavy metals and radionuclides. If these systems are dated, a
chronology of atmospheric deposition can be assigned to the profiles. Humic
substances are an integral, characteristic and substantial component of organic soils
such as peats, and complexation of metals with these substances plays an integral role
in the dynamics of their interactions in peat soils.

Studies on the complexation of metals to humic substances have centred around
monitoring the interaction of metals with humic or fulvic acids. These are
operationally-defined fractions which are extracted in order to reduce the
heterogeneity of humic substances, and remove contaminants such as silicates or
polysaccharide materials. The main problem with such an approach is the question of
whether isolation of humic acid leads to chemical or structural changes which may
invalidate any results from complexation studies. This question was addressed in this
thesis by carrying out all analyses on both humic acid and unextracted peat. The
results indicated that isolation of humic acid led to a change in the functional group
content and reactivity as well as an increased capacity to bind with metals, as a result
of chemical and structural changes. The effect of isolation of humic acid on the
stability of interaction depended on the metal being studied, but still demonstrated a
difference between unextracted peat and humic acid.

The binding of a range of elements with humic substances was studied, with
particular emphasis on the difference in reactions between Cu?*, Pb2+ and Cs*.
Qualitative studies on the nature of binding were carried out using infra-red analysis
and highlighted how Cs* binds through predominantly ionic-type linkages, whilst
Pb2* and Cu2+ show evidence of more covalent linkages. The stability of these
interactions was investigated using three different methods: the Base Titration method,
Scatchard analysis of titration data and based on this, an Incremental Addition
Method. Each had its own set of limitations and advantages, and analysis of how
accurately these methods quantify metal binding was carried out.

These studies on the nature and stability of metal binding to humic substances
are laboratory based, questioning whether or not they reflect the interactions of metals
in the environment. Field-based studies were also carried out, looking at the
distributions and contents of metals and radionuclides in undisturbed peat cores under
differing conditions. Interpretation of these data was carried out with the knowledge
gamed from the laboratory-based studies.
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Peat cores were collected from a site to the south west of Glasgow on the
Fenwick Moor. This site was chosen since it was affected by the Chernobyl accident,
and previous studies had recorded significant levels of radiocaesium on the site.
Accordingly, six cores were collected from the site, at different aspects and altitudes in
order to investigate more fully the contamination of the site by Chernobyl-derived
caesium. In addition, the effects of changes in geochemistry, water content and table,
peat type, altitude and aspect on the distribution and content of radiocaesium, 210pb,
Cu, Br, Pb, Mn, Fe, Ta, La, Hf, Sm, Sc, Se, Ce, Th, Hg, Sb, As & Co were
investigated.

Where no redeposition of 210Pb was observed the 210Pb profiles were used to
provide a chronology for the core, using the constant initial concentration model.
Consequently, if no redeposition of the pollutant metals was observed, changes in the
fluxes of these metals to the profile could then be dated. In addition, analysis of the
changes in the 206Pb/207Pb ratios over time was carried out in order to attribute

different sources to the total content of Pb within each core.
| The results produced from the different studies all demonstrated the importance
of humic substances on the behaviour of heavy metals and radionuclides in the
environment, as well as the complexity of their interactions.
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CHAPTER 1

THE AIMS OF
AND BACKGROUND TO THE
RESEARCH



1.1 INTRODUCTION TO THE MAIN OBJECTIVES AND AIMS OF THE
RESEARCH

In studying the interaction of metals and radionuclides in organic soils, two
main approaches can be adopted - namely laboratory-based studies where interactions
are modelled on a microsite scale with purified materials, or field-based studies where
interactions are studied on raw, unpurified materials. Both adopt quite separate
stances, making quite different assumptions, and can ultimately often show quite
different conclusions. One of the main aims of the research presented here was to use
both approaches in the study of the interactions of caesium, copper and lead with
humic substances and to investigate whether there was any parallel in the conclusions
made. Of particular interest was the stability of their interactions and how this affected
their mobility and consequently bioavailability in the environment.

The laboratory-based studies generally focus on the reactions between a metal
or radionuclide with a purified, operational fraction of organic matter, such as humic
acid. A variety of methods can be used to extract and fractionate the humic substances
from the organic matter, which can also lead to ambiguity in the results obtained. The
humic or fulvic acids are extracted from the organic matter in an effort to reduce the
inherent heterogeneity of the materials, allowing the specific reaction between the
metal and humic acid to be studied. However, to extract these fractions the organic
matter is subjected to a rigorous and caustic extraction and fractionation procedure,
involving strong alkali and concentrated acid. In many cases it is also subjected to
further purificaton, as will be discussed further in the chapter. The effects of the
extraction and fractionation procedures on the chemical nature of the organic matter
has yet to be established conclusively, with conflicting results reported in the
literature. Few studies have also focussed on the interaction of metals with
unextracted, unpurified materials and how these differ to the purified extracts.
Accordingly, little information has been gained on how the interactions between
metals and organic matter varies with the extracted materials and the consequences on
the conclusions on stability or nature of interaction. Thus, one of the main aims of the
research was to investigate how the extraction and fractionation processes have
affected the nature and reactivity of humic substances and their interactions with
metals and radionuclides through carrying out all investigations on both humic acid
and unextracted peat.

It has been suggested that organic soils such as peats be used to globally
monitor the effects of atmospheric pollution, providing the peat is ombrotrophic. This
is of course dependent on the pollutant materials being complexed by the organic
matter and not subject to any post-depositional movement.
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The study site chosen for the field-based studies had been significantly affected
by the Chernobyl accident and therefore provided an ideal site for the investigation of
the interactions of radiocaesium from both weapons testing fallout and Chernobyl in
organic soils. Previous work has established that radiocaesium is inherently mobile in
such systems and therefore one of the aims of the research was to investigate the
nature of the mobility, with knowledge gained from the laboratory studies.

The potential mobility of Pb is of interest due to its prevalence in
environmental systems to pollutant levels. Again conflicting results of Pb mobility are
published in the literature, as also for Cu. Should Pb be mobile under certain
conditions then this will potentially invalidate any 210Pb dating, making it unwise to
assign a chronology through this method.

In order to fully investigate the mobility of Pb, Cu and Cs a series of cores
were extracted to allow the investigation of changes in topography and geochemistry
on the behaviour of the elements.

1.2 SUMMARY OF THE AIMS OF RESEARCH

1. To investigate the effects of the extraction and fractionation process on the
characteristics and interactions of humic substances.

2. To investigate the process of complexation of metals with humic substances and its
effect on the bioavailability of the metals.

3. To investigate the capacity of unextracted and extracted humic substances to
complex various metals, utilising different techniques.

4. To study the interaction of metals with humic substances in natural systems, with
particular emphasis on their potential mobility and bioavailability, relating the results
to knowledge gained from complexation studies.

