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Preface to the Fourth Edition

Since the first edition was printed in 1982 by Marcel Dekker, the Principles of Soil Chemistry has
not only been used by the author at the University of Georgia, but was also selected for use at vari-
ous universities overseas and in the United States for teaching senior-level undergraduate and grad-
uate courses in soil chemistry. It is also a helpful reference for professionals and scientists in need of
the basics in soil chemistry. It is the main textbook at the Hebrew University, Israel; the Universiti
Pertanian Malaysia, Serdang, Malaysia; the Universidad Nacional del Sur, Bahia Blanca, Argentina;
and at major universities in India. In addition, it is a required textbook at the University of Andalas
and the University of North Sumatra in Indonesia. The first edition was translated into Bahasa
Indonesia, the formal Indonesian language, and published by the University of Gajah Mada Press,
Yogyakarta, Indonesia, under contract with Marcel Dekker (New York). It was so well received by
southeast Asian students, scientists, and professionals whose main language was not English, that
soon after its publication the translated version was sold out.

This fourth edition reexamines the entire reach of soil chemistry. By completely revising, updat-
ing, and incorporating a decade’s worth of new information, this new edition is an entirely new and
improved book. Though some reorganization of the chapters has been necessary, the simple writ-
ing style has been maintained to reach most of the audience in need of the basics in soil chemistry,
which made the previous editions bestsellers overseas. The author’s attempt is to now address the
definitions and concepts of soil chemistry, comparing them with geochemistry and physical chemis-
try, and names that have been suggested to replace soil chemistry, which are preferred by a number
of U.S. scientists. The comments made by a great number of readers have been gladly accepted and
incorporated wherever possible, whereas the suggestions launched by reviewers to pay attention to
competing books have been taken seriously by addressing differences in concepts and “bad” science
to their full extent. Comments and corrections are suggested by the author for inaccuracies and dis-
crepancies found in the competing literature. The author addressed these issues in the third edition
as differences of opinions, and it was only a matter of caring by critics to read them. The alleged
competing books also differ in style and scope with high-level statistics and, as such, are, in the
author’s opinion, “companion” books targeting a higher-level audience that should be well-versed
in the basics of soil chemistry.

THE CHAPTERS

A new chapter, Chapter 1 examines the origins of soil chemistry by J. T. Way, Van Helmont,
Boussingault, and Moses in biblical times. The different names used throughout history, such as
agricultural chemistry, agrogeology, and more are addressed, including the rebirth of the modern
name soil chemistry, which occurred from 1970 to 1980, and was underlined by the publication
of books by Bolt and Bruggenwert (1976) and Bohn et al. (1976). The concepts and definitions of
chemistry, geochemistry, physical chemistry, and soil chemistry are examined, and conclude that
identifying soil chemistry as geochemistry is like identifying soil science as geology.

Chapter 2 is about basic chemical principles and chemical units. The concepts of atoms, sub-
atomic particles, mass, and weight are discussed as the underlying principles of chemistry. Major
particle accelerators, especially the Fermi National Accelerator Laboratory and CERN tevatrons,
are described for creating elementary particles, quarks, leptons, and neutrinos and for finding the
force carriers, bosons, and mesons, and, in particular, the elusive graviton. A new bold theory, the
string theory, is presented as the basis of the theory of everything, which scientists believe can be
connected with the graviton concept. The atomic model of Rutherford and Bohr, atomic mass unit
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or Dalton, valence and equivalent weights, isotopes, radioactivity, and half-life, and more are dis-
cussed as still representing the current ideas in soil chemistry.

Chapter 3 highlights soil composition, underscoring micropedology with the plasma and soil
matrix concepts. The underlying view of soils representing electrochemical cells, similar to a bat-
tery, forming the basis of discussions of electrochemical potentials. Several types of potentials,
electrode, electrochemical, chemical potentials, membrane, or Donnan, are distinguished with the
Nernst equation, which plays a pivotal role in their formulation. The relation with electron activity,
pe, and the rH concept are provided.

Chapter 4 covers the soil gas and liquid phases. Soil air composition is explained as being depen-
dent on aerobic and anaerobic respiration and decomposition that results in an imbalance between
CO, and O, content. Aeration, also called aerification, the method for restoring O, content, is
described as an exchange of soil air for atmospheric air, with mass flow and diffusion affecting the
movement of soil air. Oxygen content, oxygen diffusion rate, and redox potentials are examined
as factors for determining soil air quality. The oxygen revolution, a new theory, is introduced to
show oxygen as a key element in life today. Oxygen was absent some 3 billion years ago when a
different earth atmosphere existed, which would have been highly toxic for life as we know it. Soil
air humidity is discussed to introduce another new topic, called hydrotropism, a root response to
a gradient in relative humidity in soil air, which is of great importance to gravitropism in space
agriculture. The second part of Chapter 4 discusses the chemistry of soil water, oxygen demand,
water potentials, and soil-plant—-water energy issues. The rules and laws of reaction in soil water
are presented, based on the Law of Mass Action or the Law of Equilibrium, in reactions involving
solubility products, dissociation of water, strong and weak electrolytes, the Henderson—Hasselbalch
equation, ion pairs, exchange constant, activity coefficient, the Debye—Hiickel theory, and more.
The relationship between equilibrium constants, electrode potentials, thermodynamics, and elec-
tron activity is addressed.

