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 PREFACE
 
 The surface chemistry of naturally occurring solids was initiated in its modern sense by soil chemists about one hundred five years ago. Jakob Maarten van Bemmelen, in his studies on soils sampled from polders in The Netherlands, published the first solute adsorption isotherm, proposed the first adsorption isotherm equation (now referred to as the Freundlich isotherm), and distilled from his results that the adsorptive powers of ordinary soils depend on the colloidal silicates, humus, silica, and iron oxides they contain. This profound first effort established one of the two great leitmotivs in the surface chemistry of soils: the use of adsorption isotherm equations to characterize equilibria between constituents of the soil solution and the solid phases in soil. The second great theme was developed thirty-five years later in the papers of Robert Gans (Ganssen), who suggested that ion exchange reactions in soils could be described by a mass-action coefficient (conditional equilibrium constant). Once the concept of thermodynamic activity was developed, the rigorous extension of the ion exchange mass-action coefficient to an exchange equilibrium constant became possible. This last foundational step was taken by Albert P. Vanselow, a student of G. N. Lewis. During the past fifty years, surface chemical phenomena in soils have been interpreted within the classical conceptual framework created by van Bemmelen, Gans, and Vanselow. The successes have been many, but with the growth of applications has come a deepening of understanding, particularly in respect to the limitations of the classical approach. It is apparent now that neither the adsorption isotherm nor the exchange equilibrium constant provides any unique information as to the mechanisms of surface chemical reactions. Adsorption isotherm equations bear no simple relationship to the chemical equilibria they model, since it is possible to derive the same equation under different sets of mutually exclusive hypotheses about the adsorption mechanism. The isotherm equation is best regarded as II curve-fitting expression with parameters
 
 viii
 
 PREFACE
 
 having potential correlative and predictive value. In a similar vein, the thermodynamic description of ion exchange is known now to be a macroscopic theory of mixtures that is independent of exchange mechanisms. Surface chemistry and ion exchange have no necessary connection, as the many documented geochemical coprecipitation reactions-which also are ion exchange reactions-illustrate so clearly. The mechanisms of surface chemical reactions represent a problem in coordination chemistry, which is the study of complexes, molecular units comprising a central group surrounded by other atoms in close association. This book is principally an introduction to the interpretation of surface phenomena in soils from the point of view of coordination chemistry. Therefore the basic concept to be discussed is the surface functional group, the central moiety in surface complexes, whose formation provides the most important mechanism of adsorption by the solid phases in soils. No detailed consideration of adsorption isotherm equations or the thermodynamic theory of ion exchange is presented, except insofar as their tenuous relation with surface coordination chemistry is to be illustrated. The discussion in this book is intended to be self-contained, but a previous exposure to soil physical chemistry, soil mineralogy, and the fundamentals of inorganic chemistry will prove helpful. The first chapter of this book reviews three basic experimental divisions of the surface chemistry of soils: the nature of adsorbing solid phases, the measurement of specific surface area, and the determination of surface charge density. Emphasis is placed on the view that the adsorbing solids in soils are inorganic and organic polymers bearing surface functional groups whose reactivity determines the operational meanings of surface area and surface charge. The second and third chapters provide a general description of the solid-aqueous solution interface in soils which does not rely on any detailed molecular model of the interfacial region, such as diffuse double layer theory. The intent in these chapters is to introduce familiar interfacial phenomena as much as possible in a model-independent context while preserving the guiding principles of coordination chemistry. The fourth and fifth chapters deal with the experimental and theoretical aspects of adsorption by soil constituents. In these chapters, mechanisms of adsorption as examples of surface complexation are discussed and molecular models of the interfacial region are described. The complementary roles of the diffuse ion swarm and of surface complexes are examined through a survey of recent chemical models of adsorption. The sixth chapter presents a brief review of the relationship between surface coordination chemistry and soil colloidal phenomena. This chapter can serve as an introduction to the key concepts of colloid structure and interparticle forces in soil clay suspensions. The initial inspiration to develop this monograph has come from the very beautiful research of Dr. Werner Stumm and his colleagues on the surface chemistry of hydrous oxides. The development of the coordination chemistry approach to adsorption. pioneered hy him and Dr. Paul Schindler some
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 ix
 