5. To evaluate the validity of dating peat profiles with 210Pp,

6. To study the impact of Chemobyl on the content and movement of radiocaesium in
organic soils.

7. To potentially evaluate a chronology of past atmospheric deposition of metals
within undisturbed peat cores.



1.3 THE ORIGIN OF HUMIC SUBSTANCES

The natural organic matter component of soils, sediments and waters is a
dynamic system composed of live organisms and their undecomposed, partially
decomposed and transformed remains. It is highly complex and can be subdivided into
groups of species which have similar morphological or chemical characteristics. One
such subdivision is the separation of humic from non humic substances:

(@) Non-humic substances.
These include the soil mineral matter, fresh animal and plant debris, and
breakdown products of plant matter such as polysaccharides and proteins.

® Humic substances.
These are amorphous, polydisperse, polyelectrolytic, yellow to black
coloured polymers which bear no resemblance to the soil components
from which they are derived.

Humic substances are the most widely distributed natural products on the
earth's surface, occurring in soils, rivers, lakes, sediments and the sea (Schnitzer &
Khan, 1972) and comprise a significant proportion of the total organic carbon in the
global carbon cycle. In addition, they have the capacity for diverse chemical and
physical interactions in the environment (Horth et al., 1988) and are often viewed as
highly complex biopolymers. It is convenient to describe polymers in terms of
primary, secondary and tertiary structures, €.g. in proteins, primary structure can be
defined as the sequence of amino acids, the secondary structure the helical
conformations that the chains form via intramolecular bonding, and the tertiary
structure the folding of the macromolecule. By knowing these, it is possible to predict
the behaviour of the polymer in different environments. This is not possible with
humic substances since synthesis does not appear to be under any kind of control
resulting in a highly irregular structure (Hayes, 1991).

Humic substances are considered to be formed from constituents in the soil by
two main processes - degradation and synthesis. In degradation, organic
- macromolecules such as lignins, paraffins, waxes and polysaccharides are broken
down biologically by the soil micro-organisms, to produce humic substances directly
or building blocks for the second main process, synthesis. Synthetic processes
involved include the Maillard reaction of reducing sugars and amino acids, and
polymerisation and polycondensation reactions of quinones (Stevenson, 1982). The



predominant reaction which occurs, and the rate of this reaction, is controlled by the
soil environment, and this can vary on a microsite basis. This, along with the
heterogeneity of substrates, results in humic substances being highly heterogeneous
and complex materials. Malcolm and McCarthy (1991) sum up this heterogeneity by
stating that: '

“each humic component in each environment possesses an individuality that
distinguishes it from other components in the same environment and from the same
component in different environments.”

1.4 STRUCTURAL INVESTIGATIONS

As yet no chemical or molecular structure for humic substances has been
elucidated although many theories exist. Flaig et al. (1964) proposed that it was not
possible to write a chemical structure for humic substances because such a structure
would represent a temporary state only. '

Degradation studies have been used extensively in an attempt to characterise
the structural building blocks of humic substances. These studies showed that humic
substances contain a variety of aromatic groupings including bound phenolic
groupings, quinone structures, and COOH groups variously placed on aromatic rings.
Many workers then concluded that humic substances consisted of an aromatic core
with branches of aromatic and aliphatic groupings arranged and linked in various
ways, often with nitrogen and oxygen ligands acting as bridge units (Stevenson, 1982).

One example of such a theory on structure came from electron spin resonance
studies. Haworth (1971) concluded that humic acid contained or readily gave rise to a
complex aromatic core responsible for the electron spin resonance signal and to which
the following are attached chemically and physically:

(a) polysaccharides
(b) proteins

(c) simple phenols
(d) metals.

More recently Curie-point mass spectrometry was used to show that the
structural network of humic substances consists of aromatic rings joined by long alkyl
structures, through covalent bonds, to give a flexible network. The oxidative



degradation of the structure would produce the benzene carboxylic acids which have
been isolated repeatedly as major oxidation products of humic acids (Schulten, 1991).

This chemical network theory is similar to that of Khan and Schnitzer (1971)
who suggested that fulvic acid was composed of phenolic and benzene-carboxylic
acids joined by hydrogen bonds to form a stable polymeric structure which can adsorb
organic and inorganic compounds. The proposed structure also has voids or holes of
different dimensions which can trap or fix molecules, and this was also a feature of the
chemical network structure. :

A slightly different theory was proposed by Wershaw et al. (1977) who
suggested that humic substances are composed of a hierarchy of structural elements.
The lowest level consists of simple phenolic, quinoid and benzene-carboxylic acid
groups joined by covalent bonds onto smaller species with molecular weights of a few
thousand or less. Groups of these species are linked together by weak covalent and
non-covalent bonds into aggregates, with the degree of aggregation being controlled
by the pH, the amount of metal ions present and the oxidation state of the system.
Humic substances are then formed by mixtures of aggregates combining randomly,
and these can then bind to the mineral matter to form larger aggregates within the soil.

Cross polarisation magic angle spinning 13C nuclear magnetic resonance
(CPMAS 13C NMR) is now widely used to study humic substances and the spectra
produced are highly resolved. One of the main advantages of the technique is that it is
non-destructive unlike previous structural investigations which include highly
degradative procedures. The most striking conclusion to result from these studies is
that humic substances are highly aliphatic in composition.

Ikan et al.. (1992) used a combination of methods including 13C NMR and
concluded that humic substances were composed of various heterocyclic components
as building blocks rather than the aromatic benzenoid structures as previously
~ proposed. ,

This clearly contrasts with the conclusion from the degradative studies that
most humic substances were predominantly aromatic in composition, indicating that
the degradative studies were chemically changing the materials. This conclusion can
be supported by studies on the hydrolysis of humic substances in 6M HCIl, which
results in losses of mass amounting to as much as 40-50% of the starting material. The
non-hydrolysable residues then give high values for aromaticity (Hayes, 1991).

Current research is leading to' many advances in structural investigations of
humic substances, although a definite structure for these materials will probably never
be attained due to their heterogeneous nature. However, it is not necessary to know the
structure of humic substances when studying their dynamics and interactions with



pollutants. It is more important to understand and characterise their behaviour and
properties.

1.5 THE EXTRACTION AND FRACTIONATION OF HUMIC
SUBSTANCES

Due to the heterogeneity of humic substances and the complexity of the
organic matter with which they are associated, it is desirable firstly to extract the
humic substances from the organic matter, and then fractionate them into less
heterogeneous components. This then provides a more suitable starting material for
studies of structure, composition and metal binding.

1.5.1 EXTRACTION

The extraction step is concerned with removing the humic substances from the
other components of the soil organic matter e.g. polysaccharides and proteins as well
as the mineral matter. Humic substances are bound in the soil in the following ways:

1. As insoluble macromolecular complexes

2. As macromolecular complexes bound together by polyvalent cations, such as
Ca2+ Fe3+,and AI3+

3. Bound to clay minerals and sesquioxides through bridging by polyvalent
cations, hydrogen bonding, and Van Der Waals forces.

