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FOREWORD

This report was prepared bv soil s-ientists at Oklahoma Stare
Universitv, Stillwater. Cklanoma, in corjunction with the Techrical
Analvsis and Information Office, US Armvs Dugway Proving Ground, Dugwav,
Utah. The work was funded bv ADTE Projct IM465710-D049, Joint Chemical
and Biological (CB) Con=act Point and T»st (Project DO49).

This work on the chemical propertizs and characterization of soils :s
volume 1 of a series of reports that were undertaken in resronse to a
requirement to assess the hazard that miv result from dust rhat has been
contaminated bv chemical warfare agents. Data regarding the interaction of
chemical warrare agzents and dast, that {s, soils af which dus: is composed,
are few. The data that were found resulted from research that did not
utilize important oncepnts of soi! scieice; thus, the data were not useful
for evaluating chemical warfare agent aad soill interactions. For these
reasons, an investigation of available information on the interaction of
pesticides in soil, particuiariv those resticides similar in composition
to chemical warfare agents, was undertaken.

Becausa there was evidence of a lack of understanding of the basic
concepts of soil science in the chemical! weapons literature, information
on this subiect has boen presented for -he enlightenment of those chemists,
and others, who mav be required at some future time to determine the
interactions of chemical wartare azents and solls. It should be =vident
to those who read rhis report that the chemistry of soils is complex. The
discussion presented herein is primarily of mineral soils, low in organic
matter content, as a prime source of dust.

The concep:s presented are importent to the study of many problems
ii chemical dofense. Of primarv interest is the fate of chemical agents
in the soil. Since soil will he the l.cation of the bulk of chemical agent
that nis peen disseminared in any terrestrisl environment, the ultimate
fate of the agent should be studied. “he decontaminating value of soil
components, stch as Fuller's Earth, has been demoustrated. The ultimate
fate of the avent in the decontaminatirg soil or soil component under
varvine environmental conditions shoulc be determined. The principles
of soil chemisrrv should be recopuized ana utilized in these and anv
other studv isvol!ving the interaction «f soils and chemical agents and
also hiologicnl agents.

The investigation of the interact on of some toxic chemicals, to
include pesticide-tvpe chemicals and a so chemical warfare agents, and
soils will be nresented in volume 2, entitled, Interactions of Some Toxic
Chemicals/Chemical Warfare Agents and ‘oils. An analvsis and estimation
of the hazard associated with dust tha has been contaminated bv chemical
agents is reported in volume 3: Possible CW Agent Hazard from Dust Storms.
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SECTION 1. IRTRODUCTION

1.1 BACKGROUND

Civilization, that is, a s.dertary population probablv began when
man learned to plant seed, nurture food plants, and wait for the har-
vest. These early farmers were also the first soil chemists because
they very quickly learned about productive and nor-sroductive soils.
However, the application of the scientific wethod and development of
soll sciznce as a discipline in its own right is lesa than 150 vears
old,

To much of the lay public today, soil is still thought of in the
context of the Greek word for soil or '"pedo" meaning underfoot, that is.
that ~n which we walk. To many physical and biological scientists, soil
ippears to be a bewilderiny mixture of inert mineral substarces mived
with a trace to a few percent of amorphous organic debris, and orobably
not worthy of study.

Soil scientists have developed concepts that have caused the study
of soil to be on a firm scientific base. The nighest o.-der nf
scientific expertise has been applied to the study of soil! by skilled
scientiscts from all parts of the world.

In the past 50 years, study of the ability of soil to abserb,
detoxify, and otherwise cause the inactivation of a host of chemical
compounds has been greatly intensified. The interaction of all types of
soil with herbicides, insecticides, industrial and urban wastes, and
natural products of the environment kas beeun studied #ith the intent to
use the soil as one of the cleansing agents of our civilization. There-
fore, the study of the chemistry of this interaciLion merits a :reat deal
of attention and support.,

1.2 THE NATURE OF SCIL

Russell (1950) defines soil as a medium for rlant growth and there-
fore as a medium fo: roct development, He further divides the soil into
four parts: (1) mineral matter derived from rocks, (2) calcium carbon-
ate and phosphate, (3) residue of plants and microorganisms, and (4)
soil water of the soil solution. Buol et al. (1973) defines soil gene-
sis as that phase of soil science (pednlogy) that deals with the factors
and processes of soil formation. Soils, therefcre, are not geologic
deposits but they are the upper portion of the earth's surface which has
been invaded by organic matter and otherwise altered by processes caused
by its position at the earth's surface. Thompson and Troeh (1978) point
out that any definition of soil depends on the viewpoint of the person
formulating the definition: ar edaphologist would define soil as "a
mixture of mineral and organic matter that is capable of supporting
plant life" while a pedologist or a student of soil genesis would define



soil as "a natural product formed from weathered rock by the action of
climate, slope, time, and living organisms." These two concepts have a
common point of view, that is, life is required.

There are a number of concepts concerning the soil that should be
addressed before an attempt is made to investigate the detailed chemis-
try of soil:

(1) Local profile - the vertical exposure of the seveval horizons
or layers of an individual soil or the superficial portion of
the earth's crust which includes al! layers that have been
pedologically altered.