 fifteen years ago, has made a truly seminal contribution to the study of natural water systems. Those of us fortunate enough to have known him and his work share in the reflected light of his fine accomplishments. I should like to thank also Dr. James J. Morgan for continual encouragement and support in ways too numerous to count. Dr. James O. Leckie has been most helpful over the past several years as I began to learn the vicissitudes of computer modeling of surface phenomena. I am grateful also to Michael Essington for providing me with a set of lecture notes for my course on soil physical chemistry that has helped me significantly during the writing of this book. Chapters 1 and 2 were reviewed in draft by Dr. James P. Quirk, who made many suggestions for their improvement. Chapter 1 also was read by Dr. Roger L. Parfitt and Chapter 2 by Dr. Rene Prost, both of whom have helped to clarify my thinking. Chapter 3 was reviewed by Dr. Robert J. Hunter, who gave me the benefit of his great experience with electrified interfaces. I must thank also Dr. Clifford T. Johnston and Dr. Sabine R. Goldberg for their most careful scrutiny of several chapters in an effort to expunge errors and simplify sentences. Finally, I express deep gratitude to Diana Deporto and Linda Bobbitt for their skill in drawing the figures and to Martha Stephans and Sharon Conditt for their excellent typing of the manuscript. Riverside, California August 1983
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 There are ancient cathedrals which, apart from their consecrated purpose, inspire solemnity and awe, Even the curious visitor speaks of serious things, with hushed voice, and as each whisper reverberates through the vaulted nave, the returning echo seems to bear a message of mystery. The labor of generations of architects and artisans has been forgotten, the scaffolding erected for their toil has long since been removed, their mistakes have been erased, or have become hidden by the dust of centuries. Seeing only the perfection of the completed whole, we are impressed as by some superhuman agency. But sometimes we enter such an edifice that is still partly under construction; then the sound of hammers, the reek of tobacco, the trivial jests bandied from workman to workman, enable us to realize that the great structures are but the result of giving to ordinary human effort a direction and a purpose, Gilbert Newton Lewis and Merle Randall l
 
 G. N, Lewis und M. Rundall, Thermodynamics and till' Free f.'Tll'fNY of Chemical Substances. Mc(irllw·llill Book ('0" New York. 11)2,1 Reprinted with the permission or the publisher. I
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 1 THE REACTIVE SOLID SURFACES IN SOILS
 
 1.1. STRUCTURAL CHEMISTRY OF THE SURFACE-REACTIVE SOLID PHASES IN SOILS
 
 The solid phases that exhibit surface reactivity in soils are to be found primarily in the clay fraction. This well-known fact is a consequence of the geometric relationship between particle volume and surface area: in a closely packed mass of solid particles, the total surface area increases as the degree of subdivision of the mass increases. For example, in a cubic meter of medium sand particles, each assumed spherical with a diameter of 500 JLm, the total surface area is about 1.2 x 104 rrr'. In the same volume of clay particles, however, each with a diameter of 2 JLm, the total surface area is about 3 x 106 m 2 , or 250 times that of the sand particles. 1 It is evident from this comparison that a study of the solid phases in soils in relation to surface chemistry need focus only on those solids that are common in clay fractions. From the point of view of structural chemistry, most of the solid phases contained in soil clays are polymers, i.e., compounds or mixtures of compounds formed from the bonding together of repeating molecular units. If the repeating structure in a solid phase persists throughout a molecular region whose diameter is at least 3 nm, the solid phase is said to be crystalline. If structural regularity does not exist over molecular distances this large, the solid phase is termed amorphous. This distinction concerning structural regularity is intended principally as a general guide. Even among the crystalline solids in soil clays there is wide variation in molecular order, with disorder introduced often by isomorphic substitutions of cations and anions and by the irregular stacking of crystalline layers. The most important molecular structural units in the inorganic polymers found in soil days are the silica tetrahedron, sio1 ,and the octahedral comprising a mctal calion, M'" I , and six anions, X" . complex MXg'
 
 r:
 
 TETRAHEDRAL SHEET
 
 DIOCTAHEDRAL SHEET
 
 'J_--X b J+-----M m+
 
 Figure 1.1. Sheet polymeric structure of Si04- and Mx~m~6b). The open circles at the polyhedral vertices in each perspective view are shown directly below in a projection along the crystallographic a axis.
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 Both of these units can polymerize to form sheet structures, as illustrated in Fig. 1.1. The tetrahedral sheet results from the sharing of corners occupied by oxygen ions, an arrangement that is optimal for screening the positive coulomb field produced by the Si4 + ions at the centers of the tetrahedra. The octahedral sheet is built up through the sharing of edges, which brings neighboring metal cations nearer to one another than in the case of shared corners. If all possible sites for metal cations in an octahedral sheet are occupied, each cation shares two anions with each of six neighbouring cations and the sheet is termed trioctahedral. If just two thirds of the possible sites are occupied, each cation shares two anions with each of three neighboring cations and the sheet is termed dioctahedral. A dioctahedral sheet is shown in Fig. 1.1. Since the sharing of edges in an octahedral sheet brings neighboring metal cations closer together than when octahedral corners are shared, the cationic coulomb field is not screened as well and the octahedra tend to become distorted in order to minimize cation repulsion. The principal feature of this distortion is a shortening of anion-anion distances along the shared edges in order to provide additional screening of the cationic electric field?,3 Crystalline solids that contain only silica tetrahedral sheets do not exist in soils, but carbonate, oxide, oxyhydroxide, and hydroxide solids that have metal cations in octahedral coordination are widespread. The ratio of the radius of the common metal cations in soil clays to that of bivalent oxygen usually ranges between 0.4 and 0.7 (Table 1.1), which means that, according to the Pauling Rules," octahedral coordination of the metal cations with 0(- II) is preferred. Because of their great abundance in the lithosphere and their low solubility in the normal range of soil pH values, aluminum, iron, and manganese form the most important oxide,
 
