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This volume is dedicated to Galina Moiseevna Varshal — the prominent Soviet-Russian
scientist, Professor of the Institute of Geochemistry and Analytical Chemistry
(GEOKHI) of the Russian Academy of Sciences.

She passed away on July 16, 2001; her lecture on the geochemical role of humics in
metal migration was to open the Workshop.

Galina M. Varshal was an outstanding scientist and a bright and generous person.
This volume is dedicated to Galina Moiseevna in appreciation for her devoted service to
the science of humic substances.
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PREFACE

Effective remediation of polluted environments is a priority in both Eastern and Western
countries. In the U.S. and Europe, remediation costs generally exceed the net economic
value of the land. As a result, scientists and engineers on both sides of the Atlantic have
aggressively tried to develop novel technologies to meet regulatory standards at a
fraction of the costs. /n situ remediation shows considerable promise from both technical
and economic perspectives. In situ technologies that deploy natural attenuating agents
such as humic substances (HS) may be even more cost effective. Numerous studies have
shown humics capable of altering both the chemical and the physical speciation of the
ecotoxicants and in turn attenuate potential adverse environmental repercussions.
Furthermore, the reserves of inexpensive humic materials are immense. Which suggests
HS portend great promise as inexpensive amendments to mitigate the environmental
impacts of ecotoxicants and as active agents in remediation.

To elucidate emerging concepts of humics-based remediation technologies, we
organized the NATO Advanced Research Workshop (ARW), entitled "Use of humates
to remediate polluted environments: from theory to practice", held on September 23-29,
2002 in Zvenigorod, Russia (see the web-site http://www.mgumus.chem.msu.ru/arw).
The purpose of this ARW was to bring for the first time a league of experienced
scientists who have studied humics structures, properties and functions in the
environment, together with an association of environmental engineers who have
developed novel remediation technologies. The workshop created among the
participants an awareness of the current status of research in remediation chemistry and
in humics technology. At the meeting, 20 oral and 29 poster presentations were given
followed up by multiple discussions that were both engaging and constructive.

This book summarizes the proceedings of the Workshop, and is dedicated to
Professor G.M. Varshal (deceased). Four chapters appearing in this volume are from
authors who could not attend the workshop, but kindly agreed to prepare written
contributions (J.F. De Kreuk, J.A. Field, D.S. Gamble, and V. Moulin). Three reports
from Working Group discussions prepared by rapporteurs designated at the ARW are
included in the Introduction. All papers have been subject to peer review by at least two
referees. We thank all the authors for their helpful collaboration.

We are grateful for the financial support from NATO Science Affairs Division,
which made it feasible to organize this Workshop. We thank Muefit Tarhan (Humintech
Ltd.) for the monetary awards to the best poster presenters. The hard work of Joy
Drohan (Eco-Write) on editing the translations from Russian is deeply acknowledged.
We also wish to express our sincere appreciation to Dr. Natalya A. Kulikova and
Alexey V. Kudryavtsev for their invaluable assistance in organizing the Workshop and
in preparing this volume for publishing.

Afout— TS /M M&M

Irina V. Perminova Kirk Hatfield Norbert Hertkorn
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INTRODUCTION

1. Objectives of the book

The aim of this book is to establish a linkage between scientists who have studied
humics structures, properties and functions in the environment, and environmental
engineers who have developed novel remediation technologies. In pursuing this goal, the
engineer interested in remediation is provided with sufficient information on the basics
and state-of-art of humics research pertinent to remediation. On the other hand, for the
interested scientist familiar with the basic research on humics, this text provides
sufficient information on the methods, needs, and limitations of existing remediation
technologies, and on the latest developments in applied humic research. It is the
objective of the authors that this text be sufficiently thorough that it serves to facilitate
the development of a common language and stimulate discussions among scientists and
engineers. The diverse expertise brought together to create this book promises desirable
synergetic effects of solving remediation problems by revealing new fields of applied
humic research and extending current technical application of humics.

The principal objective of the book is to elaborate a systematic characterization of
the mediating effects of HS by categorizing these effects according to their impact on
the fate of ecotoxicants and on the physiological functions of living organisms. Given
the subtitle: ‘from theory to practice’, another substantial objective is to assess the status
of knowledge pertaining to the function or role humics may serve in the remediation of
polluted environments, and to show the limits of current knowledge on the properties
and functions of HS. Concerning the practice of remediation, principal objectives are to
assess the scope of current applications, to define promising directions of technological
developments, and to formulate the research needs. Hence, the volume pays particular
attention to in situ remediation technologies as the most viable option for the application
of humics as active agents in remediation.

2. Organization of the book

This book contains 24 chapters that are structured into five parts. Part 1 gives a general
overview of the remedial properties of humic substances and identifies various
challenges pertinent to their application in remediation. The first part also introduces the
topics of subsequent sections. For example, the focus of Part 2 is the interaction that
occurs between HS and heavy metal and radionuclide via complexation. Part 3
addresses sorption/partitioning as a primary interaction between humics and organic
ecotoxicants. Then there is Part 4, where the topic is humics interactions with the
physiological functions of living organisms and their effects on microbially mediated
ecotoxicant transformations. Finally, in Part 5 analytical approaches for quantifying HS
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structure and properties are discussed, as are studies where humic materials have been
modified to acquire desired properties.

2.1. REMEDIAL PROPERTIES OF HUMIC SUBSTANCES: GENERAL
CONSIDERATIONS AND PROBLEMS IN ADDRESSING NEEDS OF
ENVIRONMENTAL REMEDIATION

The first chapter gives a general introduction to the field of remediation chemistry in
context of humic substances potential implications. It provides an overview of the
interactions encountered between HS, ecotoxicants, and living organisms in a polluted
environment. The most important interactions identified include: binding interactions
affecting chemical speciation and bioavailability of contaminants; interfacial interactions
altering physical speciation or interphase partitioning of ecotoxicants; abiotic-biotic
redox interactions that influence metabolic pathways coupled to pollutants; and finally
direct and indirect interactions coupled to various physiological functions of living
organisms. All of these interactions possess significant utility for in sifu remediation;
consequently, several humic-based reactions are examined in detailed that are pertinent
to permeable reactive barriers, in situ flushing, bioremediation, and phytoremediation.
Finally, this chapter introduces the novel concept of “designer humics” which are a
special class of customized humics obtained by chemically modifying and cross-linking
the humic backbone such that this new humic-based material acquires specified reactive
properties. Designer humics, as described herein possess the potential for achieving
enhanced remediation and for quantifying remediation performance. The Ilatter is
described in the context of the passive flux meter technology.

Chapter 2 presents the general theory of humification, describes the biogeochemical
rules of humus formation in soil, and defines the functions of HS in the biosphere. The
kinetic nature of humification process is given particular consideration. The following
features inherent to the process of forming humus are identified: first, the process is
biomineral in nature; second, transformations of organic matter are
biothermodynamically driven; and third, the quality of humus generated is determined
by the prevailing environmental condition at each stage of humification. Chapter 2
defines five principal functions displayed by HS in the biosphere; these are the
accumulative, transport, regulatory, physiological and protective functions. The
protective function is considered in detail. Experimental evidence is provided for the
example of interactions occurring between soil humics and heavy metals.

Chapter 3 sets the stage for improvements the quantitative prediction of reaction
equilibrium between HS and different reagents. The reviewed literature clearly shows
that the principles of classical chemistry, as understood for monomeric reagents, are to
some extent adaptable to humic complex mixtures. Demonstrations of predictive
chemical calculations have been published and the practical implications are discussed
herein. However, this chapter emphasizes that there is an urgent need for a new
generation of models (perhaps stochastic in formulation) capable of predicting the
reactive properties of humics. These new models will play a crucial role in the design of
novel humics-based remediation strategies.
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2.2. COMPLEXING INTERACTIONS OF HUMIC SUBSTANCES WITH HEAVY
METALS AND RADIONUCLIDES AND THEIR REMEDIAL IMPLEMENTATION

The topic of humics/heavy metals interactions is developed in Chapter 4. Authors
provide the requisite theoretical background and review data on the complexing capacity
of humics for various heavy metals. The role of HS interactions in metal uptake by
higher plants is given particular attention. Impacts of HS on heavy metal speciation,
migration, and toxicity in aquatic environments are discussed in Chapters 5 and 6. The
former focuses on changes in the complexing properties of UV-oxidized natural organic
matter (NOM). It is shown that UV oxidation reduces the molecular size of the NOM
and in turn decreases its inherent Al-complexing capacity. Of interest is that UV-
oxidation does not effect the same change in the complexing properties of NOM towards
Pb and Zn. Relationships between the structure and the complexing properties of NOM
are further addressed in Chapter 5. Studies of seasonal variations evident in the
properties of NOM in the natural waters reveal significant decreases in complexing
capacity in late spring and early summer, when NOM is enriched with the newly
produced organic matter. In this context of particular importance is the demonstrated
coupling between NOM complexation with ecotoxicants and the resultant detoxification.
Model systems with copper show that a decrease in water toxicity is correlated with a
reduction in the concentration of free metal produced when copper binds to NOM. The
given results elucidate a coupled relationship between the structure of humics and their
ability to complex heavy metals.

Chapter 7 reviews a vast pool of data on HS interactions with the most dangerous
metal contaminants, radionuclides. The data originates from research conducted at the
Centre of Atomic Energy (CEA) in France. The chapter provides a solid analytical
background of investigations focused on the complexing properties of HS with
radionuclides. Data on the stoichiometry of the complexes and the respective stability
constants are given for actinides, iodine and lanthanides. Results presented are obtained
for Aldrich humic acid, and aquatic fulvic acid. Discussed is the influence HS have on
the retention of trace element on mineral surfaces. The latter topic is the focus of
Chapter 8 where HS are considered as components of geochemical barriers for actinide
migration. Original results on sorptive and redox interactions in a mineral-HS-actinide
system are given. A conclusion is drawn regarding the suitability of using humics as
agents to immobilize actinides in contaminated environments. This conclusion is
confirmed by results of a case study presented in Chapter 9. Both laboratory and field
studies demonstrate that treating polluted soils with brown coal composed of up to 80%
humic acids induces a drastic reduction in the mobility and toxicity of heavy metals.
This shows that humic materials can be used to ameliorate heavy metals toxicity in soils.

In summary, the above chapters clearly demonstrate HS can affect metal speciation
and migration in soil and aquatic environments. The structure features found in the
humic macromolecule are of particular importance when assessing the binding affinity
for metals. The more oxidized, low molecular weight humics (i.e., fulvic acids) produce
less stable and more mobile complexes; whereas, the less oxidized and higher molecular
weight humics (i.e., humic acids) produce more stable and less mobile complexes.
Hence, humic acids function as both detoxifying and binding agents; whereas fulvic
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acids may be more effective as flushing agents useful for remediation metal
contaminated soils and aquifers.

2.3. SORPTIVE-PARTITIONING INTERACTIONS OF HUMIC SUBSTANCES
WITH ORGANIC ECOTOXICANTS AND THEIR REMEDIAL
IMPLEMENTATION

Chapter 10 is devoted to examining the sorptive interactions of HS with minerals and
with organic contaminants and to discussing the prospects of their use in permeable
reactive barrier (PRB) technologies. Basic concepts are addressed relevant to the in situ
remediation of hydrophobic organic contaminants (HOC) contaminated aquifers using
sorptive PRBs. Particular attention is given to an original concept of creating an in situ
sorptive PRB through a sequential process of first coating aquifer materials with an iron
precipitate that is then covered with humics. The obtained humic coating induces
sorptive interactions with dissolved HOC, and thus, retards their migration. The results
of significant laboratory experiments are given. A design of a corresponding field
experiment is discussed. The considerations given thus far on the sorptive interactions of
humic coatings with HOC and on the use of humics in sorptive PRBs are complemented
by the contents of Chapter 11. This chapter examines the partitioning interactions
between humics and HOC in the framework of using concentrated humic solutions as
flushing agents for the remediation of polluted aquifers. Colloidal dispersions of HS are
shown to enhance the removal of HOC from aquifers. It is clearly demonstrated that a
concentrated solution of Aldrich® humic acid can be used to flush diesel fuel from a
pilot-scale model sand aquifer. Experiment shows elevated organic constituent solubility
producing an accelerated rate of plume remediation. Practical recommendations on a use
of HS as flushing agents are given.

Chapter 12 complements considerations given to the use of HS as flushing agents by
identifying problems of soil bioremediation caused by the mass transfer limitations.
Several factors are identified as constraining the performance of bioremediation in the
field including: the groundwater flow rate; the soil structure heterogeneity; the binding
of contaminants to organic matter; the binding of essential nutrients to soil; and the
presence of contaminants in an immiscible phase (i.e., DNAPL). The chapter concludes
with a proposed strategy of using concentrated humic solutions to facilitate groundwater
flow through hydrophobic zones of contaminated aquifer. With nutrients and electron
donors/acceptors supplied, local indigenous microorganisms are stimulated to degrade
contaminants, and bioremediation resumes. Chapter 13 introduces another feasible
strategy of using the interfacial activity of HS to meet the needs of in sifu remediation.
This chapter describes an original approach to improving the biodegradability of organic
contaminants in wastewaters using cationic surfactant modified zeolites. Zeolite particles
are good carriers of bacteria, but the formation of the bacteria layer on the zeolite
surface is slow. The approach requires the attachment of cationic surfactants to the
surfaces of zeolite particles. The sorbed polyelectrolytes alter the surface charge on the
zeolite particles which in turn accelerates the surface sorption of bacteria. The resultant
increase in sludge density produces a desirable increase in sludge activity. The efficiency of
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modified zeolites has been proven in the laboratory and in full-scale experiments. Use of HS
for modification of zeolites as an alternative to artificial surfactants is discussed.

In summary, it can be concluded that when fixed on mineral surfaces, HS can retard
the migration of organic contaminants, and when dissolved in water, humics can
facilitate the transport of the contaminants in the subsurface. The former process heralds
opportunities to use humics as sorbents in PRB, while the latter process is of particular
value where humics can function as reactive agents in flushing technologies and in
bioremediation.