The extractant must interfere with the binding mechanisms to release the humic
substances and the ideal extraction method would satisfy the following objectives:

(a) The isolation of unaltered material

(b) The extraction of humic substances free of contaminants such as silicates and
polysaccharides

(c) A complete extraction

(d) A method universally applicable to all soils.
(Stevenson, 1982).

However, these objectives are not met by any of the current extraction methods.
The most commonly used method of extraction is alkali extraction using sodium
hydroxide (NaOH) or sodium carbonate (NapCO3) solutions of 0.1 to 0.5M and a soil
to solution ratio of 1:2 to 1:5 (g ml-1). NaOH was the first extractant used in the
attempt to isolate humic substances from soil (Aiken et al., 1985). The alkali is
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effective in removing the humic substances from the soil since raising the pH results in
the acidic groupings becoming ionised causing repulsion of charges and an opening up
of the structure. The dissociated sites can then be readily solvated. But alkali
extraction has associated problems:

(a) Alkali solutions dissolve silica from the mineral matter

(b) Alkali solutions also dissolve protoplasmic and structural components from
organic tissues which can become fixed on humic substances

(c) In alkaline conditions autoxidation of some organic constituents can occur in
contact with air

(d) Chemical changes can also occur in alkaline solutions, such as condensation
between amino acids and the carbonyl groups of aromatic aldehydes or quinones to
form humic type compounds

(e) Carbohydrates and proteins may be covalently bound to the humic substances and
therefore difficult to remove.
(Stevenson, 1982).

To alleviate the problems of autoxidation extraction of humic materials with
~ NaOH under a nitrogen atmosphere was proposed (Choudri & Stevenson, 1957). Swift
and Posner (1972) confirmed that autoxidation of extracted humic acid can occur
under alkaline conditions and showed that under nitrogen the effect was markedly
reduced. However, recently a comparative study between NaOH extraction in air and a
nitrogen atmosphere produced only small differences in composition and spectral
characteristics of the humic compounds and failed to show. that extraction in an inert
atmosphere was superior to extraction in air (Tan et al., 1991). In order to standardise
the extraction procedure the International Humic Substances Society (IHSS),
recommend that humic substances from the soil be extracted using 0.1M NaOH under
nitrogen and can provide reference materials extracted with the recommended
procedure.

Investigations on the alkaline extraction method have given conflicting
conclusions as to whether or not the humic substances are altered.

Chemical, spectroscopic and gel filtration studies have previously failed to
provide evidence that extraction with alkali causes modification of the organic matter
(Schnitzer & Skinner, 1968), and more recently solid state 13C NMR studies have
shown no significant change in the distribution of functional groups after chemical
treatment with acid or base (Krosshavn, 1992). In a similar study Alberts ez al. (1992)
isolated humic and fulvic acids from bulk humic substances using NaOH extraction
followed by purification with XAD resin, and showed that the materials produced



were similar to each other in elemental composition, FTIR and 13C NMR spectra, as
well as copper-binding capacities. |

However, differences have been seen between alkali-extracted material and
resin-extracted material when they were oxidised with alkaline permanganate after
methylation. The alkali-extracted humic acid was less condensed and degraded than
the resin-extracted humic acid, yet as observed in the above studies the functional
group and spectroscopic analyses were similar. The alkaline extraction process has
also been shown to lead to increases in molecular complexity and can increase the
amount of aromatic groupings in the extracted material (Campanella & Thomasseti,
1990). Gregor and Powell (1987) also reported changes in the physical properties of
humic substances after alkali extraction as well as increasing the ability to form stable
complexes with copper.

This conflicting evidence could be due to the different sources of the humic
substances and differing reaction times in alkali. The incorporation of a standard
method of extraction and reference materials from the IHSS in all analyses may result
in this ambiguity being reduced.

Since amide groups and some amino groups are labile in alkaline solutions,
extraction can result in losses of nitrogen. The ammonia which is liberated in this
process can react with other components, particularly quinones at high pH, to give
artefacts (Parsons, 1988). In an attempt to stop degradation of structure and the
formation of artefacts on extraction, some milder extractants have been used as an
alternative to the classical extraction with strong alkali. Sodium pyrophosphate at pH 7
and pH 10 has been used to extract humic substances (Swift & Posner, 1972). At pH 7,
the oxidative effects of the alkali are reduced and the bridging cations are complexed
by the pyrophosphate allowing the acidic groups to become ionised and expand and
solvate. '

- Other extractants include EDTA, acetylacetone, and various organic solvents.
These may cause less alteration of the organic material but are conversely less
effective, producing lower yields of material which are less representative of the
organic matter (Stevenson, 1982). Marley et al. (1992) used ultrafiltration to separate
out aquatic humic substances on the basis of molecular weight and proposed that this
method can be used to give a milder extraction process which can extract a sufficient
amount of material.

Pre-extraction treatments can also be used to increase effectiveness e.g. organic
solvents can be used to remove waxy materials and mineral acids can remove
carbonates, silicates and cations (Hayes & Swift, 1978). HCVHF mixtures can be used



to remove carbonates, silicates and adsorbed materials but can result in weight losses
and chemical changes (Stevenson, 1982).

It may be necessary to alter the extraction procedure depending on the study
being carried out, as in some studies chemical changes will be less desirable than
others. A sequence of extractants may also be used to give a more complete and
effective extraction. |

' 1.5.’2 FRACTIONATION AND PURIFICATION

Extracted humic substances are still highly heterogeneous and it is often
desirable to further reduce this through fractionation into groups of substances with
similar characteristics or properties. This can help purification and characterisation,
although it is often necessary to further purify the samples to remove contaminants
such as proteins. A wide range of techniques exist for fractionation and purification
and these generally exploit differences in solubility, adsorption behaviour, molecular
weight or charge characteristics.

1.5.2.1 FRACTIONATION AND PURIFICATION OF HUMIC SUBSTANCES
BASED ON SOLUBILITY DIFFERENCES

The earliest and most commonly used method of fractionation of humic
substances is based on the difference in acid solubility of the alkali-extracted material.
The procedure gives rise to three main fractions, fulvic acids, which are soluble in
alkali and acid, humic acids which are soluble in alkali but insoluble in acid and
humin, which is insoluble in acid and alkali (Figure 1.1). The same nomenclature is
often used even when neutral salts or organic solvents replacé the alkali. _

Humic acid is usually precipitated at pH 1, but the pH can be manipulated in
order to decrease the effects of the acidic conditions on the extracted material. Flaig et
al. (1975) used pH values of 1.5 or 2.