(2) The solum - that part of the so2il profile that is influenced
by plant reots.

(3) Soil horizon - a layer of scil approximately parallel to the
soil surface with characteristics produced by soil forming
processes.

(4) Soil forming processes - these processes are essentially (a)
© additions to a soil body, (b) losses from a soil body, (c)
translocation within a soil body, and (d) transformations
within a soil body.

This very brief intronduction to the nature of soil is not adequate
for a student of soil science, but it may suffice to introduce some of
the more detailed chemical processes within the soil. Therefore, we
will proceed with a discussion of some of the chemical characteristics
of the soil.

1.2.1 Cation Exchange

The cation evchange capacity (CEC) is the capacity of a soil to
sorb or hold caticns and 1o exchange those ious in reversible chemical
reactions. The CEC has been expressed as miliiequivalents/100 grams
soil (meq/100 g). However, the uomenclature committee of the Soil
Science Society of Awerica has defired CEC as micromoles/gram (um/g) and
the ion is specified {usually calcium). CEC describes an experimental
phenomenon with a number of analytical procedures for its determination.
The most common procedures are:

(1) Saturation at pH 7.0 with ammonium ion (leached with 1 molar
ammonium acetate) and displacement of the ammonium ion, or

(2) Saturation with calcium (Ca++) and displacement with sodium (Na+).

The summa:ion method (sum of all exchanueable cations) is also
commonly used, but must include exchangeable hydregen and aluminum.




CEC of soils implies a source of negative charge 1n soil. The
sources of charge are several and will be discussed in detail later.
Some workers (Bohn et ai.. 1279) assume a vclearcut boundary betweun the
axchangeable cations held by the soil and the bulk solution. However,
the concentration of i-2s arvound a nepativelv charged soill particlie is
probably distrisuted in an atmosphere around the particle variously
described as the '"diffuse-double~layer" where the scoil particle (col-
loid) has an excess of cations near the par<icle surface and a deficit
of anions. Calculations based on “he Gouy~Chapman (1913) theory as
reported by Van Olphen (1963) show that at a distance of 5 to 150 ang-
stroms (A)! from the surtace of a collecid clay particle, the concentration
of cations in a1 dilute soluticn (U.01N) will be approacking 3N at the
surface, and at 1530 A, th2 concentration will be 9.01N. If the Jaficit of
anions is also pilotted, it can be shown that the surface of the
negatively charged particl- affectiv.iy excludes anions, but the concen-
tration of anions increases with distance from the soil particle
surface. ''Double-laver’ thickness decrzases as the square root of the
bulk solution szlt concentration of the sc:l solution (N) crd directly
with increasing valence of tne exchaonzceable. cation.

Although cation exchange reactions are normally ccnsidered to be
reversible and virtually instantanecus, there are excentiors where poly-
valent heavy metals are sorbed irreversibly by organic matter in soils
(discussed in a subseauen. section). For the notmal exchange reaction
we can say that 't is csszentiail!y stoichiometric, The caticn exchange
reaction as a simrle elactrostatic approach is defined by Coulrmb's Law,
but does rot predict differences in selectivity of colloid surfaces for
cations of the same valance. The selectivity or vreference is related
to the relative hvdrated sizes and enargies of hydration of the various
cations, whilea tons of smailer dehvdratior radius have a great~=r density
of charse per unit valence. The radius of highly hydrated ions like Na
have a low ce.sity of charge and are more easily removed from charged
so!l particle surtaccs, taug 0 ncrmal temnerate zone soniils exchangeable
Na is in the surface soll a2s a trice quanrity and a larger amount may be
present in the subscil. “oil calloids {clav minerals.! exhibit cation
selectivity; e.z., clay mirerals like vermiculite show a preference for
magnesium (Mg), montmorilinonire (smectite) tends to be selective for Na,
while iliite (hydrous micas) 13 selective for notassium (X).

There have been manv attemots te develop mathematical models for
the cation exchange reaction. Hnwever, duc to the empirical nature of
this reaction, no model developed to date has been ccmpletely satisfac-
torv (Bohn et al., 1979; Bolt et al., 1976: and Xelley, 1948). Some
authore suggest that application of the Gapon equation (Bohn et al.,

'0ne angstrom (A) = 10710 m.



1979) which is a mass-action equaticn 1s useful aithough not rigorous
over the entire range of ion concentration in a soil-salt solution
system.

1.2.2 Anion Exchange

Anion exchange is not extensively discussed in the scil chemistrv
literature. Probably the identification of cation exchange as an elec-
trostatic phenomenon of scil! ciay minerals ceuses discussion of anion
exchange, which is not identified with some easily defined chemical
phenomena, to be neglected. Therefore, many investigators neglect anion
exchange or introduce the subject in much the same mannsr as Mott (1981)
who states "One of the geueralizations that can be rade about soils is
that the particles have a net negative charge” and he then continues,
"There are exceptions."