2.4. IMPACT ON PHYSIOLOGICAL FUNCTIONS OF LIVING ORGANISMS AND
ON MICROBIAL TRANSFORMATIONS OF ECOTOXICANTS

Chapter 14 presents a broad overview of the mitigating effects exerted by HS over living
organisms in the polluted environments. Several major pathways of mitigation are
identified including, impacts on organism development (as an organic carbon source and
as hormone-like compounds), impacts on nutrient transport across cell membranes,
interactions with enzymes including impacts on biochemical reactions, and finally,
antioxidant activity. The original data on enhanced transport of nutrients and on
hormone-like and antioxidant activity are presented. Chapter 15 introduces original
concepts of how humics impact cell physiology. It is based on the assumption that the
physiological interactions of interest occur after HS have crossed the cell membrane and
are engaged in particular metabolic activities, such as protein synthesis. This precludes
any damage to the system responsible for protein synthesis that might otherwise results
from negative environmental factors. Given the critical role of protein synthesis when
cells adapt to unfavourable conditions, HS are considered natural adaptogens.
Experimental results are given on the adaptogenic activity of HS.

In Chapter 16 the focus is on humic interactions that provide stability to extracellular
enzymes in the soils Presented is a vast pool of experimental data on HS induced
protease inhibition in the presence of different metals. It is shown that humics are non-
specific inhibitors of proteases, and that metals, possessing a higher binding affinity for
HS, exhibit a pronounced effect on the stability of enzyme-HS complexes.

The multiple roles of HS in redox reactions catalysed by various microorganisms are
considered in Chapter 17. HS are ascribed to have three distinct roles as electron carriers
that support biotransformation of priority pollutants, nominally, as electron acceptors for
respiration; as redox mediators for reduction processes; and as electron donors to
microorganisms. The evidence provided in this review indicates that humics can
stimulate the anaerobic (bio)transformation of a wide variety of organic and inorganic
compounds, including priority pollutants. Chapter 18 presents a practical example of a
bioremediation technology based on the ability of HS to participate in microbial redox
reactions. The corresponding technology was developed for the remediation of soil and
water sites polluted with explosives (2,4,6 trinitrotoluene, TNT). In reducing
environments TNT was reduced to amino-metabolites that produced bound residues
with soil organic matter. The experiments were performed on a pilot-scale and in the
field. Best results were obtained using molasses as the source of organic carbon for
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biological reduction. The technical feasibility using this bioremediation strategy at sites
contaminated with explosives was clearly demonstrated.

Chapters 19 and 20 present studies of the impacts of commercial humates on soil
properties and higher plant development under conditions where heavy metals,
radionuclides, and herbicides are the primary pollutants. Chapter 19 reports on the
mitigating actions of humates extracted from coal and peat obtained both in the lab and
the field. Conclusions are formulated on the prospects of using humics to detoxifying
polluted soils and particularly, for the case of combined pollution. Chapter 20 describes
application of three commercial humates produced by the same company as adjuvants of
the polluted soil. The structure and soil amending properties of all three humate samples
studied were quantified. Conclusions were drawn on substantial structural differences
between the humate samples studied. Of particular interest was that two structurally
similar humates exerted different stimulating effects on plant growth. The results
obtained demonstrate that only under standardized production schemes it is possible to
produce humic materials of predictable quality.

2.5. QUANTIFYING STRUCTURE AND PROPERTIES OF HUMIC SUBSTANCES
AND EXAMPLE STUDIES ON THE DESIGN OF HUMIC MATERIALS OF THE
DESIRED PROPERTIES.

Chapter 21 and 22 are devoted to describing the use of high-resolution analytical
techniques such as nuclear magnetic resonance (NMR) spectroscopy and capillary zone
electrophoresis (CZE) for the investigation of humic structures and of humic interactions
with contaminants. These Chapters are complementary with respect to the topics and
data discussed. The NMR-spectroscopy approach presented in Chapter 21 gives detailed
chemical information on structural components; whereas, the CZE provides information
on the molecular behaviour of HS in solution. By defining the relative amounts and
structural details of fundamental building blocks, multinuclear quantitative one-
dimensional NMR spectroscopy provides the key margin of any structural model of
NOM/HS. A large array of higher dimensional NMR spectra permits improved
definition beyond the extended substructures of NOM/HS. CZE primarily offers
information on the charge, conformation, and charge density of HS; all of which are
important parameters when investigating their interactions with pollutants. A detailed
description of CZE separation processes is given to interpret the behaviour of humics in
aqueous media. Based on the numerous measurements of different HS samples, the
conclusion is drawn that humics in aqueous solutions behave as molecular associates
showing a distribution of the electrophoretic mobilities in the anionic range. CZE offers
a quantitative description of the charge density distribution among the molecular
associates. The aspects of structural dynamics are essential for modelling humic-
pollutant interactions.

Chapters 23 and 24 address the problem of producing humic materials of desired
quality using a novel approach of directed chemical modification. The presented
direction can be considered a significant shift is HS-related research, because previous
investigations involving humic modifications were focused on developing an
understanding of humics structure, not to enhance or change reactive properties.
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Chapters describe ozonation and sulfonation as two methods of introducing functional
groups into humics derived from coal and peat. Sulfonation increases the solubility of
humic-metal complexes, whereas ozonation enriches HS with hydroxyl groups of
enhanced chelating ability. An examination of the metal-complexing properties of
sulfonated derivatives comply well with desired changes in the properties of the parent
humics. It was concluded that chemical modification holds considerable promise as a
means of producing humics of the desired properties.

Concluding on the papers overview, two fundamental reasons can be cited as to why
HS have not been widely used in remediation technologies. First, few natural HS possess
the specific reactive properties required to treat selected environmental contaminants.
Second, humics are by definition polydisperse and heterogeneous; consequently, their
reactive properties vary between natural sources and between industrial suppliers.
Lacking the specificity of action, HS can be referred to as low efficient adjuvants. In
addition, because humics possess an ill-defined structure, their properties are difficult to
predict. It is believed that the nature and the quality of humics need to be assessed
quantitatively, and that such an assessment could facilitate the prediction of humic
properties. Improving tools to predict humic properties, and in addition, developing the
novel concept of the producing humic materials of the desired properties, portend new
opportunities for the broader application of humic-based products in the field of
environmental remediation.

3. Outcomes of the round-table discussions: From practice to theory?

Outcomes of the round-table discussions reflected the findings and conclusions of three
working groups (WG). Discussion topics were chosen in support of the main task of the
workshop and each focused on the application of humics in remediation. The topic of
WG 1 was “Humics as binding agents and detoxicants”, for WG 2 “Humics as sorbents
and flushing agents”, and for WG 3 “Humics as biologically active substances". The
outcomes of each WG were summarized below.

3.1. FINDINGS OF WORKING GROUP ONE: "HUMICS AS BINDING AGENTS
AND DETOXICANTS" (RAPPORTEURS: F.H. FRIMMEL, I.V. PERMINOVA)

This working group examined first the question of how best to use the binding properties

of HS as a tool or function in remediation. The binding functions considered included:

a) Detoxification by complexation (reversible binding, mostly metals);

b) Detoxification by incorporation into humics structure (irreversible covalent binding
of organic contaminants);

¢) Intelligent mobilization (binding/release): to have humics function at the correct
place and at the opportune moment as scavengers for metals and other contaminants
(recycling technology), and as carriers for nutrients (bioremediation technologies).

The working group next sought to determine what is not known, or what is needed to

characterize the binding properties of HS in such a fashion that their function in the

polluted environment becomes predictable. The issues and concerns raised included:
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a) Can we define the reactive properties of humics that are consistent with the needs of
various remediation technologies?

b) Can we predict these remedial properties of humics?

¢) Can we quantify the key remedial properties of humics?

d) Do we have the tools to control the remedial properties for producing humics with
predictable reactive properties suitable for a certain remediation technology?

The answers to the above issues and concerns were:

a) A specific knowledge is lacking on the remedial properties of HS; while, the
requisite systematic studies are missing.

b) Quantitative structure-property relationship (QSPR) approach is a promising tool for
predicting the remedial properties of HS. To make it work, we need to develop
consistent descriptors (parameters) of the remedial properties.

¢) We need appropriate analytical techniques and data treatment tools to measure these
parameters and predict the properties.

d) Directed chemical modification could be a promising tool for producing humics with
the desired remedial properties.

Conclusions: If the above issues and concerns were addressed in a way that key
humic properties pertinent to remediation could be defined, and that the
descriptors/parameters of these properties and the techniques to assess them could be
developed, then humics of appropriate properties could be match to a given remediation
problem. Moreover, new humic materials could be tailored or designed to possess
properties suitable for remediation.

3.2. FINDINGS OF WORKING GROUP TWO: "HUMICS AS SORBENTS AND
FLUSHING AGENTS" (RAPPORTEUR: G.U. BALCKE)

This working group sought to identify how the sorptive properties of HS could be used

to immobilize or mobilize contaminants from an engineering perspective.

The group proposed a general list of actors involved in mobilization/immobilization
technologies. This list included both contaminants: metals; organometallics; organics;
and humics: humic preparations; humics-containing and humics-derived materials.

Where HS could be used for immobilization, the contaminants of interest included:
a) Heavy metals; radionuclides; metal oxoforms.

b) Polychlorinated and polycyclic aromatic compounds.

¢) Pesticides, dyes, anilines, etc.

Where humics could be used for mobilization, the identified contaminants were:

a) Moderately hydrophobic compounds such as naphthalene.

The working group proposed potential areas where humics could be applied to address

environmental problems including:

a) Pollution prevention: for example, a landfill liner;

b) Environmental remediation (flushing/immobilization applications): contaminant
retardation (immobilization); contaminant mobilization (flushing); reactant
retardation (in situ PRB construction).

Finally, the working group formulated a list of the advantages and limitations of using

humics for mobilization/immobilization based remediation strategies.
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The perceived advantages were:

a) Humics are cost effective because 1) different production processes produce a large
available supply of humics-containing waste, 2) there exist enormous reserves of raw
humics, and 3) humics can be recycled.

b) Humics are generally soluble and thus easily introduced into the subsurface.

¢) Humics are environmentally friendly (non-toxic).

d) Humics are environmentally recalcitrant (non-biodegradable).

e) Some reactions with contaminants are irreversible.

The identified disadvantages/limitations included:

a) Unknown stability of humics-contaminant complexes (feasible release of the
contaminant due to dissociation of the formed complexes).

b) Plugging of the porous media due to uncontrolled humic precipitation.

Conclusions: The working group surmised that humics could be used to facilitate
both contaminant mobilization and immobilization. Responsible use, however, requires
that sorption be treated as a reversible process. This means that contaminant release or
remobilization is feasible and must be considered in an assessment of risks associated
with the remediation. Finally, long-term studies of the performance of humic sorbents
and flushing agents are needed under a broad range of environmental conditions.

3.3. FINDINGS OF WORKING GROUP THREE: "HUMICS AS BIOLOGICALLY
ACTIVE SUBSTANCES" (RAPPORTEUR: O.V. KOROLEVA)

The third working group examined first, humic functions pertinent to in situ
bioremediation. Particular attention was given to functions which facilitate long-term
stability within the subsurface microbial consortia. The functions examined were:

a) Protective (detoxifying).

b) Transporting (carrier of metals: sorption/desorption and distribution among the
microorganisms of a consortium).

c) Stabilizing (immobilization of enzymes or microbes on the minerals resulting in
better growth, and enhancing metabolic reactions of methanogenic, nitrificators,
cellulolytic, lignolytic, and other microorganisms).

d) Nutritional (bacteria are able to utilize the low molecular weight compounds formed
as a result of irradiation of humics; the similar compounds are formed during the
growth of some fungi, e.g. basidiomycetes).

Next, the working group sought to determine what is not known or what is needed to

assess and to predict humic functions coupled to biological activity. The issues

examined were:

a) Can we define the biochemical functions of HS if their synthesis has no genetic
code?

b) What is an appropriate approach to assess biological activity of humics?

c) Can we define the biological effects pertinent to bioremediation?

d) How can we characterize the desired biological effects of humics?

e) How can we quantify biological activity of HS?
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The answers obtained to the above issues and concerns were:

a) General biological terms can be applied to characterize the biological activity of
humic substances.

b) The most promising approach leading to a comprehensive assessment of biological
activity is a hierarchical evaluation (from molecule to organism, from organism to
ecosystem) of biological effects on living organisms.

¢) A broad array of the bioassays should be applied for defining the biological effects
of HS, e.g. in case of HS interaction with plant cells, the following processes should
be monitored: sorption onto a cell membrane, changes in the Na/K balance, and
changes in the Ca/Mg ratio of cell membrane transport.

d) The bioassays should be performed under standardized conditions ensuring
observation of the direct impact of HS on the organisms, and not of their indirect
impact due to interactions with components of cultivation media; the studies for
determining and standardizing such conditions for bioassays are needed.

e) Ranking could be a desirable quantitative tool for assessing parameters of biological
activity from results of different bioassays.

Conclusions: The working group surmised that humics could be used for
bioremediation to ensure the long-term stability of microbial consortia. Efficient use,
however, requires humic materials exhibiting effects that are substantially beneficial to
the microbial consortia. Comprehensive studies of the biological activity coupled to HS
are needed that would examine the various biological effects at each organizational level
(molecules, organelles, cells, etc.) using a broad array of bioassays. Clearly,
standardization of these bioassays is needed.

3.4. SUMMARY OF THE ROUND TABLE DISCUSSIONS

From both theoretical and practical perspectives, the above findings of the working
groups clearly disclosed gaps in existing knowledge and simultaneously defined future
research needs. The summary of shortcomings evident in current humics research was
perfectly complemented with the substantial comments from remedial engineers
(Thomas and Dias). They gave an overview of practical demands and needs in the
context of the knowledge gained on the properties and potential uses of humics. This
contribution inspired vivid discussions; furthermore, it motivated participants to
consider a follow-up workshop with a working theme of "use of humics to remediate
polluted environments: from practice to theory." The proposed workshop would focus
on the limitations of remedial practices and would reveal novel opportunities for the use
of humics in solving those problems.

The Editors



CONTRIBUTORS

Balcke, G.U.

Bezuglova, O. S.

Bruccoleri, A. G.

Bulgakova, M. P.