The fractionation procedure can result in contamination in particular fractions.
The fulvic acid fraction is often contaminated with polysaccharide material or other
low molecular weight organic substances, whereas the humic acid fraction is more
commonly contaminated by ligniﬁed materials (Hayes & Swift, 1978). Humic extracts
from mineral soils are generally contaminated with silicates and salts. The salts can be
removed by dialysis whereas the silicates are often removed by further treatment with
HF or HF-HCI mixtures which may result in some chemical modifications of the
humic substances (Mortensen & Schendinger, 1963).
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The removal of polysaccharide material by hydrolysis with 6M HCI can also
give weight losses and chemical changes. Lipids and other fat soluble contaminants
can be removed by treatment with solvents such as ether (Stevenson, 1982).

The three fractions produced are not individual chemical components but can
be seen as gross mixtures of similar properties and composition spanning a range of
molecular weights (Stevenson & Butler, 1969).

Parsons (1988) questioned the validity of the procedure when he pointed out,
that for the majority of soils, dilute acid extraction fails to dissolve much fulvic
~material, yet, once an alkaline extract has been acidified a significant proportion
remains in acid solution.

Figure 1.1 Extraction and fractionation of humic susbtances utilising solubility
differences. :

[ SOIL ORGANIC MATIER |
I

NON HUMIC JMIC
SUBSTANCES SUBSTANCES
]
I I I
SOLUBLE ALKALI ~ SOLUBLE ALKLAI INSOLUBLE
SOLIUBLE ACD INSOLUBLEACID ~ ALKALI & ACID

FULVIC C HUM,
ACID :

<«§—DECREASING MOLECULAR WEIGHT
DECREASING CARBON CONTENT

<@—INCREASING OXYGEN CONTENT
INCREASING ACIDITY & C.EE.C

<«§——DECREASING NITROGEN CONTENT

1.5.2.2 FRACTIONATION AND PURIFICATION BASED ON MOLECULAR
SIZE DIFFERENCES

Humic substances can be viewed as a system of polymers varying in molecular
weight between several hundred and 1,500,000. The carbon and oxygen contents,
acidity and degree of polymerisation all vary systematically with molecular weight,
with the lower molecular weight fulvic acids having higher oxygen contents and lower
carbon contents, (Figure 1.1), than the higher molecular weight humic acids
(Kononova, 1966). Thus humic substances can be fractionated into fractions of similar
molecular weight or further fractionation and purification of extracted humic and
fulvic acids can be carried out utilising the differences.
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Gel permeation chromatography can be used to fractionate, purify and
characterise humic substances on the basis of molecular size. The method does have
some problems associated with it, the most important being gel/solute interactions.
However, these problems can be minimised by manipulating the gel and buffer types
(Swift & Posner, 1971).

Ultrafiltration has been used to isolate humic substances from aquatic systems
but has not been used as commonly with soil humic substances. The method involves
the use of membrane filters of known pore size with nominal cut off values ranging
from 50 to 1,000,000. One problem with the method is that the cut off values supplied
by the manufacturers may not be as sharp as published and they should be interpreted
with caution (Swift, 1985). The method is not as suitable for determining molecular
weights as gel permeation chromatography, but is useful for preparative fractionation
of aquatic humic substances and removal of small molecular weight materials.

1.5.2.3 FRACTIONATION AND PURIFICATION OF HUMIC SUBSTANCES ON
THE BASIS OF CHARGE

One of the most fundamental properties of humic substances is their
polyelectrolytic nature, resulting from the presence of ionised functional groupings.

Electrophoresis has been used to give a gradation of fractions by utilising the
charge on humic substances. This procedure has recently been combined with gel
permeation chromatography to give PAGE (polyacrylamide gel electrophoresis). The
polyacrylamide gel, e.g. XAD-8, is used as the support medium and the sample is
simultaneously subjected to fractionation on the basis of charge by electrophoresis and
on the basis of molecular weight by gel permeation chromatography. The procedure is
most applicable to purification of the fulvic acid fraction produced by alkali extraction,
since this is present in a soluble form. Humic acids can be dissolved in dimethyl
sulphoxide (DMSO) before passing into XAD-8 columns and once the contaminants
and DMSO have passed through the humic substances can be recovered by raising the
pH and then precipitating the fractions which are produced with acid (Hayes, 1991).

Anion exchange can also be used to fractionate humic substances via their
charge characteristics, as well as providing a means for purification. However, the
fractionation obtained is rather crude (Swift, 1985). ’
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1.6 THE CHARACTERISATION OF HUMIC SUBSTANCES

Even after extraction and fractionation, humic substances are highly
heterogeneous materials and their properties can vary on a microsite basis. When
working with these substances, it is important that their nature and properties be
characterised as far as current procedures allow. The characterisation procedures
described here are primarily concerned with determining the number and nature of the
reactive functional groups since these are particularly relevant to metal binding
studies.

1.6.1 ELEMENTAL ANALYSIS

Elemental or ultimate analysis involves the determination of the elements
present in a compound and this is an important chemical property of humic substances,
potentially providing information on their nature and source. '

Schnitzer and Khan (1978) carried out elemental analysis for a large number of
humates extracted from arctic, temperate, subtropical, and tropical soils. The values
centred around 54-56% carbon, 4-5% hydrogen and 34-36% oxygen. However, the
simplest way to express the results of elemental analysis is to use atomic ratios. The
ratios of H/C,0/C, and N/C can prove useful in the following ways:

1. To identify types of humic substances.

2. To monitor structural changes of humic substances in
soils and sediments. - '

3. To devise structural formulae for humic substances.

(Steelink, 1985).

In the identification of the type of humic substance the O/C ratio is particularly
instructive and soil and aquatic humic acids tend to show ratios of around 0.5. Soil
fulvic acids centre around 0.7 with aquatic fulvic acids showing lower ratios of around
0.6 which could reflect the lower carbohydrate content of the waters (Thurman and
Malcolm, 1983). The H/C ratios can also be used to identify the type of humic
substance with lake and marine humic substances extracted from the sediment having
higher H/C ratios than their soil counterparts (Steelink, 1985).

The elemental composition of humic substances varies with the extractant used,
S0 comparisons can only be made between humic substances extracted with the same
extractant and procedure (Hayes & Swift, 1978). '

Steelink (1985) proposed that the elemental analysis of a humic substance
could be used to give a potential structural formula or chemical structure. However, he
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also pointed out that fulvic acid and wood share the same empirical formula, and as
such to write a structural formula for any humic substance other information such as
titration results and functional group contents should be utilised.

One inherent problem in the study of humic substances is the lack of
reproducibility of results due to the heterogeneity of the materials. This also affects
elemental analysis leading to variability in the results, even with the same sample and
extraction procedure (MacCarthy, 1976).