Most anions are held much more strongily by the soil compiex than we
would at first surmise. Positively ctarged sites can exist on soil par-
ticles at a given pH and the quantity of anions sorbed van be quanti-
tatively estimated.

The anions of strong mineral acids, e.g., anions of hydcochloric
and nitric acid and also perchloric and hydrobromic acid, are nonspecif-
ically sorbed by soil. The {ad)sorption is physical and there is no
ele. *ron transfer or snaring »f electrons between the anicns and
crystalline moeities. All other aniosn:, includiang or anic anions, are
specifizally sorbed by soil. The anions are so:bed at specific sites on
soil particle surfaces and form chemicai bonds. The '"specific sorption"
generally describes an anion bound as a ligand rather than an clectro-
static bond. There are other anions which ar> attracted to a soil par-
ticle surface to a greater extent than would te inferred from the aif-
fuse-double~layer anion exclusion thaory.

The bondi:g of aaicns 1n scil may be due to sorption or exchance of
hydroxyl {(CH) with the sciution aniomns (specirically sorted anions). If
titrations are carried out with a soil-solute salt mixture (in NacCl
solitions troem 1.0 to 0.00] molar), the resulting set of titration
curves on the pH scale (abscissa) vs. microequivalents/graa (jieq/g)
{(ordinate) will cross at the same point. which {5 the point (f zero
charge (P2C)., (This is also refcrred to as pH dependent charge.) The
oxides of ironm (Fe) ard Al, or hvdrated oxides are primarily responsible
for this type of bonding. Therefore, goethite (-FeOOH) iias a PZC
between pH 8 and 8.5, which meens that at this pH the positive and nega-
tive charges on the surface are balanced; however, to maintain this
state the solution must contain 100 times more OH™ than H® while geo~-
thite holds protons (HY) much more strongly than it holds water. 1If one
congiders the crystal structure of an cxide wher. eurface cations like
Fe*" are not fully ccordinated (for Fe the ccordination number is 6)
there will be a small residual charge on surface ligands. In aqueous
solutions these sites will be hydroxylated and carry a net negative
residual charge. The extent of charge, however, will be strongly
dependent on which crystallographic planes are exposed to the soil
environment. Specific anions have a strong affinity for hydroxylated
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surfaces and displace the ligands to the cations. This illustrates
ligand exchange and not electrostatic attraction.

These reactions are verv often exnressed wita absorption isotherms,
for example, Langmuir or Freundlich tvnec. Although these absorption
isctherms are empirical, thev are tseful for the investigation of anion

exchange or sorntion.

Ions that are electrostatically attracted to a charged surface are
desorbed by aporoximately the same amount of energy as was released on
sorption. However, with ligand exchange, this is not necessarily true
because the ligand forms an "ionic-partly-covalent' bond with the surface,
and the ligand is between the exchauge lattice cation and the exchange
anion. Usually there is selectivitv in favor of the ligand anion. The
implication of this is that dJdesorption at constant nH will require more
energy than sorrtion at the same conditions. 7This »henomenca is very
well illustrated with ohosphate sorbed on goethite (Hinvston et al., 1974).



SECTION 2., SOIL MINERALOGY

Most mineral soils have featuves which relate them to the paront
rocks from which thev came. However, where che so0il was formed from
sediment (sedimentary rocks), which itself was formed from preexisting
primary or igneous rocks, the relation between the pareat rock aund the
soil might be quite remote. 1f a soil is formed directly from igneous
rock, there may still be little resemblance Detween the soil and the
parent rock due to weathering and tlie synthesis of secondary minerals.

If the minerals in i7ne ss racks are compaved with the minerals
found 1n soils, a wide difference in composition can be noted. For
example, olivines, pvroxenes, amphiboles, and biotites are very casily
weachered and, in most mineral sotls, these minerals are present cnly in
trace quantities while their presence in the parent rock mav have been
in excess of 50 percent. Most feidspars weather less readily; however,
the Ca feldspars disapp:ar early in the weathering process while the Na
and K feldspars are much more s<table an. weacher very slowly. Muscovite
or K mica is quite persistent in soils and weathers at aboat the same
rate as K feldspars. Quartz weathers very slowly and persists in soils
after most of the metal-substituted Al silicates have beecn altered by
weathering. Primary minerals from igneous rocks [e.g., anatase and
rutile (Ti0;) and zircon (SiZ-0,)] weather so slowly in soils that they
can e used for weatheri-g indexss. The clay minerals vary in their
resisrance to weathering. Laolinite and the hydrated oxides of Fe and
Al are the most resistant to weathering of all of the clay minerals.
Smectite, vermiculite, and the hydrous micas are less resistant to
weathering. Therefore, soils found in high werthering intensity
environments will have varv low pnercentages of the smectite and
micaceous minerails,

The clay minerals are all thought to be secondary minerals. Where
rocks (sediments) and soils ar: weathered under free leaching conditions
in tropical climates, the resulting soil is very high in gibbsite (hydrated
Al203) and goethite. Where drainage is less free, there is a significant
concentration of silicon (2 ppm) in the soil solution and kaolinite
is formed. When drainage is low and hasic cations like Ca+‘, K+, Mg+2,
and Nat are present in the soil solutions, the 2:1 clay minerals, like
hydrated mica (i1llite) and smectite (most montmorillonites, vermiculites,
and chlorites), are present in the soil.