Chapter 5, concerning colloidal chemistry of organic soil constituents, begins with a study of the
concepts and definitions of colloids in terms of linear dimension and mass. A definition of soil humus
is given and a division suggested into a nonhumified and humified colloidal fraction. The chemistry,
reactions, and implications in environmental quality, industry, and human health of carbohydrates,
amino acids, lipids, nucleic acids, and lignins, as the major nonhumified components, are explored.
The old and new looks of the humified fraction, represented by the operational and supramolecular
association concepts, respectively, are examined. Three major types of humic matter are recog-
nized—terrestrial, aquatic, and geologic—and the extraction procedures of humic and fulvic acids
and their chemical characterization are provided in some detail. Gel, gas—liquid chromatography,
visible light and infrared spectroscopy, in addition to electron paramagnetic, nuclear magnetic reso-
nance spectroscopy, and electron microscopy of humic acids are discussed as important tools in the
identification and explanation of the chemical reactions of humic acids. The chapter closes with a
summary of the agricultural, industrial, and environmental significance of humic acids.

Chapter 6 examines the colloidal chemistry of inorganic soil components, the clay fractions of
soils. Definitions of clay and how its unit cell and crystal lattice are formulated, and how clays are
grouped into crystalline and amorphous, paracrystalline, or short-range-order (SRO) clays. The
crystal structure, chemistry, reaction, and characterization by infrared spectroscopy, differential
thermal and x-ray diffraction analyses, and electron microscopy are presented for the major crys-
talline silicate clays and SRO minerals. The newly discovered minerals akaganeite and schwert-
mannite are also discussed. Explanations are provided for surface chemistry; surface charges;
positive, negative, and zero point charges (ZPCs); and surface potentials. Corrections are proposed
for Sposito’s concept on inner- and outersphere charges. The surface chemistry of soil clays is
presented, recognizing three important surfaces: (1) the siloxane surface with innersphere cavities
too small for the adsorption of water; (2) the oxyhydroxy surfaces; and (3) the group of silanol,
aluminol, and ferrol surfaces of significance as outersphere surfaces. Surface areas, designated as
total or specific surfaces, are studied in light of their importance in charge distribution and issues
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of adsorption. The origin of negative and positive charges, major electric double-layer theories, and
the zeta potential are presented. An examination of ZPC, classified by some into ZPC, ZPPC (zero
point proton charge), and ZPNC (zero point net charge), finds ZPPC and ZPNC to be insignificant.
The importance of the electrochemical behavior of clays is evaluated on dispersion and flocculation
of soils in light of soil stability and plant growth.

Chapter 7 discusses adsorption in soils as consequences of electrochemical behavior, types of
surfaces, surface areas, and surface-charge densities of the organic and inorganic soil colloids.
The definition of adsorption is presented as reversible, and equilibrium reactions are character-
ized by a positive heat of adsorption in contrast to pseudoadsorption. The concepts of positive and
negative adsorption are compared with those of specific and nonspecific adsorption. The use of
too many names to replace specific and nonspecific adsorption is discussed and the confusion it
is causing for many readers, due also to the fact that the concepts proposed by several authors are
totally in disagreement with each other. Physical, chemical, and electrochemical forces responsi-
ble for adsorption processes are presented, and some, such as hydrophobic bonding, coordination
reaction, and ligand exchange, are handled as special issues. Major adsorption isotherms for char-
acterizing the behavior of adsorption are discussed and separated into two groups. The first group
is based on identification of shape and curvature of isotherms, and the second group is based on
statistical formulation (for example, Freundlich, Langmuir, Brunauer, Emmett, and Teller (BET)
and Guggenheim, Anderson, and de Boer (GAB), and Gibbs equations). Changing the names of
the isotherms to Van Bemmelen—Freundlich and Langmuir—Freundlich equations, based only on
the use of different symbols, is presented as confusing the issue. Adsorption of water is discussed
on the basis of water potentials and availability to plants, and on the forces of attraction by sili-
cate, hydrous oxide clays, and organic matter. The final sections discuss the adsorption of organic
matter in view of concerns of increasing pollution due to pesticides, underscoring physicochemi-
cal properties, interlayer adsorption, and molecular orientation of the organics.