1.6.2 SPECTROSCOPIC INVESTIGATIONS OF HUMIC SUBSTANCES

1.6.2.1 UV-VISIBLE SPECTROSCOPY

| Absorption in the ultraviolet and visible region is caused by atomic and
electronic vibrations, and involves the elevation of electrons in orbitals from the
ground state to higher energy levels. Systems containing conjugated C=C bonds and
unbonded electrons on oxygen are capable of showing absorption. Humic substances,
since they contain aromatic groupings, such as phenolic groups, as well as conjugated
aliphatic groupings, can show absorption in the visible and ultraviolet regions of the
electromagnetic spectrum and these groupings are usually referred to as
chromophores. However, the spectra recorded for humic substances tend to be
featureless, lacking the well defined peaks which are seen in simple organic
compounds (Hayes & Swift, 1978).

Absorption near 465nm has been used for quantitative analysis since it is
simple, non-destructive and requires very small amounts of material. Extinction
coefficients obtained increase with an increase in molecular weight, degree of
condensation, percentage carbon, and the ratio of carbon in aromatic structures to
carbon in aliphatic structures (Kononova, 1966). However the results obtained vary
between soils and within the same soil extract and are ultimately related to the
molecular weight of the humic acid fractions (Swift et al., 1970). Therefore, as with
any analysis, the results can only be compared when components from the same or
different soils are subjected to the same isolation and fractionation techniques.

As well as these differences in extinction coefficients, humic substances display
differences in colour which can be recorded by changes in the gradient of the UV/VIS
spectrum. The gradient is measured between 400 and 600nm and is known as the
E4/E g ratio. This ratio decreases with increasing molecular weight and condensation
and has been used to give an indication of the degree of humification (Stevenson,
1982).
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1.6.2.2 ELECTRON SPIN RESONANCE

When molecules containing unpaired electrons are placed in a magnetic field,
the energy of each electron is split into two discrete states through interaction of the
magnetic moment of the electrons with the applied field. These molecules can be
excited from the lower to the higher energy level by absorption of electromagnetic
radiation in the microwave region. This is called electron spin resonance spectroscbpy
and is used to study species which contain free radicals. Humic substances have been
found to contain high concentrations of free radicals and these may influence many of
the reactions which they are involved in, e.g. metal complexing. Free radicals are also
important in the synthesis and degradation procedures in the soil which result in the
formation of humic substances (Stevenson, 1982). Steelink & Tollin (1967) proposed
that the sources of free radicals in humic acids could include hydroxyquinone,
semiquinone polymer, adsorbent complexes, trapped radicals and polynuclear
hydrocarbons. '

The ESR spectrum of humic acid or fulvic acid consists of a single line
identified by its position and width and, on its own, contains very little information on
the nature of these materials since the signal comes from only a small fraction of the
total number of molecules that comprise the humic or fulvic acid.

1.6.2.3 INFRA-RED SPECTROMETRY

Infra-red analysis can be used to provide information on the reactivity, nature
and structural arrangement of the oxygen containing functional groups as well as
information on the occurrence of protein and carbohydrate constituents and impurities
such as metal ions and mineral material. It is primarily a qualitative method of analysis
which is non-destructive and requires minimal sample preparation.

The development of Fourier Transform Infra-Red Spectroscopy (FTIR) has led
to increased resolution in the spectra produced. Fourier transformation is a way of
computing mathematically the spectrum of radiation passing through an interferometer
from an interferogram. It results in high resolution spectra and observes the radiation
of all wavenumbers all the time (Griffiths, 1975). A more recent development is
Diffuse Reflectance Infra-Red Spectroscopy (DRIFT) which does not incorporate the
problems of hygroscopic moisture encountered in normal FTIR (Baes and Bloom,
1989).

The infra-red spectra of humic substances have broad bands due to the
heterogeneous nature of the materials. In order to try to elucidate chemical structure,
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humic substances have been modified by chemical treatment such as methylation or
acetylation. Wood et al. (1961) found infra-red bands characteristic of cyclic
anhydrides in lignite humic acid that had been refluxed with acetic anhydride,
indicating that many of the carboxylic acid groupings occupied positions sufficiently
close together to form anhydrides. Wagner and Stevenson (1965) subjected humic acid
to methylation, acetylation and saponification in an attempt to determine the number
and arrangement of functional groups. They found that about one third of the
carboxylic acid groupings could form cyclic anhydrides and also that about two thirds
of the hydroxyl groupings were phenolic in nature. However the results of such studies
can be ambiguous due to non-specificity of the reactions and side reactions as well as
the destructive nature of the treatments. ’

Infra-red spectroscopy has been used to provide information on the effects of
differing geochemistry and source on the composition of humic substances and a
combination of chemical and spectroscopic investigations is often used.

Deina et al. (1990) studied humic acids extracted from sewage sludges, manure
and worm compost. The humic acids from the sewage sludge were more akin to
aquatic humic substances whereas those extracted from worm and manure compost
were akin to soil derived humic acids. The spectra of fungal melanins were also shown
to be similar to those of soil humic polymers indicating that they play a role in the
formation of humic substances (Paim et al., 1990).

Stevenson and Goh (1971) studied humic and fulvic acids from several
different sources and separated the materials into three main spectral types according
to their absorption characteristics. They also studied the humification process and how
it affects the spectra. Humification was seen to result in a loss of carboxyl groupings
and a change in the environment of the carbonyl group from free or weakly bonded
states to strongly adsorbed forms. Humification has also been seen to result in a
decrease in the polysaccharide content of humic substances with an increase in amide
content as fatty acids are converted into bound forms (Hempfling et al., 1988).

FTIR has also been used for quantitative analysis of the carboxyl content of
fulvic acid. Interference from water was corrected for by spectral subtraction. The
results were then compared to those calculated by potentiometry and were found to be
comparable to the spectroscopic method (Cabaniss, 1991).

Studies of unextracted organic matter have become more frequent in an attempt
to overcome the problems of alkaline extraction. Humification of peat samples resulted
in a decrease in the polysaccharide intensity, as seen in humic acids, whilst the
intensity of carbonyl groupings and aromatic bands increased on humification
(Niemeyer et al., 1992). This study utilised DRIFT spectroscopy which was also
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utilised by Holmgren and Norden (1988) to characterise Sphagnum and Carex peat.
They observed differences in the spectra due to the plant origin and also showed that
DRIFT spectroscopy can be used to give a quantitative determination of amino acids
and sugars in peat. The results were in excellent agreement with values calculated by
Kjeldahl measurements.

DRIFT spectroscopy will undoubtedly become more important in infra-red
studies, not only for quantitative determinations, but also in the study of unextracted
humic substances.