Cervantes, F. J.

Chen, Y.

De Kreuk, J. F.

Field, J. A.

Frimmel, F. H.

Gamble, D. S.

Georgi, A.

Gerth, A.

Division of Hydrogeology, UFZ Center for Environmental
Research, Leipzig-Halle, Theodor-Lieser-Str. 4, 06120
Halle/S. Germany.

Soil Science and Agrochemistry Department, Rostov State
University, B. Sadovaya St., 105, 344006 Rostov-on-Don,
Russia.

Department of Chemistry, University of Calgary, 2500
University Drive N. W., Calgary Alberta T2N 1N4, Canada.

State Agrarian University, Voroshilov St. 25, 49600
Dnepropetrovsk, Ukraine.

Departamento de Ciencias del Agua y del Medio Ambiente,
Instituto Tecnologico de Sonora, 5 de Febrero 818 Sur,
85000 Cd. Obregon, Sonora, Mexico.

Faculty for Agricultural, Food and Environmental Quality
Sciences, Department of Soil and Water, Hebrew University
of Jerusalem, P.O. Box 12, 76100 Rehovot, Israel.

BioSoil R&D. Nijverheidsweg 27, 3341 LJ Hendrik Ido
Ambacht, the Netherlands.

Department of Chemical and Environmental Engineering,
University of Arizona, P.O. Box 210011, Tucson, Arizona
85721-0011, USA.

Engler-Bunte Institute, Department of Water Chemistry,
University of Karlsruhe, Postfach 6980, 76128 Karlsruhe,
Germany.

Department of Chemistry, Saint Mary’s University, Halifax
Nova Scotia B3H 3C3, Canada.

UFZ Center for Environmental Research Leipzig-Halle,
Permoserstr. 15, 04318 Leipzig, Germany.

WASAG DECON GmbH, Deutscher Platz 5, 04103 Leipzig,
Germany.

xx111



XX1V

Gorova, A.

Hatfield, K.

Hertkorn, N.

Hudaybergenova, E.

Iakimenko, O. S.

Jorobekova, S.

Kalmykoyv, S. N.

Karbonyuk, R. A.

Kaschl, A.

Kettrup, A.

Kharytonov, M. M.

Khasanova, A.

Klimkina, I.

Kopinke, F.-D.

Koroleva, O. V.

Ecology Department, National Mining University, Karl Marx
Ave 19, 49027Dnepropetrovsk, Ukraine.

Department of Civil and Coastal Engineering, University of
Florida, P.O. Box 116580, Gainesville FL 32611-6580, USA.

Institute of Ecological Chemistry, GSF, Ingolstaedter
Landstrasse 1, 85758 Neuherberg, Germany.

Institute of Chemistry and Chemical Technology, National
Academy of Sciences of Kyrgyz Republic, Chui prospect
267, 720071 Bishkek, Kyrgyzstan.

Soil Science Department, Lomonosov Moscow State
University, 119992 Moscow, Russia.

Institute of Chemistry and Chemical Technology, National
Academy of Sciences of Kyrgyz Republic, Chui prospect
267, 720071 Bishkek, Kyrgyzstan.

Department of Chemistry, Lomonosov Moscow State
University, 119992 Moscow, Russia.

State Agrarian University, Voroshilov St. 25, 49600
Dnepropetrovsk, Ukraine.

Interdisciplinary Department of Industrial and Mining
Landscapes, UFZ Centre for Environmental Research,
Leipzig-Halle, Permoserstr. 15, 04318 Leipzig, Germany.

Institute of Ecological Chemistry, GSF, Ingolstaedter
Landstrasse 1, 85758 Neuherberg, Germany.

State Agrarian University, Voroshilov St. 25, 49600
Dnepropetrovsk, Ukraine.

Department of Chemistry, Lomonosov Moscow State
University, 119992 Moscow, Russia.

Ecology Department, National Mining University, Karl Marx
Ave 19, 49027 Dnepropetrovsk, Ukraine.

UFZ Center for Environmental Research Leipzig-Halle,
Permoserstr. 15, 04318 Leipzig, Germany.

Bach Institute of Biochemistry of the Russian Academy of
Sciences, Leninsky prospect 33, 119071 Moscow, Russia.



Ksenofontova, M. M.

Kudryavtsev, A. V.

Kulikova, N. A.

Kydralieva, K.

Langford, C. H.

Lesage, S.

Linnik, P. N.

Litrico, M. E.

Lunin, V. V.

Matorin, D. N.

Mitrofanova, A. N.

Molson, J.

Moulin, V.

Novikov, A. P.

Olah, J.

XXV

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Department of Soil Science, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Institute of Chemistry and Chemical Technology, National
Academy of Sciences of Kyrgyz Republic, Chui prospect,
267, 720071 Bishkek, Kyrgyzstan.

Department of Chemistry, University of Calgary, 2500
University Drive N. W., Calgary Alberta T2N 1N4, Canada.

National Water Research Institute, P.O. Box 5050,
Burlington, Ontario L7R4A6, Canada.

Department of Hydrochemistry, Institute of Hydrobiology,
National Academy of Sciences, 04210 Kiev, Ukraine.

Department of Civil and Coastal Engineering, University of
Florida, P.O. Box 116580, Gainesville FL 32611-6580, USA.

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Department of Biology, Lomonosov Moscow State
University, Moscow 119992, Russia.

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Département des génies civil, géologique et des mines, Ecole
Polytechnique de Montréal, C.P. 6079, Succ. Centre-ville,
Montréal, Québec, H3C 3A7 Canada.

Commissariat a I’Energie Atomique, CEA, Nuclear Energy
Division & UMR CEA-CNRS-UEVE, Laboratory of Analysis
and Environment, 91191 Gif —sur-Yvette, France.

Vernadsky Institute of Geochemistry and Analytical
Chemistry, 119991 Moscow, Russia.

Living Planet Environmental Research Ltd., H-2040 Budaors,
Szivarvany u. 10, Hungary.



XXV1

Orlov, D. S.

Pankova, A. P.

Pavlichenko, A.

Perminova, 1. V.

Petrosyan, V. S.

Poerschmann, J.

Princz, P.

Pryakhin, A. N.

Rusanov, A. G.

Sadovnikova, L. K.

Sapozhnikov, Yu. A.

Scherbina, N.

Schmitt, D.

Schmitt-Kopplin, Ph.

Shestopalov, A. V.

Department of Soil Science, Lomonosov Moscow State
University, Moscow 119992, Russia.

Department of Chemistry, Lomonosov Moscow State
University, Moscow 119992, Russia.

National Mining University, Ecology Department, Karl Marx
Ave 19, 49027 Dnepropetrovsk, Ukraine.

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia

Department of Chemistry, Lomonosov Moscow State
University, Moscow 119992, Russia.

UFZ Center for Environmental Research Leipzig-Halle,
Permoserstr. 15, 04318 Leipzig, Germany.

Living Planet Environmental Research Ltd., H-2040 Budaors,
Szivarvany u. 10, Hungary.

Department of Chemistry, Lomonosov Moscow State
University, Leninskie Gory, 119992 Moscow, Russia.

Department of Biology, Lomonosov Moscow State
University, Moscow 119992, Russia.

Department of Soil Science, Lomonosov Moscow State
University, Moscow 119992, Russia.

Department of Chemistry, Lomonosov Moscow State
University, 119992 Moscow, Russia.

Department of Chemistry, Lomonosov Moscow State
University, 119992 Moscow, Russia.

Engler-Bunte Institute, Department of Water Chemistry,
University of Karlsruhe, Postfach 6980, 76128 Karlsruhe,
Germany.

Institute of Ecological Chemistry, GSF, Ingolstiddter
LandstraBBe 1, 85764 Neuherberg, Germany.

Soil Science and Agrochemistry Department, Rostov State
University, B. Sadovaya St., 105, 344006 Rostov-on-Don,
Russia.



Skvortsova, T.

Smith, S. E.

Stepanova, E. V.

Thomas, H.

Van Stempvoort, D. R.

Vasilchuk, T. A.

Vercammen, K.

Woszidlo, S.

Yudov, M. V.

Zhilin, D. M.

XXVvii

Ecology Department, National Mining University, Karl Marx
Ave 19, 49027 Dnepropetrovsk, Ukraine.

Department of Civil and Coastal Engineering, University of
Florida, P.O. Box 116580, Gainesville FL 32611-6580, USA.

Bach Institute of Biochemistry of the Russian Academy of
Sciences, Leninsky prospect 33, 119071 Moscow, Russia.

WASAG DECON GmbH, Deutscher Platz 5, 04103 Leipzig,
Germany.

National Water Research Institute, P.O. Box 5050,
Burlington, L7R 4A6 Ontario, Canada.

Department of Hydrochemistry, Institute of Hydrobiology,
National Academy of Sciences, 04210 Kiev, Ukraine.

Engler-Bunte Institute, Department of Water Chemistry,
University of Karlsruhe, Postfach 6980, 76128 Karlsruhe,
Germany.

UFZ Center for Environmental Research Leipzig-Halle,
Permoserstr. 15, 04318 Leipzig, Germany.

Department of Chemistry, Lomonosov Moscow State
University, Moscow 119992, Russia.

Department of Chemistry, Lomonosov Moscow State
University, Moscow 119992, Russia.



Part 1

Remedial properties of humic substances:
general considerations and problems
in addressing needs of environmental remediation



Chapter 1

REMEDIATION CHEMISTRY OF HUMIC SUBSTANCES: THEORY AND
IMPLICATIONS FOR TECHNOLOGY
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'Department of Chemistry, Lomonosov Moscow State University,
Leninskie Gory, Moscow 119992, Russia <iperm@org.chem.msu.ru>
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Abstract

An overview is given of the interactions encountered between humic substances (HS),
ecotoxicants, and living organisms in the context of environmental remediation. The
most important interactions identified include: binding interactions affecting chemical
speciation and bioavailability of contaminants; interfacial interactions altering physical
speciation or interphase partitioning of ecotoxicants; abiotic-biotic redox interactions
that influence metabolic pathways coupled to pollutants; and finally direct and indirect
interactions coupled to various physiological functions of living organisms. Because
humics are polyfunctional, they can operate as binding agents and detoxicants, sorbents
and flushing agents, redox mediators of abiotic and biotic reactions, nutrient carriers,
bioadaptogens, and growth-stimulators. It is shown that these functions possess
significant utility in the remediation of contaminated environments and as such humic-
based reactions pertinent to permeable reactive barriers, in situ flushing, bioremediation,
and phytoremediation are examined in detail. Finally, this chapter introduces the novel
concept of “designer humics” which are a special class of customized humics of the
reduced structural heterogeneity and of the controlled size. They are developed and
deployed to carry out one or more of the above in situ functions in an optimum manner
and for the purpose of enhancing the efficacy of one or more remediation technologies.
Designer humics possess specified reactive properties obtained by chemical
modification and cross-linking of the humic backbone. This new class of reactive agents
portend new opportunities for achieving enhanced remediation and for quantifying
remediation performance. The latter is described in the context of the passive flux meter
technology developed for direct measuring fluxes of contaminants and biomass.

1. Introduction

Effective remediation of polluted environments is one of the crucial issues on Agenda
21, which lists priorities for achieving sustainable development [1]. Eastern and Western
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countries alike are currently facing environmental reclamation costs that are increasing
exponentially. In the U.S. and Europe, remediation costs generally exceed the net
economic value of the land, and often threaten responsible companies with bankruptcy.
Given this perspective it is not surprising that scientists and engineers on both sides of
the Atlantic have aggressively tried to develop novel technologies to meet regulatory
standards at a fraction of the costs associated with traditional approaches (incineration,
pump-and-treat, etc.) [2-7].

New remediation technologies are often discovered in process of overcoming
limitations of current technologies, and in sifu remediation is one novel class of
technologies that shows considerable promise from both technical and economic
perspectives [8-10]. In situ remediation relies upon natural and enhanced processes that
govern the fate and transport of chemicals released in environment. To a large extent,
the reliance on natural processes is predicated on a desire to control costs [11]. Thus, in
situ technologies that deploy natural attenuating agents such as humic substances (HS)
may be even more cost effective.

HS are ubiquitous in the environment and comprise the most abundant pool of non-
living organic matter [12]. Their peculiar feature is polyfunctionality, which enables
them to interact with both metal ions and organic chemicals. The palette of potential
interactions includes ion exchange, complexation, redox transformations, hydrophobic
bonding, etc. As a result, numerous studies have shown humics capable of altering both
the chemical and the physical speciation of the ecotoxicants (ET) and in turn affecting
their bioavailability and toxicity [13]. Hence, HS hold great promise functioning as
amendments to mitigate the adverse impacts of ET and as active agents in remediation.

The goal of this chapter is to elucidate emerging concepts of HS-based remediation
technologies. Thus, the objectives are: (1) to categorize the interactions encountered
between humics, ecotoxicants and living organisms in a polluted environment in the
context of remediation chemsitry; (2) to assess the scope of current remedial
applications of humics, and (3) to define promising directions of technological
developments for remedial implementation of humics.

2. Basic definitions and main features of humic substances

2.1. GENESIS, SOURCES, AND RESERVES OF HUMIC SUBSTANCES IN THE
ENVIRONMENT

Humification is the chemical-microbiological process of transforming debris from living
organisms into a general class of refractory organic compounds otherwise known as
humic substances. It is the second largest process after photosynthesis and involves
20 Gton C/a [12]. Humic substances account for 50 to 80% of the organic carbon of soil,
natural water, and bottom sediments [14-16].

Humic materials are typically derived on an industrial scale from peat, sapropel, and
coal. Peat is a heterogeneous mixture of more or less decomposed plant material



(humus) that accumulated in a water-saturated environment in the absence of oxygen
[17]. Coalification of plant debris preserved in peat mires leads to the formation of
humic coals. Terms like peat, lignite, subbituminous, bituminous and anthracite indicate
different stages of the coalification process, and they also denote the rank of various
coals. The term “brown coal” is often used for lignite and subbituminous coals, while
“hard coal” indicates coals of higher rank. The net result of coalification is an extension
of the humification process to include a continuous enrichment of fixed carbon with
increasing rank. The relevant increments of carbon content, or % of the total mass, range
from: 10-30 (peat), 30-40 (lignites), 40-65 (subbituminous), 65-80 (bituminous), and
over 80 (anthracite) [18]. Sapropel is an unconsolidated sedimentary deposit rich in
bituminous substances [19]. It is distinguished from peat in being rich in fatty and waxy
substances and poor in cellulosic material. When consolidated into rock, sapropel
becomes oil shale, bituminous shale, or sapropelic (boghead) coal.