Chapter 8 discusses cation exchange, beginning with definitions and concepts, lyotropic series,
and the law of Coulomb governing differences in preferential adsorption and exchange. The con-
version of primary minerals, such as orthoclase into albite and more, as postulated by some, is
examined as an aberration of science that sends an improper message about cation exchange reac-
tions. The cation exchange capacity (CEC) is defined scientifically on the basis of surface area and
charge density and practically by analysis and summation of the determined exchangeable cations.
Several types of CECs are recognized—CEC,, CEC,, CEC,, and ECEC—and explained. Statistical
models or formulas of exchange reactions are classified into empirical, mass action law, kinetic,
and thermodynamic equations, which to some extent differ from the ideas of Sparks. The van Laar,
Rothmund—Kornfeld, Freundlich, and Langmuir equations, often used by several scientists, are
evaluated to be more applicable to adsorption than to exchange reactions. Considering the van Laar
equivalent to the Vanselow equation as postulated by Sposito confuses the basic concept proposed
by Vanselow. The Donnan equation and Schofield’s ratio law in cation exchange reactions, seldom
used in other books, are addressed, and the differences between the Donnan and Kerr equations
are discussed. The fixation of cations is emphasized as a temporary nuisance rather than as a harm-
ful effect on crop production. Adsorption and cation exchange reactions by soil organic matter are
underlined as a special issue related to complex formation and chelation.

Chapter 9 relates anion adsorption and exchange by nonspecific and specific adsorption pro-
cesses due to the attraction of positive charges and the displacement of lattice O or exposed OH
groups on clay mineral surfaces by anions, respectively. Phosphate ions, the most important anion,
are highlighted, and differences in specific adsorption, retention, and fixation of phosphate are
outlined. Biological fixation is explained as the immobilization of phosphate by plants and microor-
ganisms into their cellular constituents and as an interaction of phosphates with organic substances
secreted by roots or humic acids synthesized from decomposition products of soil organic mat-
ter. The chemical potential and Schofield’s phosphate potential are formulated, and predictions are
made of phosphate ion concentration by the application of Schofield’s ratio law.
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Chapter 10 addresses the soil reaction that is being used to indicate the acid—base reaction in
soils. Acids and bases are defined by the Arrhenius, Brgnsted—Lowry, and Lewis theories, and new
concepts as postulated by Usanovich, Lux—Flood, and Pearson. The acidity constant, defined by
using the Brgnsted—Lowry concept, is applied in distinguishing strong from weak acids, whereas
the pH is formulated from the H* ion concentrations. Based on soil pH ranges, soil acidity classes,
such as weakly, moderately, and strongly acidic (or basic) soils, are created as the proper terminol-
ogy in indicating the acid—base conditions in soils. The use of terms such as acidic pH, neutral pH,
and basic pH by a number of scientists is explained as being inappropriate. Acid strength, potential
and active acidity, preferential and nonselective adsorption of H* ions in soils, and the role of Al and
fertilizers are addressed. The magnitude of pH changes due to Al concentration is formulated and
expressed in terms of aluminum potential (pAl), whereas the degree of acidity created by fertilizers
is formulated in terms of equivalent acidity or acidity index. Pyrite, which is of special importance
in coastal areas and soils polluted by mine spoil, elemental S, and acid rain are additional high-
lighted topics. Canopy interaction, involving through-fall and stem flow, and the effect of biologi-
cal N fixation, not realized by scientists, are highlighted. The determination of soil pH in water
extracts, soil suspension, and KCI and CaCl, solutions are discussed in detail, and the formulation
of lime potential is presented. Chemical principles of potentiometric measurement of pH involving
the Nernst equation are addressed. Soil reactions in saline and sodic soils, differentiating sodication
from alkalinization, are examined using the exchangeable Na* percentage (ESP) and electrical
conductivity (EC). The critical EC value and differences among scientists on the sodium adsorption
ratio (SAR) in issues of hazards of salinization and sodication are evaluated.

Chapter 11 explains the application of soil chemistry in soil formation. Concepts of weather-
ing are examined. Differences between geological weathering producing weathering profiles com-
posed of layers of disintegrated rocks, saprolite, saprock, and bedrock underlying a strip of soil are
contrasted to pedological weathering forming pedons and exhibiting soil profiles. Crystal chemis-
try and other mineral properties and Pauling’s rules are examined in stability and in bond strength
affecting the disintegration of cyclo-, ino-, neso-, phyllo-, soro-, and tectosilicates. The silica poten-
tial and gibbsite potential are formulated to predict the decomposition of feldspars into kaolinite,
and kaolinite into gibbsite, respectively. The stability and phase relations of minerals are expressed
in stability diagrams. Biological and biochemical weathering are recognized as two separate but
closely related processes. Soil formation processes, called pedogenesis, are discussed, and silicifica-
tion and desilicification are examined as main processes in poorly drained and well-drained soils,
producing smectite and kaolinite, respectively. Silicification is suggested as the proper term, instead
of silication as used by many U.S. scientists. To silicify and not fo silicate is to impregnate with
silica. The formation of argillic, albic, and spodic horizons is discussed as are the oxidation poten-
tials invoked in the translocation of Al and Fe. Oxidation and reduction, called redox reactions, and
how they affect the formation of all soils are explained. Redox potential and redox limits in soils
are formulated, and the pe and pH relation is examined in biological systems. Applications of redox
potentials in soils and the stability of iron oxides and hydroxides are addressed.