1.6.2.4 NUCLEAR MAGNETIC RESONANCE

The nuclei of certain atoms (e.g.lH and 13C) can exhibit magnetic spin
momentum when placed in-a magnetic field, causing energy transitions to occur. The
spectrum produced can provide valuable information regarding the immediate
chemical environment of the atom under study and is seen as a powerful new tool for
the determination of functional groups in humic substances providing more
information on the functional groups. But, the measurement of the functional group
concentration of humic substances by both 13C and IH NMR spectroscopy in both
liquid and solid samples is at best semi-quantitative (Hatcher ez al., 1983).

Baldock et al. (1991) also highlighted another major problem when using solid
state 13C NMR in mineral soils, namely, the low carbon content coupled with the low
natural abundance of 13C nuclei. Therefore long scan periods are necessary to give
adequate signal resolution, unless the soil is incubated with a 13C-1abelled substrate.
Organic soils, with their higher carbon content, are not affected as much by this
disadvantage.

The development of cross polarisation magic angle spinning (CPMAS) 13¢
NMR has improved the resolution of the method and it is now widely used in
structural and chemical investigations. In particular greater understanding of the role
of aliphatic carbon in humic substances has been gained through CPMAS 13¢ NMR
studies. This aliphatic material would have previously been hydrolysed in the
degradation procedures used in earlier structural investigations. Thus, concepts of the
compositional nature of humic substances were challenged. '

The method has been utilised to identify different chemical forms of carbon in
mor and mull humus as well as other variations in the types of humus (Hopkins &
Shiel, 1991). 13C NMR has also been instrumental in confirming that humic acids
from each environment are very different in composition from the fulvic acids from
the same environment (Malcolm & MacCarthy, 1991).
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Baldock et al. (1991) showed that organics in whole soil samples could be
characterised without resorting to lengthy extraction and/or fractionation procedures,
thus minimising changes within the humic substances. They showed that combining
13C NMR with pyrolysis had far greater potential than a single technique and they
proposed that applying combinations of techniques such as NMR, IR and MS to
unextracted organic matter in soils and waters could lead to significant advances in the
understanding of the behaviour of these materials in the natural environment.

1.6.3 FUNCTIONAL GROUP ANALYSIS

The acidity of humic substances and their reactivity towards heavy metals and
radionuclides is ultimately related to their content of oxygen-containing functional
groups, although the involvement of other functional groups cannot be discounted. The
qualitiative determination of parameters such as total acidity or carboxyl group content
is complicated by the heterogeneity of the humic substances. Many of the analytical
techniques used lack specificity in reaction or result in undesirable oxidation,
reduction or derivatisation reactions which can affect the results. In addition, the
reactions are often non-stoichiometric. Consequently, comparison of the results
produced with published results can be ambiguous due to a lack of standardisation of
methods for extraction, fractionation and purification (Stevenson, 1982).

Dubach and Mehta (1963) concluded that the following could easily result in
contradictory results being published:

(a) Divergent origin of humic substances.

(b) Lack of adequate criteria for purity.

(c) Variable molecular weights, leading to incomplete reactions, adsorption of
reagents and undesirable fractionation during manipulation.

(d) The proximity of many and different functional groups which influence the
reactivity of the groups and the specificity used for their detection and measurement.

1.6.3.1 DETERMINATION OF THE TOTAL ACIDITY

Determination of the total acidity is one of the most commonly used methods of
chemical characterisation. Since it is based on the acidity of the reactive groupings it
has its own set of problems, one of the most important being the complex nature of the
humic substances resulting in the overlapping acidities of various groups (Stevenson,
1982).
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One method of determining the total acidity involves reacting the humic
substances with barium hydroxide and then determining the amount of bound barium
by titrating the unused base with standard acid. The main advantage of the method is
its simplicity, although it does suffer some interferences, one being associated with the
filtration step. If any weakly ionised groups remain in solution they will be re-titrated
and consequently lower the value. If a coloured filtrate is obtained, ultrafiltration
should be employed (Davis, 1982). Oxygen can also interfere with the method, and all
measurements should consequently be carried out under nitrogen.

Regardless of the potential interferences, Perdue (1985) reported that the
barium hydroxide method is potentially an accurate method of analysis if the filtration
step is approached with care, and all measurements are carried out under nitrogen.

Potentiometric titration with dilute alkali can also be used to calculate the total
acidity. The sample is equilibriated with a reagent at very high pH so that even the
weakest acids will react. This can pose problems in that it is difficult to determine
accurately how much base has reacted in the presence of the extreme excess of base
which is required to give a high pH.

Humic acids are viewed as complex polyelectrolytes. Their acidic properties
are complicated by electrostatic charge accumulation on the polymer as neutralisation
proceeds, resulting in the remaining acidic groups becoming weaker in acidity
(Stevenson, 1982). Thus a continuous distribution of pKa values is seen, resulting in
no recognisable end point. To compensate for this, Posner (1966) used the end point
where the rate of change of pH became a maximum to calculate the end point.
Stevenson (1977) also calculated the total acidity from the titration curve in this way,
as well as defining a value for the amount of available reactive groups present at any
pH value. It is also preferable to have equilibrium achieved as soon as possible to
avoid base-catalysed side reactions, such as the hydrolysis of esters and peptides
which may lead to releases of carboxylic acids (Perdue, 1985). '

Piccolo & Camici (1990) compared the two methods and found that the barium
hydroxide method always gave higher results than the potentiometric method due to
the precipitation of humic subtances before measurement, which led to an
underestimation of the total acidity. However, potentiometric titration gave better
precision and did not suffer from the interferences that affect the barium hydroxide
method.
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1.6.3.2 DETERMINATION OF THE CARBOXYL CONTENT

Due to the abundance of carboxyl groupings and their importance in the
reactivity of the materials, determination of the carboxyl content of humic substances
is often carried out. Bonn & Fish (1991) suggested that the carboxyl content provided
a better indication of the complexing potential of humic matter that the total acidity
measurements, since it excludes the phenolic groupings which will not be dissociated
at most soil pH values.

The calcium acetate method has been widely used for determining the carboxyl
content of humic substances. The method yields fractionally defined carboxyl contents
and is based on the release of acetic acid when humic substances react with calcium
acetate (Schnitzer & Khan, 1972). It is a simple method which yields accurate results
when compared to direct decarboxylation. However, as with the determination of the
total acidity, interferences can occur. Calcium acetate (0.1M) is poorly buffered and
the equilibrium pH, which determines the extent to which acidic functional groups
react, is dependent on the amount of humic substances added. Also, additional protons
can be released in the reaction with calcium acetate (Perdue, 1990). There is also a
problem with groups other than the carboxyl groups reacting with the calcium acetate
leading to an over-estimation of the carboxyl content. In addition, functional groups
less acidic than carboxyl groups which do not react with calcium acetate could still
react with the sodium hydroxide on titration.

As with calculation of the total acidity, the filtration step can also cause
problems, which led Holtzclaw & Sposito (1978) to modif the method accordingly.
However, they could not avoid the other interferences described above.