The clay component of soil is usually referred to as the "active
fraction" because most properties of soil are related to sorption
reactions on clay mineral surfaces. Clay minerals are an extremely
difficult group of minerals to study because there are no "hand speci-
mens." All of the clay minerals may be thought of as the 'dwarf
minerals" of the mineral kingdom. The upper limits for clay mineral
size is approximaiely 2 ym or less in equivalent spherical diameter
(ESD). Therefore, the specific surface areas for the clay minerals
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range from 1 mZ/e for very coarse grained (2 um) kaolinites, to an excess
of 760 m2/g for the less than 0.02 um fraction of the rmectites. The
surfaces of many of these clay minerals carry a significant amount of
electronic (negative) charge which is balanced by cations in the envi-
ronment of the clay particie. The characteristics of each ~f these clay
minerals are discussed in the succeeding paragraphs.

2.1 THE CLAY MINERALS IN SOILS

There are many outstanding references concerning the clay minerals
found in soils. Van Olphen (1963) discusses the chemistry of the clay
colloids, Brown er :1, (1978) discuss these minerals in the Greenland
and Haves (1978) r rt, and Carroll (1970) has made an outstanding
contribution to ous understanding of the X-ray identification of these
minerals. Dixon and Weed (i977) present an exposi.ion of not only the
soil clay minerals but other mireral. in soils. dary cther
contributions too numerous to mention, iacluding rhose by the authors of
this report, will be cited either directly or iadirectly.

The clay minerals are usually grouped by the si 2; aluminun
(Si09:Al) ratio or potential charge per X-ray unit cel The common
clay minerals (as per Tohles 1, 2, aad 3) will be discussed here; the
1:1 minerals first and then the 2:1 minerals. These minerals are
further divided into three series: (1) dioctahkedral, (2) trioctahedral,
and (3) tetrahedrai.

The deta in Tcble 1 show the empirical composition of the common
clay minersls and their percentage composition. Tahbles 2 and 3 are
attempts tc classify the clay minerals usuaily encountered in clay
mineralogy studies; Table 2 is a classification of minerals, by the
Clay Minerals Section of the Mineralogy Snciety of Creat Britian, based
on molecular structure; and Table 2 is a classificstion, by the Nomen-
clature Committee of Lhe Amer-can Clays and Clay Minerals Society, based
on charge and structure,.

Extersive literature ou the chemistry and physics of clay mineral-
ogy 1s available, with applications in agriculture, microelectronics,
ceramics, catalyst-assisted chemical marufacture, oil well drilling,
geochemical and geophysical petroleum exploration, commercial mining,
and as sinks for digsposal of hazardous chemicals. In essence, one could
say that the baasic chemistry of the land surface of the world is the
chemistry of the clay minerals.

Anions are generally larger in ioaic radii than cations and there-
fore form the framework of most silicate minerals. The data in Figure !}
show the relative size of the common ions found in the phyllosilicates
(Greenland and Hayes, 1978, Figure 2.2). The two most common coordina-
tion structures found in ciay minerals are the tetrahedron and the
octahedron, as shown in Figures 2 and 3.




TABLE 1. CHEMICAL COMPOSITION OF THZ COMMON CLAY MINERALS

CLAY MINERAL COMPOSTTION/TCMMENTS

KAOLINITE (OH)aS14A1.0:5.  The theoretical compositi~n is Si0.,,
46.547: Alz05, 39.5%; and H~O, 13,967

HALLOYSITE Dehvdrated form: (OH)gSisAlu0y4

Hydrated form: (OH)aS1i,A1,C)q4H,0,

MONTMORTLLONTTE (CHY L S1aALL 02 nH,O,  Thauvretica composition without an
intoriaver in S1i0-, #6.7%; Al,0-, 28.3%: and H,0, 5.9%

Actual nalvses of montmorillonite minerais:

Montmorillonite Nag,ss (CH),S1ig (Aly, 3uMEg. 66028
Beidellite @ Nag,rs (OH2) (Sis. 34Al:, 60 Alu, ~402p
Nontronite Neg.ne (GFaY(Si,,20ALl . 553 Feu. 44059
Hectorite Nan. o s0HLSia (Mes.3ulin, 56)00:
MUSCOVITE (OH) 4 Ko (Sig*Ai»)AlL0-. . This mineral is weathered to

illite bv K reroval., Theoretical comneosition: K.N,
11.8%; Sina, 45.2%; Al-C; 32,573 H.0, 4,5%. (Not all
a7 the K nreds e te removed to form illite - more
proverly called hvdrous mzca)

B.OTITE : (NH)u K2 (Alg+Al>) (Mg Fe)g0-¢ . This mineral is weathered
to vermiculite b K removal anl addition of water.
Theoretical cempesition varies widely.,

CHL.ORITE (OH) 4 (5i*Al) 3 Mp*Fe)g0»r . Thecretical composition varies
where the Si+Al varies from Si-Al to SisAl,, and the
MoeAl varies from Mg:-Al to Mpual,, with Fe and Mn
partiallv replacin: Mg, and Fe and Cr partially replacing
Al.