 Table 1.1. Ionic radii of elements commonly found in clay fractions of soils
 
 Element
 
 Radius, nm a
 
 Radius, ratio"
 
 Li(I) D( -II) F(-I) Na(I) Mg(lI) Al(III) Si(IV) K(I) Ca(II)
 
 0.074 0.140 0.133 0.102 0.072 0.053 0.026 0.138 D.IOO
 
 0.53
 
 0.73 0.51 0.38 0.19 0.99 0.71
 
 Element
 
 Radius, nm a
 
 Radius ratio"
 
 Co (III) Mn(III) Mn(IV) Fe (II) Fe (III) Cu(lI) Zn(II) Cd(lI) Pb(lI)
 
 0.061 0.065 0.054 0.078 0.073 0.073 0.075 0.095 0.118
 
 0.44 0.46 0.39 0.56 0.52 0.52 0.54 0.68 0.84
 
 "Ionic radii for octahedral coordination [excepting Si(IV). which is for tetrahedral coordination] compiled from R. D. Shunnon und C. D. Prewitt, Effective ionic radii in oxides and fluorides. Acta Cryst. 825: lJ25 ( IlJIllJ). " r( cutinn l/ rl ( )(
 
 Ill!
 
 4
 
 THE SURFACE CHEMISTRY OF SOilS
 
 oxyhydroxide, and hydroxide minerals in soil clays. These minerals are listed in Table 1.2, and representative octahedral sheet structures are shown in Fig. 1.2. Among the iron compounds listed in Table 1.2, goethite is the one most often found in soils, regardless of climatic region. Under oxic conditions and in the presence of iron-complexing ligands that inhibit crystallization, however, ferrihydrite may precipitate from a soil solution. This poorly crystalline solid comprises sheets of octahedra with Fe(III) coordinated to 0, OH, and OH z in a defect-sprinkled arrangement similar to that in hematite. Ferrihydrite can transform either to hematite, which ultimately transforms to goethite, or directly to goethite. Goethite is the most thermodynamically stable of the iron oxides and, therefore, is the solid phase expected finally in soil clays." As indicated in Fig. 1.2, the oxygen ions in goethite lie in planes perpendicular to the crystallographic a axis and the iron cations are coordinated in distorted octahedra that share edges. Some of the octahedral vertex ions are OH- groups, which form hydrogen bonds with neighboring oxygen ions. Gibbsite is the most important of the aluminum minerals listed in Table 1.2. Its molecular structure is illustrated in Fig. 1.2. The dioctahedral sheets in the structure are bound together by hydrogen bonds between opposed hydroxyl groups. Hydrogen bonding also occurs between hydroxyl groups along the edges of unfilled octahedra within a sheet, thereby producing additional distortion of the aluminum octahedra beyond that caused by the sharing of their edges.f The most commonly found manganese mineral in soils is birnessite, with lithiophorite, the other manganese oxyhydroxide listed in Table 1.2, restricted largely to acidic soils. Birnessite contains sheets of MnO~ octahedra linked in some fashion with Mn(III) , Mn(II), Na(I), and Ca (II) ions coordinated to both hydroxyl groups and water molecules. In lithiophorite, sheets of MnO~- octahedra alternate with sheets of Alo.67Lio.33 octahedra." The polymeric sheet structures illustrated in Fig. 1.1 combine to form the phyllosilicate class of minerals. This bonding together of tetrahedral Table 1.2. Metal oxides, oxyhydroxides, and hydroxides commonly found in clay fractions of soils
 
 Name Anatase Birnessite Boehmite" Ferrihydrite Gibbsite" Goethite"
 
 Chemical formula
 
 rio, Nao.7CaO.3Mn7014·2.8HzO y-AlOOH FeZ03' 2FeOOH· 2.6H zO y-Al(OHh a-FeOOH
 
 Name
 
 Chemical formula
 
 Hematite" Ilmenite Lepidocrocite" Lithiophorite Maghernite":" Magnetite"
 
 a- FeZ03 FeTi03 y-FeOOH (Al,Li)MnOz(OH)z y-FeZ0 3 FeFez04
 
 • The y denotes cubic dme,pllckinll 01' unions, lind the " denotes h Sllllle Ill' the !-'c(III) Ion. nrc in It'lrllhe					    
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