Bonn & Fish (1991) studied the method using laboratory experiments with
humic acids, as well as computer stimulations with hypothetical acids. From these
studies they concluded that unless the exact reactions are known, individual carboxyl
content measurements cannot be compared. Also, no titration method can be assumed
to quantify the acidic group content for humic acids which have a continuous pK
distribution.

1.6.3.3 DETERMINATION OF THE METAL BINDING CAPACITY
In determining the content of reactive functional groups for metal binding, the
maximum binding capacity (MBC) of a humic substance for that metal may be

calculated, and this can give information on the availability and movement of the
metal in the environment. Van Dijk (1970) proposed that the capacity of humic acids
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to bind metal ions was at most equal to the number of titratable hydrogen ions divided
by the valency of the metal. However, it is preferable to titrate the humic substance
with the metal being studied until no further metal can be bound, since the interaction
of a metal with the humic substance varies between different metals. This approach
was suggested to be the most accurate for determining the total ligand concentration of
humic substances for metal binding studies (Fish et al., 1986).

Perdue (1989) proposed that the MBC is a compositional rather than
thermodynamic parameter, unlike the conditional stability constant for the reaction of
a metal with a humic substance. Thus it should not be dependent on pH, ionic strength,
nature of the metal or concentration of ligand. Yet, the MBC appears to vary with
reaction conditions and appears highest at near-neutral pH, low ionic strength, high
ligand concentration and with highly polarisable metals such as Cu2+. The MBC of
such a humic substance is a weighted average of the complexation capacities of the
individual ligands present in the mixture and these ligands in binding energy or log K.
It is this binding energy which is affected by changes in pH, ionic strength, etc., and
thus it makes it more difficult to realise the MBC under less than optimum conditions
(Perdue, 1989). Therefore, the MBC should always be assessed for the reaction
conditions being employed in the study.

Interpretation of the titration data and calculation of the MBC has involved
using the Langmuir equation (Zunino & Martin, 1977, McLaren & Crawford, 1973), a
mathematical expression originally developed by Langmuir (1918, cited in Mott,
1988) to describe the adsorption of a gas on a clean solid. The equation assumes that
the complexing strength remains constant as the proportion of complexing sites
increases, and that only one type of complexing site is present.

Zunino & Martin (1977) studied copper complexing by colloidal organic matter
and achieved linear Langmuir plots. They concluded that many small successive
Langmuir responses may be happening as different strengths or classes of binding site
are occupied. These cannot be detected but combine to give an overall Langmuir
response.

Sanders (1980) also studied organic matter-copper complexes and found that
humified organic matter-gave curved graphs instead of a linear relationship. This could
be indicating that not all binding sites have the same strength. Alternatively, the
presence of adsorbed metal ions could be making further adsorption more difficult.
Indeed both effects could be contributing to the lack of linearity and many authors
have proposed the existence of more than one class of binding site (Buffle et al., 1977:
Mantoura & Riley, 1977). Therefore, many researchers utilise the double surface
Langmuir isotherm which assumes two distinct classes of binding site whose
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complexing strength remains constant as they become filled (Sposito, 1982). Sanders
(1980) found that the data which gave a curved Langmuir response fitted the double
surface Langmuir well and this was reinforced by Fitch and Stevenson (1984), who
also showed that the Langmuir plots gave an underestimation of the MBC as
calculated from the double surface isotherm. Since the functional groups on humic
substances are dominated by weak acid sites such as carboxylic acids, the optimum
conditions for saturating these sites with a metal often result in flocculation. This
process could give ambiguous results, and resulted in Perdue (1989) proposing that
the total acidity could instead be utilised to give an estimate of the MBC of a humic
substance.

The values for the MBC are conditional, yet provide information on the
reactivity of the humic substance towards a particular metal. Zunino & Martin (1977
proposed that the MBC is more important in the study of natural systems than studies
on structure or the calculation of stability constants.

1.7 THE INTERACTION OF METALS WITH HUMIC SUBSTANCES

The ability of humic substances to react with cations via the negatively charged
functional groups has long been recognised (Stevenson, 1982). They therefore play a
significant role in controlling the behaviour of pollutant metals in the environment.
The reactions involved are highly complex and differ depending on the metal, humic
material and pH. However, in terms of the environmental implications of metal
binding the following effects can be seen:

1. Metal ions which would normally form insoluble precipitates may form a soluble
organic complex, with the potential to contaminate groundwater systems or be
available for plant uptake. Mierle and Ingram (1991) reported that Hg can be
remobilised into water systems through soluble organic complexes, and the mobility of |
Pb in organic soils under reducing conditions is correlated with the contents of
dissolved organic matter (Urban et al., 1990).

2. Alternatively, insoluble complexes can be formed which result in a reduction in
bioavailability and consequently ecotoxicity of metals as they become immobilised by
the complexation process (Dissanayake, 1983). Copper and cadmium have been
shown to react with humic substances in this way (Brennan et al., 1983).
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1.7.1 THE NATURE OF THE INTERACTION BETWEEN METALS AND
HUMIC SUBSTANCES

1.7.1.1 CLASSIFYING COMPLEXATION

The interaction of a metal with a humic substance can be called coordination or
complexation and the metal complexes formed can be grouped into two main types of
interaction:

(1) OUTER SPHERE COMPLEXES.

These have a purely electrostatic nature and both the ligand and the metal retain
their hydration sphere (Figure 1.2). The alkali metals and group 2 elements tend to
favour this ionic type of interaction where the metal is also seen to be held in an ionic,
exchangeable form.

Figure 1.2. The interaction of a metal to form an outer sphere complex.
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Bonn and Fish (1993), demonstrated that this effect was indeed occurring for Li*, Na*
and K+ '

(2) INNER SPHERE COMPLEXES.

These result in the formation of a covalent bond between the coordinating ligand(s)
and the metal ion, with partial or total dehydration breakdown of the hydration sphere
of the metal. The transition metal elements tend to favour this more covalent type of
interaction which can be called coordination, chelation or bridging.

Figure 1.3. The different types of inner sphere complexes.
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(Buffle, 1988).

In a study on the metal ion binding of unextracted organic matter, Bloom and
McBride (1979) showed that divalent ions such as Ca2+, Mn2+, Co2+ and Ni2+ were
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all bound as hydrated ions in outer sphere complexes whilst Cu2* was able to form
inner sphere complexes. However, the formation of more stable inner sphere
complexes does not always guarantee immobilisation of metals in the environment.
Piccolo (1989) showed that the complexing of cadmium, zinc and nickel did reduce
the plant availability of these metals, but, particularly with lower molecular weight
humic substances, the inner sphere complexes can be soluble, resulting in the
enhanced mobility of a metal (Tipping & Woof, 1991).

The ability of metal ions to react with specific ligand atoms can also be
classified, and this is governed by the number of electrons in their outer electron shell.