Chapter 12 discusses the chemistry of interactions between soil and organic matter. The con-
cepts of complex formation and chelation are clearly delineated with complexation being a metal—
ligand coordination process and chelation being an interaction with the ligand donating more than
one of its donor functional groups, yielding a chelate ring. Nonhumified—Iive or dead—organics
and humified substances serving as ligands and their effectiveness in complexation and chelation
are examined. Organic substances with acidic properties due to the presence of carboxyl groups,
—COOH, are capable of complexing only, in contrast to those possessing both carboxyl and pheno-
lic—OH groups, which can exert a variety of interactions, from electrostatic attraction, coadsorption,
and complexation to chelation. Stability constants, interpreted by several scientists as solubility
constants, are formulated using the law of mass action, and the relative ease of dissolving or degree
of solubility of the complexes or chelates are evalutated. Interactions between clay and organic
substances are examined in light of positive and negative adsorption, metal and water bridging,
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and hydrophobic and van der Waals interactions. The interactions between clays and in particular
organic anions, both exhibiting negative charges, are addressed. Metal mobility and clay mobil-
ity of the complexes and chelates are highlighted, and the effects of the complexes or chelates on
biological and biochemical soil properties are explained. Also new to this edition of the book is a
discussion of the beneficial application of complexation and chelation in industry, pharmacology,
and medical science. Applications that are examined include their use as water softeners, their
application in steam engineering, the use of EDTA in cleaning root canals, and a newly developed
chelation therapy for the treatment of clogged arteries.

Kim H. Tan
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’I Definitions and Concepts
of Soil Chemistry

1.1 THE ISSUE OF SOIL CHEMISTRY

Soil chemistry is the youngest branch of soil science. The material is at the same level and as
important as that of soil physics, soil genesis and taxonomy, soil microbiology, soil fertility, soil
mineralogy, and other branches of soil science. It is essential that each of the subdivisions carries a
considerable amount of chemistry for explaining and illustrating their respective topics and issues.
This dependency on soil chemistry is greater than many soil scientists would have expected and will
be discussed in more detail in Section 1.5.

Though many scientists consider J. T. Way as the founder of soil chemistry (Sonon et al., 2001;
Thomas, 1977), it was, perhaps, Jan Baptista Van Helmont, with his famous willow tree experi-
ments in the early 17th century and J. B. Boussingault in 1834, with the discovery of C, H, and O in
plant tissue coming from rain and water (Brady, 1990), who truly started soil chemistry. In many
respects, the “old pioneers” are indeed important contributors to the development of some aspects
of soil chemistry. But, in line with the idea that soil fertility and plant nutrition began with Phillip
Carl Sprengel (1787-1859) and Justus Von Liebig (1803-1873), the argument that the early work on
adsorption by J. T. Way around 1850 was the start of the science of soil chemistry may have great
merits. However, adsorption and exchange reactions were mentioned long before the 1800s, and an
example of these processes was stated earlier in the Bible (Rieman and Walton, 1970). In addition, J.
T. Way was allegedly known for the discovery of the nitrification process, hence contributing to the
emergence of soil microbiology instead. According to Brady (1990), Way allegedly discovered in
1856 that ammonium substances were converted in soils into nitrates, a reaction that 20 years later
was demonstrated by R. Warrington to be a microbial process. Sergei Vinogradskii then isolated in
1890 the two bacteria responsible for what we call today nitrification (Ackert, 2006). In the past, a
variety of other names have also been used for soil chemistry, such as agricultural chemistry, chem-
istry of soil constituents, and colloid chemistry. Agricultural chemistry was introduced perhaps in
the beginning of the 19th century by Humphrey Davy (1778-1829) and is considered by Sparks
(2006) to be the forerunner of soil chemistry. At one time, close to the middle of the 20th century,
even soil analysis, soil fertility, and geochemistry were identified as soil chemistry. The Dutch
school was using at that time the term agrogeology, apparently coined from Agricultural Geology,
a book published in 1916 by Rastall. Claiming that soils were not the domains of geologists, Rastall
indicated that mineralogical composition and petrography (particle size distribution) were of great
value in assessing the agricultural values of soils.

As a modern science, soil chemistry started to crystallize in the 1970s, and the real giants in soil
chemistry are, therefore, not yet known. The book Soil Chemistry, edited by Bolt and Bruggenwert
(1976), and another book with the same title by Bohn et al. (1979) have paved the way for carving
the identity of modern soil chemistry. A subsequent publication in 1982 of the first edition of the
Principles of Soil Chemistry has, in fact, created an unexpected stir, and several other books have
since been published in rapid succession. Though carrying different names, such as The Chemistry
of Soils, Soil Physical Chemistry, Environmental Soil Chemistry, Soil and Water Chemistry, Soils
and Environmental Quality, and Soils and the Environment, these seemingly opposing books
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address only certain specialized chapters of soil chemistry. They are different in approach and style,
often emphasizing high-powered statistics, seldom used in everyday soil chemistry and hence of
academic importance only. However, the message they carry about the chemistry of soils is similar.
These books can serve, perhaps, as filling alleged gaps when or if present in the Principles of Soil
Chemistry. Such a dispute is not new and is one way science can further advance.