The richest source of HS is leonardite, a soft brown coal-like deposit usually found
in conjunction with deposits of lignite. Leonardite is the most widely used raw material
for production of commercial humic preparations [20] followed by other low-rank coals,
peat, and sapropel. Table 1 shows the reserves of inexpensive humics-rich materials are
immense; however, these reserves are not currently being tapped for environmental
remediation.

Table 1. Reserves of humic materials of industrial value.

Source Amount, Gton C Ref.
Lignite and Subbituminous coal (Total/Recovered) 1120/512 [21]
Anthracite and Bituminous coal (Total/Recovered) 3880/571 [21]
Peat 400-500 [22]
Sapropel 800 [23]

2.2. CLASSIFICATION, STRUCTURE AND REACTIVITY OF HUMIC
SUBSTANCES

Being the products of stochastic synthesis, HS have an elemental composition that is
non-stoichiometric, and structure which is irregular and heterogeneous [24]. Aiken et al.
[14] defined HS as “a general category of naturally occurring, biogenic, heterogeneous
organic substances generally characterized as yellow to black in colour, of high
molecular weight, and refractory”. MacCarthy and Rice [25] hypothesized that the
structural heterogeneity of humics may explain their resistance to biodegradation as
longevity of HS in soils is typically on the order of thousands of years. The recalcitrant
nature of humics is of practical relevance particularly when the objective is to develop
soil/aquifer remediation technologies predicated on a reactive matrix that is not
consumed by microorganisms during remediation.



The best illustration of the stochastic nature of HS is provided by the structural
model of Kleinhempel (1970) [26] depicted in Figure 1. Clearly, as shown in this figure,
a single structural formula cannot be ascribed to any humic sample; consequently,
current definitions and classifications of HS are based on isolation procedures rather
than on specific molecular features. Thus, the most commonly applied classification is
based on humic constituent solubilitiy in dilute acids and bases [27]: humic acids (HA)
represent the fraction that is insoluble at pH<2, fulvic acids (FA) constitute the fraction
soluble under all pH conditions, and humin is the fraction insoluble under all pH
conditions. Alkali extraction is the most common industrial technique of preparing
humics from brown coal or peat and the resultant salts of humic acids are called
humates. Humates of sodium, potassium, and ammonium comprise the major fraction of
the commercially available humic products. The term “humates” is often used to
designate any commercially available humic-based product; however, in this chapter, the
term is used only to designate the alkali/alkali-earth metals or ammonium salts of HA.

Despite its stochastic nature, HS from different sources share common elements of
structural organization. The average humic macromolecule consists of a hydrophobic
aromatic core that is highly substituted with functional groups (mostly carboxyl and
hydroxyl), and with side aliphatic chains. The core is ensconced in a periphery of
hydrolysable carbohydrate-protein fragments [15, 28]. The mass fraction of peripheral
fragments decreases with humification; hence, the contribution of labile fragments is
greatest among humics derived from composts followed by peat, soil, and finally coal.
Coal-derived humics are enriched in condensed aromatic structures and depleted in
aliphatic carbohydrate moieties; thus, these humics are much more hydrophobic and less
biodegradable than their peat-based counterparts.

The structural complexity inherent in HS creates opportunities for a broad range of
chemical interactions as indicated in Figure 2. Humics can be oxidized by strong
oxidants; act as reducing agents; take part in protolytic, ion exchange, and complexation
reactions; participate in donor-acceptor interactions; engage in hydrogen bonding; and
take part in van-der-Waals interactions [29 and citations in it]. Hence, HS can interact
practically with all chemicals released in the environment. More pertinent, however, is
that humics interact with all classes of ecotoxicants including: heavy metals, petroleum
and chlorinated hydrocarbons, pesticides, nitroaromatic explosives, azo dyes, actinides,
etc. as shown in Figure 3. Indeed, humics are known to form stable complexes with
heavy metals [30-34] and adducts with hydrophobic organic compounds [35-38];
produce charge-transfer complexes [39, 40]; act as electron shuttles [41, 42] and
mediate redox reactions of transition metals [43], of chlorinated and nitrated
hydrocarbons [44, 45]; adsorb onto mineral surfaces [46, 47]; and influence the
interphase distribution of the contaminants [48, 49]. Finally, humics can strengthen the
resistance of living organisms against non-specific stress factors [50, 51].

This unique constellation of reactive features strongly suggests HS have the potential
to address a broad spectrum of needs within the focus area of environmental remediation
[53]. This theoretical statement is confirmed by multiple examples of actual applications
in remediation [54-58]. However, to ensure optimum and systematic application, an
expanded knowledge base is needed concerning interactions between humics,
ecotoxicants, and living organisms.
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Structural Type of related interaction
moiety

- COOH ion-exchange, complexation

- OH complexation, hydrogen bonding
>C=0 reduction-oxidation

© donor-acceptor interaction
(charge transfer complexes)

- CH, hydrophobic interaction

Figure 2. Diversity of structural moieties inherent in HS provides a broad range of
chemical interactions they are able of. Humics can take part in protolytic, ion
exchange, and complexation reactions; participate in donor-acceptor interactions;
engage in hydrogen bonding; and take part in van-der-Waals interactions

Radionuclides Petroleum
hydrocarbons

Heavy metals

Chlorinated

Pesticides hydrocarbons

Organometallic Polyaromatic
compounds hydrocarbons

Figure 3. As a result of the diverse reactivity of HS, they can interact with all
classes of ecotoxicants (ET) in the polluted environment. Humics are known to
form stable complexes with heavy metals and radionuclides; to produce adducts
and charge transfer complexes with hydrophobic organic compounds; to mediate
redox reactions of transition metals, chlorinated and nitrated hydrocarbons.



3. Remedial properties of HS in polluted environments

Multiple interactions between HS, ecotoxicants, and living organisms may be organized
to include:
— binding interactions that impact chemical speciation and bioavailability of
ecotoxicants;
— sorptive interactions affecting physical speciation or interphase partitioning of
ecotoxicants;
— abiotic-biotic redox interactions that impact metabolic pathways coupled to
ecotoxicants; and,
— direct and indirect interactions with various physiological functions of living
organisms.
To assess the extent to which the above interactions translate into properties
pertinent to environmental remediation, each will be considered in the context of the
needs and the limitations existing among in situ remediation technologies.

3.1. BASIC CONCEPTS AND NEEDS OF IN SITU REMEDIATION
TECHNOLOGIES

In situ remediation relies upon natural or enhanced processes and does not imply the
removal of contaminated soil or the extraction of polluted groundwater [59]. The
various in situ remediation technologies can be organized to include [60]:

physical treatment: air sparging; directional wells; electrokinetics; fracturing (blast-
enhanced, hydraulic, pneumatic); thermal enhancements; vacuum extraction, etc.;

chemical treatment. flushing; permeable reactive barrier (PRB) and treatment walls;
immobilization/solidification; etc.; and

biological treatment: intrinsic bioremediation, enhanced bioremediation,
phytoremediation, etc.

Most remedial technologies can be applied as a combination of physical-chemical,
chemical-biological, or physical-chemical-biological treatments. The details of the
above technologies will not be reviewed here but can be found elsewhere [59, 60], while
corresponding reviews and case studies are available from relevant web-sites [4-7]. The
most promising opportunities for the application of humics-based products and for the
development of new humics-based remediation technologies are those predicated on
strategies of in situ chemical and biological treatment. Examples of these technologies
are given in Figure 4 and briefly described in the following paragraphs.

PRBs are replaceable or permanent units installed across the flow path of a
contaminant plume. The plume is allowed to migrate passively through the PRB and in
the process contaminants are precipitated, sorbed, or degraded [61, 62]. PRBs are filled
with different reactive materials such as metals or metal-based catalysts for degrading
volatile organics, chelators or ion exchangers for immobilizing metal ions, nutrients and
oxygen for microorganisms to enhance bioremediation, or other agents. The reactions
that take place in barriers are dependent upon parameters such as pH,
oxidation/reduction potential, concentrations, and kinetics. Reactive materials used must
demonstrate sufficiently rapid kinetics to remove target contaminants from ground water



10

under natural gradient conditions. In addition, these reactive materials must be
inexpensive and functional over an extended time horizon. Finally, pertinent chemical
reactions must not produce and release toxic by-products. To date, a limited number of
reactive materials satisfy these restrictions including zero valent iron (ZVI) — the most
frequently utilized medium, zeolites, peat, lime and ferric oxyhydroxide [62, 63].
Humic-based materials show considerable promise as refractory and inexpensive
reactive PRB components. This is particularly true wherever remediation involves a
complex array of contaminants, and the reactive material must treat both soluble heavy
metals and hydrophobic organics [54]. To evaluate the potential for using HS in PRBs,
it is important to understand the sorptive and the redox properties of humics, and both
are considered later in this chapter. For a case study on the application of humics in a
sorptive PRB see Balcke et al. [64].

In Situ Remediation Technologies

Based on Based on

Chemical Treatments @Biological Treatments

A

Permeable Reactive Enhanced

Barriers (PRBSs)

Flushing/
Immobilization

Phytoremediation

Figure 4. The technologies predicated on strategies of in situ chemical and
biological treatment can be considered as target remediation technologies for
application of HS-based products. The diagram shows the most promising
examples of those.

In situ flushing involves the injection or infiltration of an aqueous solution into a
zone of contaminated soil or aquifer [60]. The injected fluid functions to increase the
mobility and/or solubility of immobilized contaminants. Co-solvents and surfactants are
most often the active agents used in flushing solutions [65]. In situ flushing has been
used to treat soils and aquifers contaminated with halogenated volatiles, nonhalogenated
semivolatiles, and nonvolatile metals [66]. The technology can encounter various
problems stemming from the flushing agent. Flushing solutions can adhere to the soil or
the aquifer matrix, accelerate microbial growth, and cause dissolved constituent
precipitation within the porous matrix and thereby reduce system permeability.
Furthermore, difficulties can occur with separating co-solvents and surfactants from the
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elutriate. Left unaddressed, the above problems will manifest themselves in the form of
greater demands for reactive agents and additional costs to treat and dispose waste fluids
[66 and citations within]. However, such is not the case for flushing solutions comprised
of HS: first because the cost of materials is low, and second because humics are
biologically recalcitrant and not expected to support microbial growth. However, the use
of humics does present its own challenges. For example, under certain conditions
dissolved humics can adhere to soils and aquifer materials, and as a consequence,
undermine efforts to flush by intercepting and immobilizing soluble contaminants. For a
case study on the use of concentrated HS solutions for flushing technologies see review
of Van Stempvoort et al. [67] and other related publications [68, 69].

Enhanced bioremediation is an active strategy whereby microbial processes are used
to degrade or transform contaminants to less toxic or non-toxic forms. The technology
specifically promotes microbial growth for the purpose of harnessing natural processes
that effect direct and indirect contaminant degradation or transformation [70, 71]. Soils
and aquifers contaminated with organic compounds such as petroleum hydrocarbons,
volatile organic compounds, pesticides, wood preservatives, etc. have been treated
successfully with bioremediation [72]. The technology has also been used to change the
valence state of inorganics such as metal oxoforms for the purpose of inducing
adsorption or uptake by microorganisms [73]. However, bioremediation can fail if the
supply of nutrients, oxygen, or other electron acceptors is insufficient to support
microbial growth. Furthermore, this type of remediation can be inhibited by high
concentrations of contaminants or by the presence of other soluble constituents toxic to
microorganisms. Other conditions such as pH or the presence of dissolved constituents
more amenable to biodegradation can also affect the rate and efficiency of remediation.
If used to enhance bioremediation, humics function as reactive agents that are not
susceptible to degradation or expected to undergo co-metabolism with target
contaminants. HS can serve as extracellular electron shuttles and accelerate microbial
redox reactions [41, 42]. Humic-based products can in some cases ameliorate
contaminant toxicity by transforming pollutants into less-toxic forms or by sequestering
them in a separate phase and reducing bioavailability. With toxicants sequestered,
microbial growth is stimulated, and from this the formation of bound residues may be
intensified resulting in contaminants covalently bonded to humics [74-77]. Additional
discussion on the detoxifying properties of humics is given later in this chapter. For a
case study on intensified humification of TNT, see Thomas & Gerth [78].

Phytoremediation uses plants to intercept, accumulate, and/or degrade contaminants
in soil and groundwater [79, 80]. The technology is applicable to a broad range of
contaminants including numerous metals and radionuclides, various organic compounds
(such as chlorinated solvents, petroleum hydrocarbons and their monoaromatic
components benzene, toluene, ethylbenzene and xylene (BTEX), polychlorinated
biphenyls (PCB), PAH, pesticides, explosives, nutrients, and surfactants). The
technology requires plants which have specific characteristics including; tolerance to
elevated contaminant concentrations; the tendency to produce significant root biomass;
the capability of immobilizing contaminants through uptake, precipitation, or reduction;
and the characteristic of retaining target contaminants within the roots such that special
handling and disposal of shoots may be avoided [81, 82]. In this context, the application
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of humics-based products poses several advantages, because as indicated above, HS are
known to reduce the toxicity of contaminants and increase a tolerance of the plants to
chemical stress [83-85]. In addition, they stimulate the development of roots [86, 87]
and as a result, bring about a desirable increase in root biomass. For more details on the
direct effects of HS on plants, see reviews by Kaschl & Chen [88] and Kulikova et al.
[89].

Clearly, a case can be made for the use of humics and humic-based products to
enhance chemical and biological in situ remediation. However, in order to develop
systematic humics-based applications, the properties of HS must be studied in the
context of each remedial technology. In the following sections the fundamental
interactions between humics, ecotoxicants and living organisms in the polluted
environments are considered.