VERMICULITE (OB)u (Mg*Ca)x (Sig-x*Alx) (Mg*Fe)sO:9°YH20, with x varying
from } to 1.4 and Y 1s about 3. The Mg and Ca are
largely exchanacable ions, and Ca is not a part of the
internal structure.

ATTAPULGITE (OH) 4 (OH) 2MgsSig0y0*4H, . However, a fermula approaching
HeMpaSi; 030 (OH)*H,0 may be more nearly the theoretical
composition

aMisra and Upchurch (1976) give the detailed chemical composition of
beidellite as:

+ +
(Cay,s1)(Si7,10AL0.90) (Als szFe¥y 55 Fe? o.11M20,141)020 (0H)




TABLE 2. CLASSIFICATION OF THE CLAY MINERALS BY THE MINERALOGICAL SOCIETY
OF GREAT BRITTIAN (Brown, 1955).

I, Amorphous (noncrvstalline clays)

Allophane (vxample, Ando soils of Japan)
IT. Crystalline Minerals

A. Two-layer type (sheet structures ccmpossd of units of one layer
of silica tetrahedra and one layer of alumina octahedra.

1. Equidimensional: Xaolinite group - kaolinite, mac. ite, dickite
2. Zlongate: Halloysite group

B. Three~layer tvpes (sheci stricture composed of one central
dioctahedral layver between two silica tetrahedra, or
three trioctahedral lavers?,

1. Expanding lattice

a. Equidimensional: (1) Montmorillonit: group (montmorillonite,
saucenite); (2) Vermiculite

2. Nonexpanding latcice: 1Ilfite ~roup - hydrous ricas

C. Regular mixed laver t-pes (ordered stacking cf alternate layers
of different tipes).

Chlorite group
wpes (hornblende-like chains of silica

ked tocether by octrahedral groups of oxyeens
zoniaining Al and Mg atoms).

D. Chain structur
tetrahedra Lia
and hydroxvls

Attapulgite, sepiclite, palvgorskite (these three minerals are
often lumped together as the saize mineral).

NOTE: The classification scheme for clay minerals was reviewed again in 1969
however, therc has been little change to date. International
meetings of mineralogists may nave some changes, but it is hoped
that the nomenclature will be clouse to Tables 2 and 3.
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CLASSTIFICATION SCHEME AS PROPOSED BY THE JOURNAL OF THE
CLAY MINERALS SCCIETY3

TABLE 3.

) b
Charge
Tvpe (x=charge) Group Suberoup Species in Subgroup
1:1 x=0 Kanlinite/ Kaolinites taolinite, Hallovsite
Serpentine Serpentines Chryvsotile, Lizardirte,
Antigorite
x=0 Pyroohvllite/ Pyroohyllites Pyrophyllite
Talc Talcs Talc
x=0.25 Smectite or Divctahedral Montmorillonite,
to 0.60 Montmoerillonite Hontmorillonites Bedidellite, Nontronite
2:] x=0.,60 Vermiculite Dicctahedral Vermiculite
Vermiculites
x=1 Mica Dioctahedral Muscovite, Paragonite
Micars
Trioctahedral Riotitc, Phlogooite
Micas
=l Brittie Mica Dioctahedral Maravite
Trinctahedral Clintonite
2:1:1 Vari- Chlorite Dioctahedral
able (4-5 Oct. cations

per formula)

Pennine, Clinochlore,
Prochlorite

Trioctahedral
(5-6 Oct. cations
rer formula)

aFrom Brindley et al., 1968. Further recommendations were that the term
"lattice" refer ro a uniform distribution of points in space and that the
term not be used synonymously with structure. Therefore, the term 'clay
mineral lattice" should be '"clay mineral structure."” The term 'plane’
refers to a plane of atoms, and the term "sheet" refers to terms like

"tetrahedral sheet" and not "tetrahedral plame." '"Layers" would refer to
two or more sheets and "interlayers' would crefer to the sheets between the
layers.

bGroup charge per formula unit.
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Figure 1. 1Ionic radii and relative sizes of ions commonlv occurring in
phyllosilicates (from Whittaker and Munkus, 197G).

Figure 2. The tetraihedron formed by cocrdination of Si by four oxygens:
(a) bond lenuths and angle, (E) iscmetric representation (from

Greenlaud and Haves, 1978).

The linking of octahedra ard tetrahedra in the clay minerals is shown
in Figures 4 to 7. It is obvious that the major volume of the clay minerals
are assigned to oxygen (0), and that bonds are shared between O and the
metals or silicon (S1i).