Identifying soil chemistry as geochemistry or physical chemistry and the like is like identifying
soil science as geological science or geology. Therefore, it is deemed necessary to start the new
edition of this book by addressing first the concept of soil chemistry and its relationship with pure
chemistry, geochemistry, soil physical chemistry, and the like.

1.2 DEFINITION OF CHEMISTRY

The science of pure chemistry is defined as “the study of the composition, structure and proper-
ties of matter, chemical processes and phenomena and the changes they are bringing to matter
or substances” (Merriam-Webster, 2003; Nebergall et al., 1972). The name chemistry is derived
from either the Egyptian term kéme (meaning “earth”) or the Arabic al-kimiyd, inherited from
the Greek and French word al-kemie for alchemie, the ancient chemistry of trying to create gold
from base metals. As a science, chemistry allegedly began with Muslim scientists and scholars,
the Saracens, who performed controlled and precise analyses that were recorded very carefully.
Al-kimia, the most scientific of medieval analyses, has been the source of numerous accidental
discoveries and hence has contributed to the development of chemical science. It introduced
a distinction between alkalis and acids and produced and refined many chemicals and drugs
(Durant, 1980).

The basics of pure chemistry are concerned with studying atoms, elements, and molecules and
their transformation into matter or substances, ions, and salts. Chemical bonding, reactions, and
energy transfer are involved in producing these transformations. All these became an established
science after the discovery of the law of conservation of mass by Lavoisier (1743—1794), providing
a quantitative basis in chemistry. This law indicates that chemical reactions are balanced reactions
and occur in equivalent amounts (Nebergall et al., 1972; Rosenberg et al., 2009). With the rapid
advancement in the science of chemistry, today many branches or subdisciplines of pure chemistry
are recognized, including analytical chemistry, biochemistry, geochemistry, inorganic chemistry,
organic chemistry, and physical chemistry. A description of each subdiscipline mentioned is pro-
vided below.

1.2.1  ANALYTICAL CHEMISTRY

Analytical chemistry deals with analyses of inorganic and organic materials to examine their chem-
ical composition and structure. The methods may include physical methods, such as spectroscopy
and thermal methods. Called physicochemical analyses, the methods are based on measurement
of a physical property, but chemical reactions are essential parts of the procedures. The follow-
ing example serves as an illustration. In spectrophotometry, the absorption of light by a colored
solution, the absorbance, is measured. Chemical reactions are essential parts of the methods to
develop the specific color for identification of the element, but the final step is the measurement of
the amount of light absorbed by the colored solution, which is purely a measurement of a physical
property. For more detail on physicochemical analyses, refer to Tan (2005).

1.2.2  BIOCHEMISTRY

Biochemistry is the study of the chemistry and reactions of carbohydrates, lipids, amino acids,
proteins, nucleic acids, nucleotides, lignin, vitamins, hormones, viruses, and other related biocom-
pounds that are artificially produced or present in living cells (Lehninger et al., 2008).
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1.2.3  GEOCHEMISTRY

Geochemistry involves the study of the chemical composition of the earth, and especially of the
chemical characteristics of rocks, minerals, lava, and magma, their mutual interactions, as well as
their interactions with the hydrosphere and atmosphere (Krauskopf, 2003; Walther, 2009). The min-
eral constitution is the basis for the well-known distinction of acid, intermediate and basic igneous,
and sedimentary and metamorphic rocks. With the rapid development of space science today, the
science of geochemistry is extended to cover the science of cosmochemistry, which is the study of
elements, materials, and isotopes in the cosmos. It is the science addressing the chemical composi-
tion of celestial objects, distant galaxies, and planetary nebulae (Esteban et al., 2009).

1.2.4 INORGANIC CHEMISTRY

Inorganic chemistry covers inorganic molecules and compounds and their properties and reactions.
It is the counterpart of organic chemistry, which is defined below.

1.2.5 ORGANIC CHEMISTRY

Organic chemistry studies the composition, structure, properties, and reactions of organic com-
pounds. Organic compounds are considered compounds that possess a carbon skeleton. Organic
chemistry is closely associated with biochemistry.

1.2.6  PHYsicAL CHEMISTRY

Physical chemistry examines the physical basis of chemical reactions and systems. In other words,
it is a science developed, in fact, to address the physical foundations underlying the chemical pro-
cesses. It is believed that physical chemistry originated with the work of Josiah Willard Gibbs
On the Equilibrium of Heterogenous Substances, published in 1867 (Levine, 2008). This has laid
a solid foundation for physical chemistry with the famous Gibbs phase rule, Gibbs free energy,
and concepts of chemical potentials. Today physical chemistry focuses more on energy relations
and dynamics of chemical systems, including chemical thermodynamics, chemical kinetics, and
electrochemical systems (Levine, 2008). All of the above laboratory or theoretical chemistry when
applied to soil systems is then called soil analysis, soil biochemistry, soil inorganic chemistry, soil
organic chemistry, and soil physical chemistry, respectively. The exception is the term geochemistry
that geologists and several other people insist on using to replace the term soil chemistry. The term
geochemistry is often extended to become biogeochemistry. The combination of soil biochemistry
and soil inorganic and organic chemistry is, in fact, soil chemistry.