3.2. IMPACTS OF HS ON SPECIATION AND BIOAVAILABILITY OF
ECOTOXICANTS

As indicated above, the broad-spectrum reactivity of HS exists because the humic
structure contains numerous functional groups and hydrophobic moieties. This enables
humics to bind with both metal ions and organic chemicals. The general binding of HS
to ecotoxicants in homogeneous system can be described by the following formalized
equation:

HS + ET <> HS'ET )
The equilibrium constant K is commonly used to characterize this interaction:
_ [Hs-ET] @)
[ET]x [HS]

where [HS], [ET], and [HS-ET] represent equilibrium concentrations of the reagents and
the reaction product.

Due to the stochastic nature of humics, the stoichiometry of interaction (1) is
unknown; hence, specific assumptions are introduced to facilitate the use of eq. (2). In
the case of organic compounds, the most common approach is to treat humic substances
as “dissolved sorbents” and the HS-ET interaction as a phase partitioning [90-92]. This
approach assumes the equilibrium constant K equates to a partition coefficient
characterizing a sorbate-sorbent interaction in a heterogeneous system. To account for
the mass:volume ratio, the partition coefficient is normalized to the mass concentration
of humics in solution, thus:

% -« 1 3
=X —

ocC a CHS

where Kqc is a partition coefficient of ET normalized to mass concentration of soluble

HS; a is the portion of the freely dissolved ET in the presence of HS, o =[ET]/C,; ;

and C,, is a mass concentration of HS expressed on an organic carbon basis (kg C/L).
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From eq. (3), Koc can be found by determining the fraction of the freely dissolved
ET in the presence of HS. This can be done using common analytical techniques with or
without preliminary separation of the freely dissolved and the HS-bound species of ET
[93-97]. The reported Koc values for polycyclic aromatic hydrocarbons (PAH) vary
from 10” to 10° L/kg C [35, 36, 98-101]. The largest values of 10°-10° L/kg C are
observed for partitioning of PAH having four and more rings in their structure (pyrene,
benz(a)pyrene, fluoranthene, and others) [101-103]. Much lower binding affinity is
observed for small polar molecules like triazines, anilines, phenols, etc. [104-107]. In
addition, a very strong dependence of binding affinity on the structural properties of
humics is worth noting. When compared to aquatic humic or fulvic acids, considerably
higher Koc values are observed for humic acids derived from soil, peat and coal or for
commercial humates enriched with aromatic moieties [100, 101, 108]. These findings
are indicative of hydrophobic binding that is therefore a governing mechanism of
interactions between humics and organic ET. The aromatics enriched humics from coal
and mollisol are generally the most hydrophobic; consequently, they are more likely to
bind organic contaminants than HS derived from other sources. This association
between enhanced binding affinity and enriched levels of aromatic moieties within the
humic structure was confirmed by the quantitative structure-activity relationship
(QSAR) studies [101, 104, 109, 110].

The binding interactions with ET are of particular importance in remediation, as such
interactions reduce concentrations of freely dissolved ET; and as a result leave the
offending contaminant less available and perhaps less toxic to living organisms. This is
shown in studies of the bioaccumulation [109, 111, 112] and the toxicokinetics [113-
115] of hydrophobic organic contaminants in the presence of dissolved humics. For
example, the bioconcentration factor (BCF) of PAH in the presence of HS is directly
proportional to the fraction of freely dissolved PAH [109, 116]. Furthermore, the
partition coefficients determined from bioaccumulation matches those measured by
equilibrium dialysis. Similar results are also obtained in acute toxicity studies of three
PAHs (pyrene, fluoranthene and anthracene) and a wide range of HS samples from
water, soil, peat and coal [117]. Hence, the partition coefficients determined by
analytical methods can be used as reliable predictors of the capacity of humics to bind
and detoxify (or sequester) organic ET in aquatic environments. This is further
confirmed by QSAR-studies revealing a direct correlation between soluble humics
aromaticity and the ability to detoxify and/or sequester target hydrophobic contaminants
e.g., PAH [109, 117]. In contrast, similar studies show the detoxification effects of HS
are less consistent with polar organic compounds [118-120].

The discussed impact of binding interactions on bioavailability of organic ET is even
more pronounced where metals are concerned. As in case of organic ET, metal toxicity
is related to the free aqua metal ion concentration rather than the total metal
concentration. The binding of heavy metals to HS causes a change in metal speciation
followed by a change in toxicity and bioaccumulation [121]. This is confirmed by a
number of publications (see review [122] and the related recent publications [85, 123-
128]).

Figure 5 conveys the concept that HS can bind with ET and as a result, reduce the
bioavailability and the toxicity of ET. As indicated in Fig. 5, contaminant detoxification
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is most relevant in biologically based technologies such as phytoremediation and with in
situ bioremediation. Depending on the contaminant, elevated concentrations can be toxic
to microorganisms and plants and as such undermine remediation efforts unless local
concentrations are reduced. The function of humics in this case is simply to reduce
concentrations of freely dissolved ET while bioremediation or phytoremediation
resumes. Thus, in the case of hydrophobic organic ET, hydrophobic humics from coal
are likely to be more effective than HS extracted from other sources. This is an
important practical outcome of the above noted QSAR studies. In case of metals, the
structure-activity relationship is much more complex, and desired results may depend on
the availability of "designer" humics or humics customized to enhance metal
complexing properties; the concept of designer humics is discussed further in the final
section of this chapter.

HS + ET & HS.ET
toxic non-toxic

reduction in species of
freely dissolved ET

Function: Target technology:
binding agents | == bioremediation

detoxicants phytoremediation

Figure 5. HS can bind ecotoxicant (ET) and as a result reduce the bioavailability
and the toxicity of ET. This concept has immediate relevance in biologically based
remediation technologies such as in situ bioremediation and phytoremediation.

An extremely important issue constraining the application of humic substances in
remediation is the unknown stability and longevity of humic complexes and/or adducts
with ecotoxicants under environmental conditions. Clearly, quantitative studies on the
dissociation kinetics of HS complexes with organic chemicals and heavy metals are
particularly important for the proper evaluation of humics as reactive materials for PRB
and other technologies. Similarly, the same is true of detoxification, long-term
experiments are needed to evaluate humics as detoxicants. All investigations regardless
of focus (i.e., humic/ET complexation, partitioning, or detoxification), need to be
conducted under a range of environmental conditions and using a broad variety of humic
samples.
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3.3. IMPACTS OF HS ON THE INTERFACIAL INTERACTIONS OF
ECOTOXICANTS WITH MINERALS

The previously discussed binding of ET to HS in an aqueous system is often treated as a
homogeneous reaction between a dissolved contaminant and a dissolved humic
macromolecule. In the soil and the subsurface, however, the leading interaction is simply
the heterogeneous sorptive partitioning of ET between the water and the solid phase.
The water phase contains soluble inorganic ions and dissolved humic components,
whereas the solid phase is represented by minerals and organo-mineral complexes. The
latter are formed due to the sorption of humics onto mineral surfaces; the resultant
humic coating functions as a natural sorbent with regard to contaminants. Hence, when
fixed on mineral surfaces, HS can retard migration of trace metals and organic
contaminants; but when dissolved in water, humics can facilitate the transport of the
contaminants in the subsurface. Both processes are intensively discussed in the
literature. For example, immobilization on organo-mineral particles has gathered
considerable attention among researchers investigating the migration of hydrophobic
organic contaminants (HOC) in soils and sediments [129], while facilitated transport
with organo-mineral colloids has been the focus of the studies concerned with the
subsurface migration of heavy metals and radionuclides [130, 131].

The immobilization of HOC by humic coatings recently captured the interest of
scientists and engineers when it was shown the binding affinities for HOC were several
orders of magnitude higher for humics immobilized on sediments compared to those
dissolved in water [98, 132-134], and that the sorption capacity for HOC was
proportional to the soil/sediment organic carbon mass fraction [135]. Typically, linear,
equilibrium partitioning models are used to quantifying organic ET sorption [135].
These models employ a distribution coefficient K to describe the partitioning between
aqueous—phase and solid-phase concentrations of ET at equilibrium. As in the
homogeneous system, the coefficient Kp is normalized to the soil/sediment organic
carbon mass fraction, (foc), to yield a relatively constant partition coefficients
Koc =Kp/foc for a given ET. Furthermore, as previously indicated, the sorption or
partitioning is assumed to be linear, instantaneous, and reversible, that is not subject to
competition among different HOC solutes. However, reported findings on HOC sorption
by organo-mineral complexes reveal: sorption is indeed characterized by substantial
non-linearity and hysteresis [136-140]; and that the sorption affinity of bound humics is
more complicated than the simple structure-property relationships revealed by QSARs
for homogeneous systems [141-143].

To explain the non-ideal sorption phenomena and the complicated character of the
QSPRs, a dual reactive domain model was developed and introduced almost
simultaneously by Weber and his group [144] and Xing and Pignatello [145]. The
formulation of this model assumed the organic (humic) material bound to mineral
surfaces was comprised of two principal organic domains: one a highly amorphous
domain (rubbery domain) and the other a relatively condensed domain (glassy domain).
Sorption of HOC coupled to the amorphous domain was linear, fast and completely
reversible; thus, it could be described using the linear equilibrium partitioning model.
However, in the glassy domain, sorption was slow, non-linear and hysteretic [146].
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Numerous studies have since validated the two-domain model. However, disparate
opinions exist in the literature as to the structural moieties (aliphatics or aromatics)
responsible for the hysteretic sorption observed in the glassy domain. A number of
recent publications [147-150, and citations in them] claim previous studies have
overestimated the importance of the aromatic moieties present in humics and most
specifically with regards to explaining the sorption of hydrophobic ET. Simultaneously,
these contemporary investigators have espoused the concept, that humics possess an
aliphatic component which plays a major role in controlling the sorption of organic
contaminants. This assessment is predicated on results of comparative sorption studies
involving non-polar probes (phenanthrene, pyrene, etc.) and an array of sorptive
matrices including polymers enriched with aliphatics (as opposed to aromatic structures)
and different humic fractions. The aliphatics thesis has acquired additional support from
solid-state CPMAS *C NMR data gathered on the presence of poly(methylene)-rich
aliphatic domains in the different humic fractions and from correlations developed
between aliphatic moieties and non-polar organic sorption [151, 152]. However, it must
be noted that in these studies substantial differences exist between the organic matter
found in humic coatings and the solid humics used in the NMR studies. The former
represents heterogeneous surface complexes of minerals and organic macromolecules,
whereas the latter represents a condensed polymeric phase. Hence, the discussed
poly(methylene) aliphatic domains were detected in the condensed polymeric phase of
humics, and as such caution should be exercised with regards to extrapolating their
existence in humic coatings on mineral surfaces. Of course, insight into this question
could be provided by conducting analogous NMR studies of model humic-clay
complexes obtained using well-characterized humics.

From the above considerations, the following strategies can be formulated for the use
of HS in remediation. Humics enriched with glassy rigid domains in their structure
(supposedly, rich in aliphatics) are preferential in applications as reactive materials in
sorptive barriers designed to intercept and retain non-polar organic ET. The
corresponding concept is shown in Fig. 6. These humics have the highest sorption
affinity for organic ET and provide the slowest desorption kinetics, or the highest
retardation of the organic ET. In terms of the "designer" humics, the best candidates for
a use as HOC-sorbents would be cross-linked humics rich in rigid or glassy domains. A
potentially cost effective method of creating humic-based sorptive PRBs is to construct
them without excavation, in other words, use an in situ process of attaching humics to
the aquifer matrix. G. Balcke et al. [64] are among the first to investigate an in situ
approach of coating mineral surfaces with injected humics. QSAR studies provide
considerable insight into the adsorption mechanism responsible for the adherence of
humics onto mineral surfaces [153]. These studies show the highest affinity for mineral
surfaces is seen for humics enriched with aromatics, and that sorption reversibility is
inversely proportional to the molecular weight of the humics used. Hence, aromatic-rich
humics of high molecular weight are likely to be the best candidates for producing
reactive coatings on mineral surfaces.

[llustrated in Fig. 7 is yet another process whereby an ecotoxicant bound to organic-
mineral complex is mobilized due to the formation of adducts with dissolved humics.
The surfactant properties of HS can be used to develop humic-based flushing agents
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suitable for the in situ remediation of soils and aquifers contaminated with hydrophobic
organic chemicals. Aromatics-rich dissolved humics could be the best candidates for this
purpose. The reduction of ET concentrations in groundwater will cause a shift in the
partition equilibrium towards groundwater and ultimately result in total contaminant
removal. Van Stempvoort et al. [67] present a case study on organic ET mobilization
using concentrated Aldrich humic acid solutions.

Koc
+ ET ©

immobilization
of freely dissolved ET

Function: Target technology:
sorbents ‘ permeable
reactive materials reactive barriers

Figure 6. Sorption of ET by the stationary HS-mineral complexes effectively
retards the transport of ET in groundwater. This concept can be extended to the
design of PRBs where HS-mineral complexes comprise the surfaces of reactive
materials and function to intercept and retain mobile ET from groundwater.
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Figure 7. Dissolved humics form HS-ET complexes and enhance ecotoxicant
desorption from the mineral surfaces. Under this scenario, HS solutions may be
used as flushing agents to facilitate transport of contaminants through an aquifer.
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Another application of the surface active properties of concentrated solutions of HS
is to facilitate the flow of water through hydrophobic zones of contaminated aquifer. For
example, in areas contaminated with residual immiscible hydrocarbons and dense non-
aqueous phase liquids the aquifer matrix is sufficiently hydrophobic that the flow of
water through the medium is inhibited. Humics introduced into the mobile water phase
will reduce the interfacial tension at the surface of porous matrix and permit the aqueous
phase to penetrate the hydrophobic medium. With nutrients and electron
donors/acceptors supplied, local indigenous microorganisms are stimulated to degrade
contaminants. Thus, it is not always necessary to mobilize the contaminant; rather, in
this case the main goal is to facilitate the penetration of groundwater, laden with
nutrients and electron donors/acceptors, into the contaminated hydrophobic soil matrix.