12
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Figure 3. The octahedron formed bv coordination c¢f a catien (such as Al)
hv six oxveens. (a) as a "ball and spoke' model, and (H) an
isometric renresentation (from Greenlaud and Haves, 1978).
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Figure 4, Linked Sis0g rings in 1:1 and 2:! layer silicates (from Greenland

and Hayes, 1978).
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@ Hydroxyl groups (OH*

O ® Oxygen atoms

S Cations in octshedra! ¢o-crdinatdn (Y)

Figure 5. An ideal structure for a dJdioctahedral sheet in kaoclinite (from
Greenland and Hayes, 1978).

Figure 6. Types of octahedral sheets: (a) trioctahedral, and (b)
dioctahedral.
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2.1.1 Kaolin

The general chemical composition of kaolin or kaolin:ite is shown in
Table 2. FKaolinite is often the dominant clav mineral in hiwhly weathered
tropical soils and is usuallr present as a few percent in all seils., 1t
is composed of a tetrahedral sheet of €1 and O and an cctahedral sheet
of Al, 0, and OH. The tecrahedra'’ sheet shows a thickness of approximately
2.1 3, and the octahedral sheets, 5.001 A,

The mineral is most easily recognized by its X-ray diffraction-
reflection (spacings) based on 001 of 7 15 A and 002 of 3.37 A. However,
in any mixture of minerals (soil), the 003 and 204 reflections are so
weak as to be of ilittle help in identification. Different metals may be
present in the tetvahedral and octchedral structures, which radically
alter the chemistry of the clav minerals. For example, two-thirds of the
octahedra in kaolinite cont~in an Al ifon, and the remaining octanedra of
0 and OH is vacant. When al!l octahedra centa'n a metal orher than Al,
usually divalent metals (e.g., M2), the mineral belongs to the general
class of serpentines.

Tdeally, kaolinite has a structuro where all negative and positive
sites ~re equal with no suhstvitvtiin and therefore no charge on the
crystal X-rav unit cell., FPach unit cell contains a layer of six OH ions,
a laver of four Al ions3, a laver of four O and two OH ions, a layer of
four 5i ions, and finallw a laver of six O ions. The ideal structural
formula is Siy,Al.0;{0OHY;. Detailed analysis and quantification in mixed
mineral scil's hos bheen carvied out by =manv authors {(Townsend and Reed, 1671).

The chemistrv of kaolinite and th: assceciated group of minerals is
primarily due to exvosed crvstal edges and corners of the mineral. The
charge on the individual unit cell is essentially zero; therefore, exposed
edees and corners will have a small charge due to the broken bonds, as
shown in Figure 7 ()ixon, L1Y//). inese broken bonds are thought to be
a complex caticn (Alq(UH) 217" scrned on the planar sites of che mineral.
When exposed to acidic conditions, the edse of the mineral further uaccepts
protons. Although these two ideas appear to be in conflict, each concept
exnrlains the positivse charse on kanlin in an acid environment. The CED
ranges from O to 10 me~/100 g. This smail charge (permanent charge) mav
be due tc a very small amount of isomernhic substitution or a very small
amount of hvdrous mica imvuritv in the sample. The exchange pronerites
of kaolin are probably more closelv related to a pH dependent charge than
any other factor.

2.1.2 Halloysite and Other 1:1 Minerals

Halloysites are essentially the same mineral as kaolinite except
they contain additional water, which s removed at temperatures of ca,
110° €. The mineral is usually thought to be fibrous rather than piaty,
contrasted to kaolin. Hydrated halloysite forms complexes with many
organic compounds, particularly the diols. It is suggested by some
‘investigators that this is a unique property of the halloysite minerals.
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Figure 7. Projection of the structure of kaolinite on the (100) plane
showing the stacking of successive layers in a rnicro ecrystal.
A and B indicate '"outer hydroxyils,"” C designates 'inner-surface
hydroxyls," and D indicate: "inner-hvdroxyls (frcm Zixom, 1977).

Other minerale in thie oroup are dickite and nacrite which ara
quite rare in soils. Sarpentines are a'!'so included in this group by
many investigators; however, serp~ntines are also quite rare in 30ils.
Serpentinas are fo'nd as weathering products of ultrabasic rocks and are
found in tempzrate and trooical -zones with rainfall in excess of 150 mm

annually. They will rapidly weather to smectite.
2.1.3 The Micas

The micas are widely distributed in rocke and soils. They have a
wide range of chemical compositiosn and vary in isomorphic substitution
from none to the maximum. The mica minerals most commonly found in
soils are known as hydrous mica (illite). The hydrous mica clay parti-
cle is not a simple crvstal of a single compound but often is a complex
partially weathered crystal with frayed edges that are capable of sorb-
ing water and cations. These minerals are often intimately associated
with interlayers of other minerals like smectite (montmorillonite) with
different activities for sorbing cations and water as shown in Figure 9
(Greenland and Hayes, 1978). 1In hydrous mica, the charge balance
between ~ations and anions is incomplete with a deficit of two units of
negative charge per X-ray unit cell.
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Figure 8., Schematic i!lustration of "illite'" particle in a soil clav,
with two smectite~tvpe lavers interstratified with nica-type
lavers. The crretal is shown to be flexed deliberately, as
the thin crystails of illites and smectites in soil clays are
unlikely to he rigid (from Greenland and Haves, 1978).