1.3 THE CONCEPT OF SOIL PHYSICAL CHEMISTRY

A number of scientists prefer using the term soil physical chemistry instead of soil chemistry. It is
perhaps acceptable in a limited sense, because soil physical chemistry is addressing not all, but only
part of the chemical processes occurring in soils, in addition to using the term physical differently
than normally defined. The term physics originates from the Greek physis or physikos, which in the
early days of the Greek philosophers referred to a philosophical concept of the matter and energy
of earth. This led to the creation of the atomic theory by Democritus in 460 BC, suggesting that
matter is composed of atoms (Greek atomos = indivisible), the smallest particles on earth. After
being forgotten and ignored for almost 2000 years during the period of the Roman Empire, the
atomic theory was revived by John Dalton in 1803. Since then, the term physics has been expanded
to include heat, sound, mechanics, electricity, magnetism, radiation, and nuclear science. It can also
mean the profession and practice of medicines.
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The emphasis of the books published on soil physical chemistry is on the chemistry of double
layers, adsorption and equilibrium reactions, and their statistical modeling (Sparks, 1999). As indi-
cated by the name, one would expect to see the principles of physics being addressed underlying the
soil chemical processes (see definition in Section 1.2). But, the adsorption and equilibrium reactions
are too remote and far related to the fields of physics as stated above. The heavy use of statistics or
calculus in deriving double-layer equations, considered by Ivy League scientists a cornerstone in
thermodynamics and quantum chemistry and hailed by many students, has in fact discouraged or
shied away many potential users. Chemical kinetics is also more focused on chemical reactions and
on principle is concerned with the speed or rate of reactions. This science of kinetics is founded
on the famous law of mass action as formulated in 1865 by Guldberg and Waage, which will be
explained in Chapter 4 in more detail. The physical factors underlying the speed of reaction are tem-
perature and pressure. In contrast to kinetics, thermodynamics and free energy concepts, frequently
included with soil physical chemistry, determine the probability of reactions to occur. The reaction
is more likely to take place if the free energy change (AG) is negative, will be at equilibrium when
AG is equal to 0, and will not occur if AG is positive.

Another aspect of soil physical chemistry is the issue of soil physics, which typically deals with
the study of particle size, sand, silt, and clay, their distribution and properties in soils, soil texture,
soil classes, soil consistence, soil pore spaces, particle density, bulk density, issues on soil tempera-
ture and soil moisture, and more. Hence, in view of the name, it is perhaps more than reasonable to
expect that soil physical chemistry should be dealing with the chemistry underlying the soil physical
properties above rather than addressing topics of adsorption and rate of reactions, which are plain
chemical issues.

1.4 THE CONCEPT OF GEOCHEMISTRY

Geochemistry is also, for some reason, another name preferred by geologists and several soil scien-
tists for replacing the name soil chemistry. As indicated in Section 1.2, geochemistry is the chemis-
try of geological material present on the earth, produced from the earth’s molten materials, magma
and lava. It is the chemistry underlying geology or geoscience, the science of the history of earth,
addressing diagenesis, metamorphism, hydrothermal deposition of ore and minerals, and the like
(Krauskopf, 2003; Merriam-Webster, 2003; Walther, 2009). A review of geochemical processes and
pathways is provided by McSween et al. (2004).

Previously, soil science was considered part of geology, as indicated by Robinson (1924), who
considered pedology (Greek pedon = “soil”) to be a branch of geology (geo = “ground, earth”). At
that time, geologists tended to regard soil as dirt, covering the rocks and minerals, (Milner, 1952).
However, today soil science is distinctly different from geosciences or geology. Though a close
relation is still present, soil science has developed in a different direction than geology. Pedology,
one branch of soil science, is the science of soil formation and soil classification. The weather-
ing of rocks and minerals to produce soils is called pedochemical weathering. The soil formed
is characterized by a soil profile, composed of several soil horizons from the surface down to the
parent material, and the identity of the rock has disappeared. In contrast, geology is concerned with
the solidification processes of magma and lava, yielding the various rocks and minerals, as indi-
cated above. The weathering of these rocks and minerals in geological terms is called geochemical
weathering and results in the formation of saprolites (unconsolidated disintegrated rock, lying in its
original place) and regoliths (unconsolidated weathered rock, resembling loose earth material above
the bedrock). Both are considered parent materials for soils. Pedochemical weathering takes place
on the earth surface, whereas geochemical weathering normally occurs deep below the surface of
the earth, in soil science terms below the solum or pedon. The chemical composition and charac-
teristics of mineral and rock formations are the traditional domains of geology. An example of the
chemical significance underlying petrography is provided as follows. The earth’s crust contains
approximately 47% oxygen, which occurs mostly in the form of oxides (e.g., silica, alumina, and
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iron oxides). Magmas, with SiO, contents of 65% to 75% and relatively low in alkalis (K, Na, Ca),
will form acidic rocks. Upon solidification, the excess silica will crystallize into quartz; hence, acid
rocks are often characterized by high quartz contents. In contrast, geologic materials low in silica
(SiO, contents between 40% and 50%) and relatively high in Fe, Ca, Mg, and K will yield basic
rocks, where quartz minerals are absent. Geologic materials with SiO, content in between the acidic
and basic composition usually produce intermediate rocks.