3.4. IMPACTS OF HS ON THE METABOLISM OF ECOTOXICANTS DUE TO
ABIOTIC AND BIOTIC REDOX MEDIATION

Many ecotoxicants such as petroleum hydrocarbons, their monoaromatic components
(e.g., BTEX), hydrazines and amines are highly reduced. Hence, oxidation is the
primary path of degradation. On the other hand, many contaminants are highly oxidized
such as chlorinated hydrocarbons, nitroaromatics, and anions of transition metals, and
for these pollutants reduction is the feasible pathway of terminal transformation.
Reported values of formal electrode potentials for HS vary from +0.15 to +0.79 [28,
154-158]. From this range and the reversibility of redox transformations, it may be
surmised that the redox properties of humics are attributable to the quinonoid moieties
present in the aromatic core [159]. Moreover, direct electrochemical evidence exists on
the quinonoid nature of the redox-active units [160]. Natural organic matter (NOM)
(particularly, the polyphenol fraction) gives an electrode response similar to that of
model quinones such as juglone, lowsone, anthraquinone disulphonate (AQDS). Hence,
similar to quinones, humics can participate both in abiotic and biotic redox
transformations of ET in contaminated environments.

Several studies can be cited where HS were shown to participate in abiotic redox
transformations. For example, direct abiotic reduction of Cr(VI) by HS was reported
[161-164]. In addition, reduction of highly oxidized actinides such as Pu(VIL,V) and
Np(VI) also has been demonstrated [165, 166]. However, U(VI) and Np(V) reduction
was not observed with HS of natural origin [167]. The customized humic materials of
the enhanced reducing capacity can be of particular value to serve that purpose. Their
synthesis is discussed further in this chapter. Another example of an abiotic redox
reaction where transition metal complexes of HS catalyse the abiotic reduction of a
priority pollutant is reported by O’Loughlin et al. [168]. They showed that Ni-HS
complexes effectively enhanced the reduction of different chlorinated hydrocarbons in
the presence of Ti(IIl) citrate as the bulk reductant. Similar catalytic effects were caused
by Cu-HS complexes. Hence, humics represent potential reactive materials for the
immobilization of highly oxidized species of radionuclides and heavy metals, and for the
reduction of highly oxidized organics (Fig. 8).
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Figure 8. Reported values of formal electrode potential for HS vary from +0.15 to
+0.79 [157, 158]. Over this range HS can facilitate both direct and indirect abiotic
reduction of highly oxidized contaminants. The given reactions demonstrate direct
abiotic reduction of oxoforms of high valence metals on the example of Cr(VI)
[161-164] and show mechanism of catalytic impact of transition metal complexes
of HS on kinetically slow abiotic reduction of organic contaminants by the bulk
reductant as reported by O'Loughlin et al. [168].

Recently, considerable attention has been focused on the ability of humics to mediate
the microbial degradation of various contaminants (see review [169]). Humics possess
the unique capability of functioning as both an electron acceptor and a donor depending
on environmental conditions [41, 42]. This ability permits humics to facilitate both
oxidative and reductive biodegradation as is shown in Figs. 9 and 10. Under anoxic
conditions, humics operate as terminal electron acceptors supporting the mineralization
of various organic pollutants to CO, by anaerobic microbial communities [44, 170, 171].
Fig. 9 illustrates the feasibility of HS functioning as redox mediators within a technology
designed to bring about in situ oxidative bioremediation [56].

It has also been widely reported that HS facilitate reductive biodegradation by
shuttling electrons from microorganisms to various highly oxidized organic
contaminants (e.g., chlorinated hydrocarbons and azo dyes [172-174] as well as to high
valence metals (e.g., Cr(VI), U(VI), and Tc(VID)) [43, 175, 176]. Fig. 10 reveals that HS
can mediate reductive biodegradation both directly via shuttling electrons from
microorganisms to high valence metals or oxidized organics, and indirectly via
interactions with different Fe(IIl) oxide minerals [177]. Hence, it is plausible for humics
to function as redox mediators within technologies designed to bring about in situ
reductive bioremediation [177].
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Figure 9. Under anoxic conditions, humics function as terminal electron acceptors
or redox mediators supporting the oxidative biodegradation of the reduced organic
pollutants to CO, by anaerobic microbial communities. An example of the
corresponding technological development is published on the site of the USGS
[56].
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Figure 10. HS can participate in the reductive biodegradation of various highly
oxidized contaminants (i.e., metal oxoforms or chlorinated hydrocarbons) either by
direct shuttling electrons from microorganisms or via interaction with Fe-oxides.
Enhanced bioreduction of U(VI) was described in [43]. Operating as redox
mediators, it is plausible for HS to function in technologies designed to bring about
in situ reductive bioremediation [177].
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Given the above described electron shuttling properties, it is conceivable humics can
be used to facilitate or stimulate a suite of microbially mediated redox reactions
pertinent to in sifu bioremediation. However, the primary factor limiting their
effectiveness is the structural polydispersity and heterogeneity which translates into
reactive properties that are highly variable between natural sources and amongst
different humic fractions. Gu and Chen [43] revealed a wide disparity in redox
mediating properties among humic samples of different origin and fractional
composition. For example, the best performance in the abiotic reduction of Cr(VI) and
Fe(IIl) are observed with a polyphenols-rich fraction of natural organic matter (NOM).
However, soil humics enriched with polycondensed aromatic moieties are more effective
in mediating the microbial reduction of Cr(VI) and U(VI). To overcome the problem of
structural heterogeneity and polydispersity, directed modification of HS may be
advantageous, e.g. the incorporation of additional quinonoid moieties to bring about a
desired enhancement in redox-capacity [178].

Finally, it is necessary to point out that HS exhibit yet another kind of mediating
effect on the biotic transformation of organic ET; this is the covalent bonding to humics
also known as oxidative coupling [179]. This process includes the oxidation, generation,
and rearrangement of free radicals, and the incorporation of the ecotoxicant into the HS
structure. To introduce oxidative coupling into the practice of remediation,
biostimulators of this process must be designed. Early efforts to initiate oxidative
coupling with low molecular weight initiators (substrates of oxidoreductive enzymes)
proved inefficient [180]. An alternative approach, using high-molecular weight humics-
based promoters deserves further consideration. These promoters can be prepared by
directed modification of humic materials, given the properties of such materials are
clearly defined by environmental microbiologists.

3.5. IMPACTS OF HUMICS-ECOTOXICANTS INTERACTIONS ON LIVING
ORGANISMS

The pool of data describing the direct biological effects of HS is vast, miscellaneous,
and controversial. The array of biotargets studied includes pure cell cultures, bacteria,
algae, fungi, higher plants, animals, and humans. Some authors show humics stimulating
the growth of higher plants [51, 181-183] and microbial communities [184-186]. Other
investigators find HS strengthen the resistance of higher plants under stress [50, 52, 87]
and as a consequence, define humics as natural adaptogens. Mazhul et al. [187] and
Vigneault et al. [188] believe humics have a direct impact on cells by changing the
permeability of the cell membrane; whereas others claim HS increase the bioavailability
of nutrients via the formation of metal-HS complexes [181, 189].

Given the growth stimulating and adaptogenic (anti-stressor) activity of humics,
these substances may be useful as agents to enhance bioremediation and, in particular,
phytoremediation. Fig. 11 conveys a concept of humics use in phytoremediation
technologies. The beneficial effects of HS on plant growth in the polluted environment
can be related to an increase in nutrient supply, to an improvement of the overall plant
development, and to an increased resistance to chemical stress [190, 191]. In the context
of phytoremediation, it is well documented that humics cause an increase in root growth
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superior over that of the shoot [192]. Taken together, the combined effects humics
suggest they are engaged facilitating nutrient transport, promoting plant growth, and
serving as bioadaptogens.

Increase in

Increase in

Increase in

nutrient root stress
uptake biomass resistance
nutrient carriers Target technology:
growth promoters :> phytoremediation
bioadaptogens

Figure 11. Potential functions performed by HS for higher plants in the polluted
environments and their associated biological responses.

Existing studies on quantitative-structure activity relationships for beneficial effects
of humics on higher plants deliver contradicting results [5S1]. The most consistent are the
studies on the effects exerted by high and low molecular weight humic fractions. It is
shown that high molecular weight fractions promoted the plant growth, but decrease
enzyme activity [86, 193]; accelerate root differentiation [194]; and readily adsorb onto
the cell wall, but do not enter the cell [195]. At the same time, low molecular weight
fractions were shown to reach the plasmalemma of root cells and, in part, were
translocated into the shoots [196]. Such observations brought Nardi with co-workers to
review the physiological functions of HS on higher plants [51] and to conclude that it
was the lower molecular weight humic fractions that acted at the symplast and directly
influenced plant metabolism, whereas the higher molecular weight fractions operated
mainly on the cell surface where they influenced differentiation and growth at the
apoplast. Hence, the reported positive effects on plant growth were induced by the
lighter fractions of humic matter.

The conditions of polluted environment require meticulous consideration, when
rationalizing the use of humics to enhance phytoremediation. Another recent review on
molecular size dependent impacts of humics-ecotoxicants interactions on biota by
Perminova et al. [122] should be particularly mentioned here. This review demonstrates
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that the adverse effects of the ecotoxicants are always lower if those contaminants
possessed a strong affinity for humics representing the higher molecular weight fraction.
Whereas for ecotoxicants having a greater affinity for lower molecular weight fraction,
toxicity can decrease, remain the same or increase. It is hypothesized that for humics of
high molecular weight, the complex with the ET forms that cannot penetrate the cell
membrane and, hence, reduces bioavailability of the ecotoxicant. In case of humics of
low molecular weight, the corresponding complex (or associate) is translocated to the
interior of the cell where transformations of the humic-ET complex occur under the
prevailing conditions inside the living cell interior. If the complex (associate) does not
dissociate under cellular conditions, no additional toxicity occurs. However, if the
complex (associate) breaks down, the toxic effects of the ET will be enhanced. Typical
contaminants likely to share a high affinity for the heavier humics are: HOC like
polycyclic aromatic and polychlorinated hydrocarbons, and metals like Cu and Pb. ET
among the group most likely to bind with lighter humics are: trace metals and organic
chemicals which bind to humic molecules via ion exchange or hydrogen binding, or the
other mechanisms involving not the core but functional moieties of the humic
compound. Examples of this group of ET include cadmium, Cr(VI), substituted
phenols/anilines, and others.

Hence, to ensure positive biological effects of HS on higher plants in the polluted
environments the preference should be given to a use of humics of higher molecular
weight. More research on the biological effects of well characterized HS is needed to
develop sound scientific base for humics applications in phytoremediation.

4. Design of humic materials of the desired properties, or how to make humics
work for remediation technologies

Despite the diverse protective functions transferable to humics in a polluted
environment, application of humics-based products for remediation remains limited.
Two fundamental reasons can be formulated as to why HS are not widely used. First,
few natural HS possess the specific reactive properties required to treat selected
contaminants. Second, humics by definition are polydisperse and heterogeneous, which
translates into properties that vary between natural sources and between industrial
suppliers. Hence, the structural heterogeneity needs to be reduced or controlled to the
extent that reactive properties become predictable; this will facilitate the use of humic
materials in remediation. From this perspective, Perminova and co-workers are
developing “designer humics” in other words, they are chemically modifying humic
materials to acquire desired reactive properties [178, 197].

Fig. 12 conveys a conceptual model for designing reactive humic materials based on
idea of reducing structural heterogeneity and polydispersity. This model introduces the
concept of incorporating specific reactive moieties into the humic backbone for
purposes of acquiring desired reactive properties, and of cross-linking humic materials
for producing a desired reactive form (soluble, colloidal, solid).
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Figure 12. Conceptual model of the design of humic reactive materials. The
examples are shown for tailoring redox-active and cross-linked structures.

using phenolformaldehyde-like condensation reactions with coal-based HS, and
hydroquinone and catechol monomers (see Fig. 12). The modified humics possess
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reducing capacities with respect to Fe(III) that are greater than parent humic materials
[178]. Cathecholic derivatives are more effective at detoxifying Cu(Il) [198] than
humics modified with hydroquinone monomers; and this confirms the formation of non-
bioavailable Cu(Il) chelates as the main mechanism of detoxification. The demonstrated
consistency of the changes in structure and properties of the humic derivatives lay bare
the feasibility of employing chemical modification for preparing humic materials of the
desired properties. For example, an available supply of humics possessing a variety of
quinonoid reactive centres and covering a wide range of electrode potentials presents a
unique opportunity to probe a selection of electron shuttling interactions mediated by
humics between ecotoxicants and diverse microorganisms. As a result, a strategy can be
formulated for a use of humics as biostimulators to accelerate the microbial redox
transformation of the contaminants.

The different physical forms of the designed humics - soluble, colloidal, and solid, -
can ensure control over interfacial interactions of HS with contaminants. The soluble
forms can be used either for retarding heavy metals and radionuclides migration in soil
or as biostimulators of metal reducing microbial communities. The colloidal and solid
forms may be embedded into permeable polymer matrixes (e.g., polyurethane foams) for
purposes of producing easily deployable sorbents suitable for vehicle and building
decontamination. Solid forms can also be used as sorbents for PRBs or they can be
applied to other forms of engineered flow-through systems. It is feasible that humic
reactive materials be developed to suit dual needs of both site remediation and
remediation monitoring. In particular, humics can be used as sorbents and reactive
materials in novel strategies to quantify remediation performance and to better
characterize remediation potential as described below.

Hatfield with co-workers [199, 200] present a passive flux meter (PFM) method for
measuring in situ groundwater flux and contaminant mass flux. The PFM is a self-
contained permeable unit that is inserted into a well. The interior composition of the flux
meter is a matrix of hydrophobic and hydrophilic permeable sorbents. As ground water
flows passively through the device, the internal sorptive matrix retains dissolved
contaminants present in the volume of water intercepted. The total mass of contaminant
intercepted and retained on the sorbent permits direct determination of the local in situ
contaminant mass flux. The latter yields a quantitative assessment of the source loading
or strength, — a change of which is the primary indicator of the effectiveness of
remediation. Fig. 13 illustrates the PFM as simply a permeable cartridge that is inserted
into a well located down gradient from a contaminant source. The sorptive matrix is also
impregnated with known amounts of one or more water-soluble resident tracers. These
tracers are displaced from the sorbent at rates proportional to the groundwater flux;
hence, the resident tracers are used to quantify groundwater flux.