JQ

The most common micacecus minerais in soils are the muscovites and
altersd muscovite minrrals. ‘These minerals have isomorphicully substituced
caticns in the octahedral laver, and this charge is normally satisfied with
tue K ion. livdrons mica contaias less K and wore $1i0; and H,oC than
nuscovite., Usually, the Taver charge in mica is due to iscmorrhic substi-
tution of Al for one-fourth of the 51 inns., These minerals are composed
of an octahedral sheet of Al cations surrcunded by six anions (four O and
two OH), which 1is "sandwiched" between two sheets of Si tetrahedra. The
muscovite micas have, in the octahedral laver, two-thirds cf all possible
cation positions cccupied anda the third position unoccupied. The biotite
micas have all positions occupied in the ocrahedral position; therefore,
the octahedra contain divalent elements such as Mg, Fe, etc. Very rarely
will any of the alkaline earths other than Mg be found in the structure of
the micas. Only the muscovite micas (partially K stripped, hydrous mica)
occur in soils. Soil mineralogists measure the hydrous mica content of
soil clays, identified by powder X-ray diffraction, by multiplying the
percent K,0 of the whole clay fraction sample by 10.

Clay minerals that show strong tendency for bonding organic cations

as well as inorganic cations are shown in Fipure 9 (Greenland and Hayes,
1978).
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Figure 9.

External surfoce
Unshared CP8
loyer

Aluminosilicate
loyer

Interloyer region
Shored CPB
loyer

Alyminotilicote
loyer

Cetyl pyridiniuvm bromide (CPB) adsorpcion con the internal and
external surfaces of a smectite clay at maximum adsorption.
unshared layer on externai surfaces lzads to a mean surface
coverage of 0.27 nm’ per cetyl pyridinium group, whereas the
interlayer region of each adsorbed pyridinium group requires its
projected area of 0.54 nm?, The d(001) value for the montmoril-
lonite~CPB complex is 4.2 nm, which, allowing for the alumino~
silicate layer thickeness of 1.0 nm, gives 3.2 nm for the CPB
layer, corresponding closely with the known dimensions of CPB ions

(from Greenland and Hayes, 1978).

The
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The structure of the fibrous clav minerals departs dramatically from
that of the smectites and kaolinites. Palvgorskite (or attapulgite) is
a lathe-shaped, fibrous mineral, and it is found in manv areas of the
world, particularly in desert regions or in areas where it has been buried
bv other sediments. In the mincral's structure, there maoy be a significant
substitution of Mg for Al in the cctahedral laver but 1little substitution
in the tetrahedral layer (Zelasuv and Calhoun, 1977). For examnle,
palveorskite contains channels with a cross section of 3.8 x 6.3 A, and
sepiolite has channels of 3.8 x ©.3% A. These chanrels contain cations
and water, and the nineral could be used as a molecuiar sizve., The
behavior of palygorskite somewhat resembles that of zeolite.

2.1.4 Smectites (Montmorillonites)

For the purpose of this report, the smectites will inciude vermicu-
lite and other minerals that some investizators prefer te place wi“h the
micas and minor mineral groups. Mest of the CEC of temperate zone,
fine-to-medium textured soils is due to the smactites. Smectite absorbs
and releases large quantities of water and organic compound:, and rhis
mineral is probably respcncible for most of the shrink-swoell characreris-
tics of soils.

The crystal structure of smectite ic similar to that of mica, in
that it is composed of two silica tetrahedral sheets with a central Al-
octahedral sheet wnere O jons are shared between the tetrahedral and
octahedral sheets. The charze on ihese minerals is due to isomorphic
substitution in both thc octahedral and tetrahedral sheets. Most soil
samectites arc dioctzhedrzl: that is, for each three vacancies in a nest
of 0 and OH ions, two are rilled and aue is viacant. The metal ion most
commonly found in the octahedral sheet is Al, and the mest conmon substi-
tutions are Mg and Fe, with less comnon substitutions of manganese (Mn),
copper (Ci1), zinc (Zn). lithium (Li), silver (Ag), and chromium (Cr).

The onl substitution found in the silica tetrahedral sheet is Al for Si.

Most of the smectite minerals are casily identified by X-ray
diffraction. Special prevaration of tre clay separate frem the soil 1is
required for accurate \-ray diffraction identification (Jackson, 1954;
Rich and Earnhisel, 1977). Substitution in these minerals is responsible
for their charze, with about 5 meq/100 g of clav due to broken bonds on
the edges and corners. Maximum substitution per X-ray unit cell is
one-sixth charge for Al substitution for Si (Si3.sAlgs), and one~fourth
charge for Mg substitution for Al (Alj.sMges). The CEC due to maximum
substitution in these minerals varies between 117 and 135.5 meq/100 g
of clay. The minerals of the smectite group are montmorillonite,
beidellite, and nontronite.