1.5 THE CONCEPT OF SOIL CHEMISTRY

As discussed above, many names have been used for soil chemistry. At the onset, it is “the study of
chemical characteristics of soils, with a tendency later on toward applications in (1) edaphology, the
science of plant nutrition and plant growth, and (2) pedology, the science of soil formation or soil
genesis” (Tan, 2009). With the environmental movement, expressing concerns on environmental
degradation in the 1970s, the focus shifted toward issues of organic and inorganic contaminants and
pollutants endangering environmental and human health. Names of environmental soil chemistry,
environmental chemistry, green chemistry, and the like surfaced. The question is now often raised
whether these new names can be used as the perfect synonyms of soil chemistry or perhaps can even
be considered as superior alternative names. Therefore, an attempt is made below to analyze the
term soil chemistry, and the ensuing discussion, based on rationale, is the opinion of the author.
Soil is by definition “an integrated mixture of inorganic, organic matter, water and air, called
the four soil constituents” (Brady, 1990). The chemistry of these soil components, their composi-
tion, structures, mutual interactions, and interactions with the biospheres, hydrospheres, and atmo-
spheres, can then for all practical reasons be called soil chemistry. The inorganic soil fraction, often
called the mineral fraction, is by convention considered to be sand, silt, and clay. Rock and gravel
are geologic materials but may form sand, silt, and clay upon pedochemical weathering. The chemi-
cal composition, structure, physicochemical properties, crystal characteristics, and electrochemical
properties of sand, silt, and clay are the domains of soil mineralogy. However, the chemistry and
electrochemical properties of clays resulting in adsorption and exchange reactions were in the early
days called colloid chemistry, but today they are often claimed to be geochemistry. By virtue of
their pedochemical origin, they truly are the science of soil chemistry. Organic matter, composed
of dead organic remains, decomposed organic matter, the humus, including humified products (e.g.,
humic and fulvic acids), and a huge live biological population belong rightfully to soil microbiol-
ogy. But the chemistry of the soil organic fractions above is soil biochemistry, and as defined earlier
(see Section 1.2), the latter is part of soil chemistry. The soil organic fractions are inherent envi-
ronmental features, providing the environmental basis to soil chemistry. This biological basis also
includes the vital biochemical reactions, such as nutrient cycling and carbon and nitrogen cycling,
which keep the soil alive. The soil liquid phase is the third essential soil component of importance
in soil chemistry. This is the place where most of the chemical reactions take place. Simply called
soil moisture, it nourishes plants and microbial growth. It contains the dissolved substances, ions,
and solutes, creating a soil-root system, closely resembling an electrochemical cell, where ion and
water movement, dissolution, dissociation, availability of elements to roots, oxidation, and reduc-
tion of elements are controlled by electrochemical potentials. In addition, the ions and solutes inter-
act mutually and with the solid inorganic and organic fractions, by means of adsorption, exchange,
ligand exchange, bridging, and chelation reactions. Dissolved gases may participate in or strongly
influence the many chemical reactions. Dissolved oxygen acts as a powerful oxidant, and dissolved
CO, (carbon dioxide) affects changes in acidity of the aqueous medium. Often expressed in terms
of BOD (biological oxygen demand), dissolved oxygen is used as an indicator for pollution, whereas
dissolved CO, plays an important role in determining soil pH. Soil air, the fourth soil constituent,
is the place for oxygen supply and for removal of excess carbon dioxide, produced by respiration of
plant roots and microorganisms. Anaerobic and aerobic decomposition, the latter an essential reac-
tion in the carbon cycle, are dependent on the oxygen content in soil air. All the above and more
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are essentially the domains of soil chemistry but are often claimed today to be geochemistry or soil
physical chemistry.

Recently, environmental chemistry and green chemistry are recognized as two new sciences in
pure chemistry. They have been created in reaction to the increasing environmental degradation
starting in the 1970s. Under pressure of the environmental movement, soil scientists all over the
United States were scrambling to follow suit by creating environmental soil chemistry (Sparks,
2002) for the application of environmental chemistry in the soils ecosystem, but surprisingly, the
title of soil green chemistry or green soil chemistry has yet to appear. Using the words environ-
mental and green in pure chemistry is essential for indicating the purpose and differences from the
other chemistry branches, in view of the theoretical nature of laboratory chemistry. However, in soil
science, it goes perhaps a little overboard to use the term environmental soil chemistry, because
soil systems and their biochemical reactions are inherent to the natural environment. Although soil
chemistry alone entails the connotations that environmental issues are included and considered,
nevertheless it seems to be justifiable to say environmental soil chemistry. It can always be argued
that the first word is used to reinforce the focus on environmental issues, though the question still
lingers that the name is as redundant as, for example, soil pedon (meaning “soil soil”), because
pedon (meaning “soil”) alone is sufficient.