To enhance characterization of biological subsurface remediation, humics can be
used to create new sorbents for a new class of PFM’s designed to measure microbial
mass fluxes. Novel humic-based sorbents serve to intercept and retain microbial
biomass. Used in conjunction with the traditional PFM, the passive biomass flux meter
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(PBFM) offers an opportunity to better characterize spatial variations in microbial
biomass and ecology - indicators of bioremediation.

Passive Flux Meter:
segmented porous device
comprised of sorbent(s)
contains resident tracers

inserted into a well

Fluxmeter Technology Application

Sentinel Well
for Compliance
Monitoring

UF Flux

Meters
T

Source Zohe

Control Plane

Figure 13. Conceptual model and application of flux meter technology.

Given the biocompatibility of humics together with their resistance to
biodegradation, solidified humic matrixes represent ideal sorbents for bacteria and can
be inserted into a monitoring well with little concern for possible negative repercussions.
Hence, modified humics combined with passive monitoring methods presents new
opportunities for the combined chemical and biological characterization of subsurface
remediation.
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5. Conclusions

An overview of the interactions of HS with ecotoxicants and living organisms in the
polluted environments in the context of remediation chemistry allows us to conclude that
HS can perform perform multiple functions within a remedial strategy. For example, it is
shown that HS can function as: binding agents and detoxicants; sorbents and flushing
agents; redox mediators of abiotic and biotic degradation; and nutrient carriers,
bioadaptogens and growth-stimulators. With the above functions characterized, it is then
proposed that humic-based products hold great promise as reactive agents for in situ
remediation. The most promising technologies include: enhanced bioremediation;
permeable reactive barriers; in situ flushing; and phytoremediation. However, to develop
successful humic-based applications, it is stressed that the properties of HS must be
studied in the context of each remedial technology. For example, research is needed to
define the kinetics, stability, and longevity of humic complexes and/or adducts with
organic chemicals and heavy metals. Results from such research are salient for the
proper evaluation of humics as reactive matrices for PRB’s and other technologies.

In the final section of this chapter, a novel concept is introduced for the development
and application of designer humics. For the most part, natural humics possess an
elemental composition that is non-stoichiometric and a structure that is irregular and
heterogeneous; consequently, reactive properties vary widely between humic samples
from various sources. Using example methods of chemical modification described
herein, it is proposed that the properties of humics be tailored to satisfy the needs of a
given remediation technology. Pursuing this approach, it is expected that the utility and
the value of humics will expand.
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Abstract

Soil organic matter (SOM) is the most important source of nutrients and regulates the
main physical, chemical, and biological properties of different soils. A fundamental set
of issues related to the humus formation conditions are the zone-genetic approach, the
biogeochemical nature of the humification process, the effects of the thermodynamics
and kinetics directing the synthesis and degradation of humic substances (HS), the
variability of the properties of SOM and humic substances. In this respect, important
features are the physico-chemical diagnostics and identification of humic acids, the
special role of mineral components in the humification process, the fundamental
questions regarding the authenticity humic acids, and the knowledge derived from the
study of altered and denatured products (e.g. industrially manufactured humic-like
substances. Five important functions of humic substances provide the opportunity to
evaluate the ecological role of humus: 1) accumulative, 2) transport, 3) regulatory, 4)
physiological, and 5) protective. The latter involves the ability of humic substances to
bind different pollutants: heavy metals, pesticides, radionuclides, and the surplus of
fertilizers. Various detoxification mechanisms operate in the soil-plant system in highly
diverse natural environments. The relative stability of soil as a whole mainly depends on
the stability of humic substances and its fractions, of which humic acids and humin seem
to be the most significant.

1. Introduction

In order to fulfil life-supporting functions against variable external conditions, the
biosphere and the hydrosphere have to maintain a certain stability over a broad range of
space and timescales. Undoubtedly, during evolution on geochemical time spans,
dynamic equilibrium has been established via processes of natural selection under the
constraints of thermodynamics and kinetics. As an epigraph to his influential book "7The
Humus", Waksman [1] quoted A. Thaer’s words “Humus is the product of live matter as
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well as its source”. The role of humus in the biosphere is so multifarious that it attracts
attention not only of soil scientists, but also of geologists, geochemists, biologists,
chemists, and engineers.

2. Soil Organic Matter (SOM): Sources, Reserves, Properties and Functions
2.1. SOURCES AND RESERVES OF SOIL ORGANIC MATTER

Carbon reserves stored in humus substantially exceed those in the biomass of living
organisms. According to Kononova [2], the humus reserves in the top layer of soil
extending to one hundred 100 cm depth account for 282-426 t/ha. Because 100 cm
depth is not the lowest boundary of humus accumulation, the actual humus reserves are
expected to be even larger. For the biosphere as a whole, the carbon content of the
humic acids alone has been estimated by some authors to be 6x10'' t, whereas the
carbon content in living organisms accounts for 7x10"" t [3].

A large fraction of plant and animal residues decomposes fairly quickly and becomes
eventually mineralised. The chemical composition of plant and animal residues show
remarkable similarity in bulk features, but displays considerable variation in the content
of the components (Table 1). Carbohydrates (e.g. cellulose, hemicellulose, pectin, etc.),
lignin and proteins are predominant constituents of SOM. The other ones are present in
minor quantities. When living organisms die, all the complex biomolecules and
polymers reach the soil surface or enter the soil. Subsequently, they are decomposed or
transformed into humic substances whose composition reflect the respective ecosystem.
A part of the soluble SOM fraction is transported by surface or subsurface flow.

Table 1. Chemical composition of organic residues, % of dry, ash-free material.

Organisms Ash, % Proteins Hemlcell.ulose, Cellu- Lignin L1p1§s,
pectin lose tannins
Bacteria 2-10 40-70 negligible 0 0 1-40
Algae 20-30  10-15 50-60 5-10 0 1-3
Lichens 2-6 3-5 60-80 5-10  8-10 1-3
Moss 3-10 5-10 30-60 15-25 0 5-10
Ferns 6-7 4-5 20-30 20-30 20-30 2-10
Conifers:
Stem 0.1-1 0.5-1 20-30 40-50 20-25 5-15
Needles 2-5 4-10 10-20 15-25 20-30 5-15
Deciduous:
Wood 0.1-1 0.5-1 20-30 40-50 20-25 5-15
Leaves 3-8 4-10 10-20 15-25  20-30 5-15
Perennial grasses:
Cereals 5-10 5-12 25-35 25-40 15-20 2-10

Beans 5-10 10-20 15-25 25-30  15-20 2-10
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Despite the long history of research, not all functions of humus in the biosphere are
yet clearly understood. For instance, it is unclear how humification relates to the
ecological conditions necessary for the survival of the species and associations of
organisms characteristic of terrestrial ecosystems that were formed on land in the early
and recent earth history. The intriguing aspect of current interest, regarding enhanced
UV radiation and temperature on the earth’s surface is, whether and how will the present
life forms adapt to the conditions of accelerated disintegration of remains into the
ultimate products, i.e., CO,, H,O, and mineral salts?

Soil humus is one of the essential links in a continuous chain of trophic relations
between different life forms, and plays simultaneously two roles in a self-regulating
process. The equilibrium of humus disintegration and accumulation defines the
conditions of local, regional and global ecosystems. One of the essentials of a dynamic
equilibrium resides in the fact that input and output are balanced; in the humic
synthesis/degradation this balance is always maintained when considering sufficiently
large space and time scales. The thermodynamically stable end products are CO,, H,O
and mineral salts, as stated above; humic substances are transient intermediates in this
process, whose fate is governed by the combined restraints of thermodynamics (driving
force) and kinetics (time dependence).

2.2. FACTORS AND MECHANISMS GOVERNING HUMUS FORMATION

2.2.1. Basic Stipulations for Understanding Conditions Of Humus Formation
It is well known that SOM regulates the main physical, chemical, and biological
properties of different soils, and is the most important source of nutrients. There are
some principal stipulations for understanding, at first stage, the conditions of humus
formation and, at last stage, for adequate evaluation of the experimental results.

These are:

A. The zone-genetic approach

This methodological approach is a prerequisite both for providing a practical use of
the data obtained, and for understanding the particular features of humus chemistry in
the context of the conditions of its formation.

B. Biochemical nature of the humification process

The predominantly biochemical nature of humification is widely accepted; however,
data are also available on the purely abiotic stages of this process associated with, for
instance, the catalytic action of the mineral soil components. We assume that the
principal indices to evaluate the trend and the rate of humification relate to the
biochemical (biological) soil activity, which is a function of both microorganisms and
higher living organisms population [4, 5]. The relative levels of soil biochemical activity
can be estimated from various indirect features such as the population structure and
biomass of microorganisms, soil respiration, and enzymatic activity. These indices have
distinct zonal nature and are closely related to the content, composition, and properties
of humus.

C. Thermodynamic stability

The refractory nature of humics has been emphasized by many authors. It has been
postulated that in the complex soil environment, the compounds accumulate according
to local thermodynamic and kinetic control. Alexander [6] has discussed various aspects
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of the stability of organic substances. Thermodynamically and kinetically controlled
processes lead to formation of humic acids, representing the most stable forms of
organic substances under the conditions of a dynamic equilibrium [7]. From this point of
view, humus formation should be regarded mostly as a process of synthesis involving a
unique “natural selection”: unstable and high-yield substrates quickly decompose, then
they are assimilated by short-living organisms, and the continuous sequence of
transformation is delayed at the stage represented by the most stable compounds.
According to Kleinhempel [8], the recalcitrance of humic acids may be associated rather
with steric hindrance of the enzymatic activity than with the high stability of chemical
bonds. These considerations led him to the idea of structural entropy.

D. Statistical variations within SOM properties

The description of SOM and humus, in particular, could be performed only on a
statistical basis. The variability of the properties of humics is mainly caused by two
factors: 1) random nature of humus formation that involves a variety of reactions and
precursors and is governed exclusively by the recalcitrance of the formed products. This
is a main difference between the synthesis of humics and the (enzymatic) synthesis of
organic compounds in living organisms; 2) high spatial and temporal variability of the
soil properties.

The content and composition of humus in soil as well as the properties of individual
soil-humic-complexes vary greatly. The humus content ranges from 5-10 to 40-50%; the
elemental and functional group composition of humic acids ranges: C: from 3 to 30, N:
from 8 to 18, the methoxy group: from 11 to 21 percent. For example, the analysis of 40
soil samples showed a direct correlation between total organic carbon and humic acid
content (r=10.88, P =0.99) [3]. Similar variability of the humus indices was observed
across the whole bandwidth of soil types (Table 2).

Table 2. Variability of the various humus indices.

Index Mean Variance, %
Ciotals %0 1.8 57.7
Cha, % of Cipal 24.8 10.6
Cra, % of Cora 323 27.6
Cha:Cra 0.8 45.6

The relative content of humic acids appeared to be most conservative; at the same
time, the Cya:Cra ratio should be used with caution due to much higher variability. The
distribution of the values of many soil indices (e.g., humus content) was found to be
close to normal.

E. Physico-chemical diagnostics and identification of humics

Substantial progress in the chemistry of soil humics depends closely on the
development of the appropriate analytical techniques. Standardized extraction and
purification protocols, like those proposed by the International Humic Substances
Society (IHSS) are a great step forward to facilitate comparison of research performed
by different research groups and disciplines. A minimum requirement is the proper and
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detailed description of the experimental protocol, when humics have been isolated from
natural source materials. As an example, it is not correct to include different brown
products in the category of “soil humus” only because they are found in soils or cultural
media, or they are soluble in alkaline media and can be precipitated by acids.

F. The special role of mineral components in the humification process

The special role of the soil mineral components in humification is their catalytic
effect — the initiation of oxidative coupling whose importance was discovered by the
Russian scientist Troitskii in the 50-ies of the last century (cit. in [3]). A distinct
catalytic effect on the oxidation of various phenols has been shown during the action of
Mn, Fe and Si oxides, clays, and natural allophanes. It has been found that addition of
montmorillonite  (bentonite) increases the population and the biomass of
microorganisms, their activity, the amount of humics formed, the capacity to form
complex structures, and the incorporation of nitrogen into humus-like products. The
presence of montmorillonite also influenced the dynamics of glucose decomposition [9].
In soil, the amount of minerals typically exceeds that of humics, and humification in soil
always occurs in the presence of highly dispersed minerals, providing very large surface
and, as a result, enhanced reactivity.

G. The existence of humics as a class of chemical compounds and the possibility
to study denatured humic materials

The main question is whether humics are present in natural soils or whether they are
formed in the course of soil treatment with alkaline solutions. The existence of humics
as a distinct class of materials has been thoroughly established, but nevertheless, the
above question is being discussed again and again for a variety of reasons. In any
terrestrial ecosystem, humic substances are intimately bound to a mineral matrix, which
typically exceeds the weight of organic material by one to several orders of magnitude.
Breaking these bonds necessarily implies the use of rather harsh conditions. The options
for obtaining humic substances include a use of rather soft extraction methods, which
yield authentic, but not representative materials; another option is to use much harsher
extraction methods, which provide higher yield, but are susceptible to alteration of
original chemical structures of humics.

Without questioning the existence of soil humics, it is still necessary to emphasize
that every method of their extraction inevitably modifies them to some extent.
Therefore, it is only possible to study somewhat denaturated humic materials. We
consider using “soft” methods to extract humics as undesirable protocol, especially
when humic materials will be contaminated with different plant biomolecules, e.g.,
peptides, carbohydrates, etc.

2.2.2. Biogeochemical Rules of Humus Formation
Soil humus is a very well organized and continuously functioning system under
biospheric conditions that ensures a supply of nutrients, nearly optimum acid-base and
oxidation-reduction conditions with a high buffer capacity, and improves hydrophysical
properties of soil for living organisms. The existence of such a system in the Earth’s
crust is the result of coevolution between the biotic habitat and the abiotic environment.
The ecological and evolutionary role of the humic substances is their capacity to
buffer against any extreme conditions, thereby ensuring predominance of rather stable
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environmental conditions for the coevolution of life and the humic materials supporting
it. This implies that on small size scale, any soil compartment is represented by specific
humic substances; however, a quasi-continuum of substrates will be available for
enzymatic activity or as nutrients. This fact has imparted stability and continuous
functioning of this system. The well-balanced interaction of soil biota and humus could
have been established only as the system evolved as a whole.