Class A metal cations have the inert gas type (d°) electron configuration and as
such the electron shells are not easily deformed under the influence of an electric field.
These cations prefer to complex with F-, O- or CI- containing ligands and include Nat,
K+, Mg2+, A3+, and Sr2+. Class B metal cations have electron shells which are easily
deformed and they prefer to react with ligands containing I, S, P or N. These cations
include Ag+, Au+, Zn2+ Pb2+, Cd2+ and Hg2*.

Pearson (1963) noted that the class A metal cations, or acids, were small
compact and not very polarisable and that they consequently preferred ligands, or
bases, which were less polarisable. He called these acids and bases.“hard”. In turn the
class B metal cations tend to be larger and more polarisable and thus prefer ligands
which are more polarisable. These are known as soft acids and bases. The interactions
can be summed up with the statement that:

“hard acids prefer hard bases and soft acids prefer soft bases.”
' (Pearson, 1963).

The hard acid-hard base interaction will contribute towards the outer sphere
complexes described by Buffle (1988), where the interaction is ionic or eléctrostatic in
nature and the metal is held by the humic substance in an exchangeable form.
Conversely, the soft acid-soft base interaction will contribute towards the formation of
inner sphere complexes which are more covalent in nature.

1.7.1.2 HUMIC SUBSTANCES AS LIGANDS

Humic substances possess a large number and variety of functional groups, and
can be viewed as polyfunctional ligands (Buffle, 1988).

Oxygen-containing functional groups are the most abundant and are ultlmately
the most important to metal binding. However, the involvement of other groups in
metal binding cannot be discounted. Sikora and Stevenson (1988) correlated the
maximum binding capacities of humic acids for silver with their nitrogen contents and
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Ephraim et al. (1986) proposed the existence of a linkage between copper and an
amino-carboxylic acid group.

Infra-red studies have not only been integral in elucidating the prescence of
these groups, but have also been used to observe the changes which occur on metal
binding. The main changes in the infra-red spectrum on metal binding occurs in the
1720-1600 cm-1 region, where the carboxylic acids, quinone and ketonic groups
absorb. Changes in the hydroxyl groupings can be difficult to interpret (Piccolo &
Stevenson, 1982). .

Although the importance of the carboxyl groupings has been established, the
exact nature of this linkage has yet to be elucidated. Stevenson (1977) suggested that
salicylate or phthalate type ligands could be responsible. Cu2+ has been used
extensively to study metal humic interactions, often with salicylic and phthalic acids as
model compounds. From these studies it appears that salicylate and phthalate type
linkages alone do not provide a model for Cu2+ binding and are weaker than humic
metal interactions (Livens, 1991).

It is accepted that metals such as Cu?+ can complex with more than one
binding site, often forming 2:1 linkages (Buffle et al., 1977: Stevenson et al., 1993).
Polydentate linkages, involving up to 3 or 4 donor ligands have also been proposed
and these could potentially be any combination of phthalate or salicylate type
groupings (Bresnahan et al., 1978). Gregor et al. (1989) alternatively postulated that
the donor ligands came from malonate, peptide and citrate type groupings, with a
possible contribution from nitrogen containing heterocycles. This was also observed
by Town & Powell (1993) in a study of soil-derived humic and fulvic acids.

Certainly the polyfunctional nature of humic acid substances will encourage
such chelation reactions, and it should be remembered that the irregular structure of
these materials means that no two functional groups will be chemically identical
(Gamble et al., 1980). ' :

1.7.2 QUANTIFYING METAL BINDING

With humic substances being important metal binding agents in the
environment it would be desirable to quantify their reactions and therefore be able to
predict their behaviour. Quantification of metal binding generally involves the
calculation of a formation or equilibrium constant for the metal-humate complex, e.g.
for the reaction,

M+L & ML
the thermodynamic equilibrium constant, by the law of mass action, is:
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Here the constant is expressed in terms of activities, and since it is more
convenient to measure concentrations these must be converted by means of the activity
coefficient. The formation constant calculated is also highly conditional, and depends
on temperature, pressure, ionic strength, pH, concentration of competing metals and
ligand concentration.

Humic substances are not as simple as this, since there are a large number of
ligands of various types with varying affinities. Thus the equation can then be
rewritten to give a cumulative formation constant for m cations M, with / ligands L:

{Mle }
{m}" {LY

(Buffle, 1988).

In quantifying metal binding it is more important to achieve a valid
thermodynamic description of metal binding than to define binding chemically (Turner
et al., 1986). However, defining binding thermodynamically is complicated by
secondary effects which affect the environment of the ligand or binding site before and
during complexation. There are three main categories of secondary effects:

(1) CHANGES DUE TO POLYFUNCTIONAL PROPERTIES.
Humic substances have a diversity in chemical nature, electronic environment and
steric environment of the functional groups, which alter on metal binding.

(2) CONFORMATIONAL CHANGES ON COMPLEXATION.

On complexation the ionic strength, pH and complexable ion content all alter, and the
degree of conformational alteration depends in particular on the hydration-dehydration
process and the formation of hydrogen bonds and metallic bridges within the humic
substance.

(3) POLYELECTROLYTE CHANGES.
On metal binding the remaining groups become weaker in acidity and fewer in
amount. Thus the overall negative charge on the humic substance will decrease and

binding will become increasingly more difficult.
Buffle, (1988).

Accounting for these effects within the mass balance equations would lead to
the inclusion of an unpheasible number of parameters, and in practical terms this is not
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possible since several of the effects can occur at once, and they cannot be measured
and quantified. Even when the pH and ionic Strength are constant K can still vary
since, as described above, when the metal/ligand ratio increases K decreases resulting
in K constantly changing. Therefore, as Perdue (1989) states,

“formation constants for metal-humic substance complexation are not actually
constant and should be viewed with skepticism.”

In modelling the metal-humate interactions it is therefore necessary to make
several assumptions, the most important and universally relevant being that
thermodynamic equilibrium has been achieved. The formation constants generated
from such models should also be interpreted with caution.

1.7.2.1 MODELS OF METAL BINDING

In modelling metal binding it must be remembered that the equilibrium
constants obtained are highly conditional and are only valid within the range of
conditions employed within the titration reaction.

The relative merits of each of the following models are hard to ascertain, since
they all appear to fit the data equally well. In terms of using the models to calculate
constants from data, careful consideration should be made of the uses of the model, the
quality and quantity of titration data, and the available computational resources (Fish
et al., 1986). The four main types of model will be outlined in turn as follows, and the
relevant papers can be consulted for more detailed information.

(1) DISCRETE LIGAND MODELS.

These models will be discussed in most detail, since they were utilised most in
the research. They are multiligand models which require only a few ligands to fit the
- data and ignore the effects of variations in humic charge which occur on binding, and
changes in the c