The term environmental chemistry has been defined in the school of chemistry as the “chemis-
try of matter in the environment (air, water, and soil systems), its source, reactions, transport and
its influence on biochemical phenomena in nature” (Manahan, 2009). Note that the factor “soil” is
included, which should take care of the soil’s ecosystem, but the study of soils is not the domain
of the school of chemistry, but rather of soil science. The popular book Environmental Chemistry
(Manahan, 2009) provides meager details on soils, and its use as a soils textbook by some professors
in their soil classes makes it difficult to justify the quality of such a soils education. Manahan’s book
is excellent for the school of chemistry and would perhaps be a good reference for additional reading
in a soils curriculum. Green chemistry differs from environmental chemistry because of its focus
on chemical contaminants, pollutants, and toxic compounds, seeking to stop potential pollution of
the environment at its sources. The U.S. Environmental Protection Agency (US-EPA) recognizes
12 principles of green chemistry. Three of the principles, illustrating explicitly the purposes stated
above, are quoted here:

(1) Prevent waste by designing synthesis leaving no waste for treatment and cleanup; (2) Design safer
chemicals and products that are fully effective with little or no toxicity; and (3) Design less hazardous
chemical synthesis that generates substances with little or no toxicity to humans and the environments.
(Anastas and Warner, 1998)

For more details, refer to Anastas and Warner (1998). The information can also be obtained from
the US-EPA Web site at: http://www.epa.gov/greenchemistry/ (last accessed November 18, 2009).



2 Overview of Basic Chemical
Principles and Units

2.1 ATOM AND ATOMIC STRUCTURES

Quantum mechanics or quantum physics, the science of atomic and subatomic systems, is the
underlying principle of many fields in physics and chemistry (Scarani and Thew, 2000). It is
required for understanding the behavior of systems at atomic and subatomic dimensions. This
field of science was established during the beginning of the 20th century by a number of sci-
entists, including Albert Einstein, Max Planck, and Niels Bohr. It is the theory explaining why
atoms are stable and why the electrons never collide with the nucleus but remain in orbit moving
around the nucleus, defying the Law of Newton (Serway et al., 2009). It also explains how atoms
can change and form elements and molecules, all processes affecting the fate of chemical reac-
tions. This is then why it is deemed important to start discussion in this book, Principles of Soil
Chemistry, with atoms and atomic structures. It is about the “principles” of soil chemistry, isn’t
it? Atoms, their structures, and how they behave in chemical reactions are principles underly-
ing the science of chemistry. As explained in Section 1.2, chemistry is basically concerned with
studying the properties of matter, composed of atoms and the transformation of these atoms into
elements, ions, molecules, and salts. The theory goes that an atom is the smallest particle of an
element that can enter into a chemical combination. Atoms of the same elements are similar
in composition, but one element differs from the other in size, position, and movement of its
atoms. An element is a substance composed of atoms with the same atomic number, or nuclear
charge. In solid matter, the atoms vibrate within the confines of very small spaces, whereas in a
gas the atoms exhibit a considerable range of movement. This concept of atoms being the small-
est particles of matter was first postulated by Democritus or Leucippus, Greek philosophers,
in approximately 425 BC. The term atom comes from the Greek atomos, meaning indivisibly.
However, it was not before Dalton’s atomic theory was formulated in the first decade of the 19th
century that this idea became scientifically established (Roscoe and Harden, 2008). Though
John Dalton (1808) is generally credited as the founder of the atomic theory, he only revived the
Greek atomic hypothesis and gave it scientific credibility (see Section 1.3). Since then, Crookes,
Thomson, and others, around 1897, working on the conduction of electricity in rarified gases,
made revisions in the theory and concluded that the atom was composed of still smaller par-
ticles. By the turn of the 19th century, it became known that the atom was composed of the fol-
lowing components:

1. Electrons, small negatively charged components of atoms of all substances
2. Protons, positively charged particles of much greater mass than electrons

With the advancement of science in the 20th century, it became clear that atoms also contain neu-
trons. The neutrons have a mass number of 1 but have zero (0) charge. Less fundamental particles
were also detected, the positrons. Positrons are particles with the mass of an electron and the charge
of a proton.



8 Principles of Soil Chemistry, Fourth Edition

2.2 PARTICLE ACCELERATORS OR SYNCHROTRONS

With incredible developments in technology, it becomes evident that the atom can no longer be
considered the smallest particle of matter in nature. Especially since the development of atomic
smashers, many other subatomic particles have been detected or are produced by cracking the atoms
and their constituents into pieces. Nuclear physicists prefer to call these machines atomic or particle
accelerators or synchrotrons, modified cyclotrons in which subatomic particles are propelled by
electric energy enforced by a magnetic field (Afanasiev, 2004; Appelquist, 1986; Gaillard, 1983,
1986; Glashow, 1986; McCarthy and Norum, 1986; Orr, 1986; Richter, 1986). By pounding or pum-
meling the atom with fast-moving subatomic particles in an atomic accelerator, the atom’s central
part, the nucleus, is torn apart into smaller particles. The smaller the particles to be obtained, how-
ever, the more powerful and costlier must be the machines. Depending on the ene