Soil
h v w
Inorganic Organic fraction Living organisms
fraction
~ ~
Humus Residues bearing
anatomical features
[
v v v
Inte;medlatfe Humic Non-humic
pro : ucts .0 substances compounds
humification

~ ~ ~

Materials in the process Humus Non-hydrolyzable
of humification acids residue (humin)
~ v ~

Humic acid Hymatomelanic acid Fulvic acid

Figure 1. Scheme for subdivision of humic substances of soil (after [11]).

The generalized scheme of SOM and humic substances is shown in Figure 1. It is
intimately connected with the methods of fractionation and with the classification of
humic substances and the concepts used in soil organic matter studies. According to this
scheme, the organic fraction of soil covers all organic substances present in the soil
profile in free or organo-mineral complexed form, excluding biopolymeres and
metabolites that are present in living organisms. Based on genesis, character, and
functions, all non living organic materials are divided into two major groups: organic
residues and humus. Organic residues include those dead tissues of living organisms that
have not yet lost their anatomical structure; these are mainly the root residues in
horizons H to C. These components are subjected to humification and, depending on
local conditions, specific humic substances are formed in the soil compartments.
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In order to assess humification and humic substances, the organic fraction of the soil
should be examined separately from the inorganic compartment and living organisms.
However, a major fraction of the soil humic substances is intimately associated with
various inorganic materials, like metal cations, oxides, hydroxides, and silicates, thus
forming various compounds such as simple and complex salts, or adsorbed complexes.
Humic substances together with non-specific compounds, present in free form or as
organo-mineral complexes, constitute soil humus, making it a combination of all the
organic compounds, excluding those of living organisms.

Based on fundamental biogeochemical concepts we can formulate basic laws and
“rules” governing the processes of humification, accumulation and composition of
organic matter in soil:

— the biomineral nature of humus as a distinct natural material,

— the biothermodynamic direction of organic matter transformation,

— the leading role of the dominant factor (condition) during individual stages of

humus formation.

The “rules” are:

(1) The humus formation in a given biogeodynamic environment occurs by selection
of the most viable pathways under the fundamental constraints determined by kinetics
and thermodynamics. The uniqueness of any humic substance is, for instance, reflected
in the pronounced polydispersity and heterogeneity of this class of compounds. This rule
also stipulates that the decomposition of organic residues of different structure (lignin,
polysaccharides, proteins, pigments, etc.) always proceeds unidirectional, independent
of the nature of the humic precursor material.

(2) The depth of transformation of organic residues to humic substances
(humification degree) depends on the level of biological activity and is well described
by an equation of humification kinetic theory. In a general form, the humification degree
could be expressed as

H=f(0,L1) &)
where Q is the total volume of living organisms residues entered the soil and subjected
to humification, / is the intensity of their transformation dependant on the rates of
individual stages of the process (it is proportional to the soil biochemical activity), and ¢
is the time of interaction of soil with the entered organic remains [10].

The intensity of transformation of organic remains is determined by the number of
individual acts of the reaction (#) per init time # and can be expressed as:

I=nlt 2)

(3) The dependable variable "humification degree (H)" can be approximated by the
experimentally determined index of “humification level” (HL). The latter reflects
contribution of humic acid (highly humified matter) versus fulvic acid (low humified
matter) into the composition of soil humus, and can be defined as:

HL = Cyp:Cra (3)
where Cy and Cgy is the content of humic and fulvic acids in the soil, respectively.

The HL index correlates strongly with the period of biological activity (PBA) and
could be used to predict the humification degree. Its applicability and practical use is
well illustrated by the relationship of the Cya:Cra ratio versus PBA, established in our
previous works for the principal soils of Russia (Figure 2) [11]. When HA substantially
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prevail in the total content of humus, the corresponding humus state can be defined as
the humic-type (H); when fulvic acids strongly prevail in the humus composition, the
humus state can be characterized as a fulvic type (F); the intermediate stages can be
identified as humic-fulvic (HF), when FA slightly prevail over HA; and fulvic-humic
(FH), when HA slightly prevail over FA. Hence, the humus can be ordered into the
following sequence according to the humification degree: H > FH > HF > F.

CunlCra PBA, days
- 180

wy—

0

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 2. Relationship of HL index (Cia/Cra ratio) versus the period of biological
activity (PBA) for different soils in Russia. The categories of axis X refer to the
following types of soils: 1 — tundra; 2 — slightly-podzolic; 3 — podzol; 4 — sod-
podzolic; 5 — light grey forest; 6 — grey forest; 7 — dark grey forest; 8 — leached
chernozem; 9 — typical chernozem; 10 — common chernozem; 11 — southern
chernozem; 12 — dark chestnut; 13 — chestnut; 14 — light chestnut; 15 — brown
semi-desert; 16 — grey-brown. The capital letters on the graph designate the
different humus types: F — fulvic; HF — humic-fulvic; FH — fulvic-humic, H —
humic (see explanations in the text).

As it can be seen, for the Northern soils, the main role is played by the thermal
regime or heat deficiency restricts the process. On the contrary, for the Southern soils,
the humification level is governed by moisture deficiency. This rule operates within the
certain limitations, which become most evident when the regions with equal duration of
PBA are compared. The method of PBA calculation and relationship of PBA versus HL
index are shown in Table 3 and Figure 3.
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Table 3. HL and PBA of the principal soil types.

Number of days ~ Number of days PBA duration,
Soils Ciotal CHa:Cpa  with T>10°C  with PMR<1-2% days
(a) (b) (a-b)
Tundra 1.7 048 50 0 50
Gleyandbog- o ) 5, 70 0 70
podzolic
Podzols 0.4 0.70 92 0 92
Sod-podzolic 1.7 0.75 110 0 110
Grey forest 3.1 1.10 130 0 130
Chernozem:
Leached 42 2.29 144 0 144
Typical 49 240 154 0 154
Southern 2.7 2.20 175 5 170
Chestnut 1.5 1.63 190 50 140
Brown 0.7 0.9 215 125 90
semidesert
Grey-brown 0.3 0.44 210 137 73
Grey northern 0.4 0.53 210 137 73
PBA, days
240 1
190 -
140 -
90 A
40
0 1 2 3 4 5 6 7 8 9 10 11 12

Figure 3. Schematic estimation of duration of PBA (after Biryukova, cit.[11]).
1 — number of days with temperature consistently above +10°C; 2 — duration of
PBA. Horizontal lines define with the period with available water reserve less than
1-2%. Soils: 1 — tundra; 2 — gley-podzolic; 3 — podzol; 4 — sod-podzolic; 5 — grey
forest; 6 — leached chernozem; 7 — typical chernozem; 8 — common chernozem;
9 — southern chernozem; 10 — chestnut; 11 — brown steppe; 12 — grey-brown;
13 — greyzem.
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The degree of humification is directly (though not linearly) dependent on the
duration of the PBA (Figure 4).

(4) The index “humification level” HL is a function of soil chemical and
mineralogical composition and the rate of hydromorphism. For example, calcareous
parent materials or hard, mineral-containing ground waters cause the formation of humic
type humus. However, the chemical properties and mineralogical composition of soils
acquire the significance of the dominant factor only under specific conditions. In
agricultural practice, chemical treatments could become a dominant factor.

(5) Soil pH level and the rate of soil solution mineralization also control the
humification degree. It means that the group and fractional humus composition could be
independent. For instance, the group humus composition of sod-podzolic, gray-brown
soils and serozems expressed as Cpya:Cra is the same; meanwhile, there is a total or
partial absence of humic acids bound to calcium in sod-podzolic soils. At the same time,
this fraction predominates in arid soils.

The five described rules are simple and the dominant conditions or reactions are easy
to identify. Hence, on their basis it is possible to construct models of humus formation
and develop measures for regulating the content of humus in cultivated and natural soils.

CualCka
8

3 4
2 4

1 3

2 4
1412 11

13 ,

100

Duration of PBA, days
Figure 4. Dependence of depth of humification on duration of PBA. Soils:
1 — tundra; 2 — gley-podzolic; 3 — podzol; 4 — sod-podzolic; 5 — grey forest;
6 — leached chernozem; 7 — typical chernozem; 8§ — common chernozem;
9 — southern chernozem; 10 — chestnut; 11 — brown steppe; 12 — grey-brown;
13 — greyzem.
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2.3. PRINCIPAL FUNCTIONS OF SOIL ORGANIC MATTER

The functions of organic compounds in soils are diverse, and at times even
contradictory. The low-molecular weight substances are usually readily available to
microorganisms. They participate in the mobilization of mineral constituents of soils by
extracting many elements from practically insoluble forms. Humics play a conservative
role, to some extent imparting long-term stability of important properties such as humus
reserve, cation exchange capacity, and buffer properties to soils. We distinguish five
very important functions that allow us to evaluate the real ecological role of humic
substances fairly well:

Accumulative function: involves accumulation of elements such as carbon,
nitrogen, phosphorus, and others, including trace elements in soils, in the form of
organic molecules and coordination compounds. This accumulative function is essential
for vital activity. It should not be regarded as a passive stocking of nutrients because
accumulation can occur even in soil solutions.

Transport function: enables geochemical fluxes of mineral and organic substances
mostly in aqueous media due to the formation of stable but rather readily soluble
complexes of humic substances with metal cations, metal oxohydrates and hydroxides,
bioorganic molecules, or adsorption complexes of humic substances with partially
cleaved aluminosilicates. Apparently, these are the forms in which organic and inorganic
compounds migrate in the soil profile and in the landscape.

Regulatory function: This complex and multifaceted function may include:
1) regulation of soil structure and some hydrophysical properties [9]; 2) regulation of the
equilibrium in ion exchange, acid-base, and oxidation-reduction processes [12];
3) regulation of mineral plant nutrition; 4) regulation of the thermal regime of soil by the
influence of the spectral reflectance and also by heat capacity and conductivity;
5) regulation of the process of chemical composition in intersoil differentiation.

Physiological function: involves both the direct specific effect on plants and the
indirect protective action of humates. Humic substances can favourably influence the
functioning of mitochondria and chloroplasts, which facilitate respiration and
photosynthesis processes. The adverse effect of the environment on plants can be
reduced by the use of humics. According to Gorovaya [13], the physiological effect of
humics becomes more clearly manifested under unfavourable conditions. The
physiological function of humic substances is important and is of great interest not only
from the agronomic or medicinal point of view; this function compels us to think of the
physiological activity and, consequently, the structure or molecular formulas of humics.
The considerable and wide-ranging effects of humics are primarily due to the presence
of many functional groups, not only such common ones as carboxyl, phenols, and
alcohol, but also quinones, amines, and amides, which are capable of forming
electrostatic and covalent bonds and intracomplex compounds. These groups ensure
regulation of the ratio of free ions to bound ions in the soil solution and in the
intracellular media.

Protective function: involves the ability of humic substances to bind different
pollutants: heavy metals, pesticides, radionuclides, and the surplus of fertilizers. The
protective function is widely spread in both the soil-plant system and the various
landscape components. The relative stability of soil as a whole mainly depends on the
stability of humic substances, presumably, humic acids and humin. It has been
demonstrated that in soils with large reserves of humic acids and humin, the permissible
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limiting concentrations of heavy metals are much higher. Both heavy metals and
radionuclides (e.g. strontium) are converted by humics into forms that are weakly
available to plants. The adverse effects of high doses of fertilizers are also eliminated.
Humic substances are capable of removing the adverse effect of pesticides on crop
plants. The protective function involves not only the soil-plant system, but also the other
components of the landscape and of the biocenosis. It has been shown that humus-rich
soils act as a geochemical barrier and prevent the entry of many pollutants into ground
water. The soil cover can hold a considerable amount of cations and anions and, thereby,
maintain the quality of potable water at the desired level for a long time despite
industrial pollution.

3. Protective Functions of Humus: Case Study for Heavy Metal Pollution

3.1. HUMICS-MINERAL INTERACTIONS IN SOIL AND THEIR REMEDIAL
SIGNIFICANCE

The diversity and complexity of functions of humic substances are provided by their
polychemical nature. Humic molecules differ in size and functional groups; they form a
notable range of compounds differing in binding affinity and complexing capacity to
metal ions. Polydispersity and multifunctionality ensure a high buffer capacity of humic
substances in relation to acid-base, oxidation-reduction, and many other reactions.

A group of organomineral compounds (or so called adsorption complexes) occurring
in soils is formed due to interaction of humic substances with the crystalline and
amorphous soil minerals. The importance of organic-mineral interactions can be
described as follows:

1) Organic matter facilitates dissolution of many low-soluble mineral components,
thereby converting chemical elements into mobile forms readily available to plants.

2) Organic matter forms coatings on the surface of soil particles.

3) Organic matter directly or indirectly influences the oxidation state of mineral
components.

The reactivity of humic substances toward a large variety of mineral compounds
present in soil is provided by a wide range of their functional groups. Humic substances
contain about 15 different structural units which are considered most important in
realizing the protective functions of soil humus: amino groups, amide groups, alcoholic
hydroxyls, aldehydes, carboxyls, keto groups, methoxyls, phenolic hydroxyls,
quinone/hydroquinone fragments, peptidic units.

The largest fraction of soil humic substances is insoluble in aqueous phase [14]. In
general, humic substances are macromolecular aggregates hold together by means of di-
and trivalent metal bridges, provided usually by Ca®*, Fe**, or AI*’, or bound to clay
minerals through electrostatic linkages (metal bridges of clay-metal-humus type),
hydrogen bonds, or Van der Waals’ forces. Humics are found to bind from 200 to 600
mmol/g of exchangeable metal ions in the form of coordination complexes [15].
Carboxylic and phenolic groups are the most important complexing groups. Lower
molecular weight fractions of humics enriched with carboxyl and phenol groups, exhibit
higher affinity for metal ions. It was reported by Weber (cit. in [16]) that humics extract
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> 1 ppm of metal ions from various minerals. Therefore, the soil humics are very
important metal complexing agents and can be considered as major contributors to the
geochemical fluxes of me