Laboratory examination techniques for rhese minerals, in addition
to X-ray diffraction, are transmission electron microscopy (TEM), scanning
electron microscopy (SEM), thermal analysis (thermogravimetric, differ-
ential thermal), infrared (IR) spectroscopv, elemental analysis, and
selective dissolution analysis (Sawhnev and Jackson, 1958, Grim and
hulbicki, 1961; Farmer and Russell, 1967).
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Arother aspect of the smectites is that because of their pH-dependent
charge due to "broken bonds,” below neutrality they attract hydronium (H30%)
ions rather than other cations, at at pH values abovz seven, other cations
take part in the 2xchange reactions; thus, as the pH increases, the CEC
inzreases. However, OH-Al complexes found in soils, soil organic matter,
and noncrystalline minerals may exhibit substantial ~H-dependent charge.
Many smectite minerals exhibit "X fixation"; that is, wica-like areas iu
the mineral flakes preferentially sorb K as an exhange ion in a 12-
coordination structure.

The suite of exchangeable cations found on the exchange complex
is held by the smectite minerals by varying charge densities, where the
larger cations (including hydration volurmes) of monovalent charge (Na,
Li) ere held with much less crergy than the polyvalcnt cations of
lesser hydration (Ca, Ba, Al, etc.) volume. fnion ~xchange in these
minerals is limited to the pH-devendent rharge fr::.:ion of the total
charge.

Soils high in smectites are most obviously identified by very large
shrink-swell properties (Brown, 1977). Sciis with scbstantial quantities
of smectites are difficult to statilize for engineering purposes znd
for agricultural manipulation. Many workers have pronrosed that there
are from two to 50 water layers hetweocn adjacent bascl plane layers of
these clays. However, most smectites are chemicalliy and physically
stable in neu*ral. pocrly drained environments aud ia highly saline
environments. As these envirciments change, smectites inay become
unstable.

The structures of some smectite minerals ave snown in Figure 10
(Barchardt, 1977). It is noted that each of these minerals has essen-
tialiy the same structure, but there are highly significant differences.
In beidellite, the major source of charge is due to isomorphic substitution
of Al for Si on the tetrahedral sheet; therzfore, che charge (-) is near
the planar surface of the mineral. Mootmorillonite showc a significant
charge (-) deficit on the octahedral sheet and is at least four times
weaker than the bond observed in the heideilite. Because of these
differences in source of charge, t'ie riontmorillonite clay is much more
gusceptible to swelliing and, as shown in Figure 10, mav be found with
basal spacings of 10 to 20_;. or mere.

Nontronite is quite rare in soils because distortion due to signifi-
cant amounts of iron in the octahedral layer cause distortion and
weaken the bonds holdinz the mineral together, and cause it to be suscep-
tible to hydrolysis. However, nontronite does have many of the same
properties found in beidellite; that is, very strong bonding of exchange
cations, particularly the polyvalent cationmns.
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Tigure 10. The crystal structure of smectites, illustrating three
common tynes of substitution (from Barchardt, 1977)

2.1.5 Chlorites and Vermfculites

True chlorites are r:latively rare in soils; however, Al or Fe-OH
interlayered (hydroxy-hydronium polymers of metals) micaceous clay miner-
als are very similar to chlorites and have been called "soil chlorite."
Because of their ZX-ray diffraction patterns, they may be mistakern for
other minerals (kaolinite, etc.) but relatively simple procedures are
available for positive identification. The laver structure of chlorite is
a four-layered structure with two tetrahedral silica sheets and one
octahedral alumina sheet, as in mica and smectite; however, the remaining
portion is a brucitic [Mg;(0H)¢] or gibbsitic [Al,(OH)¢] layer fitted
between two tetrahedral sheets which binds the structure together in a

'2:2 (silica:alumina) structure. These hydroxy interlayered minerals in

soils are probably the norm and not the exception. Probably the interlayer




material (particularly the eibbsitic material) is a polymer composed of
six-membered rings of Al¢(OH);>%®, and higher order, up to 54 Al ions,
as shown in Figure 11 (Barnhisel, 1977).

Until recently, vermiculite was not thought to be a clay mineral
common in soils; however, vermiculites have been reported in all of the
great soil groups from the polar regions to the tropics (Douglas, 1977).
The vermiculites are generally thought to be alteration rroducts of the

Al for Mg

o»() 144
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O O U O

Figure 11. The idealized crystal structure of trioctahedral chlorite
(from Barnhisel, 1977, which was modified from Brindley

et al., 1950, and Jackson, 1954).
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micas (biotite, muscovite, etc.). These minerals are somewhat different
from other soil clay minerais in that they mav be found in the sand and
clay fraction of the soil. The octahedral sheet of vermiculite carries a
positive charge and the tetrahedral sheet, a negative chargze. The balance
of charge results in a residual negative charge of 0.5 to 1.0 per X-ray
unit cell, as shown in Figure 12. The charge deficiency is balanced by
exchange cations with a nreference for K; however, most vermiculites have
the major amount of <harge balanced with Mg, with lesser amounts of Ca.

o Unfilled My sites

© Filed Mg sites

O Unfiled sites

O Filled sites ¥*" HiOsheet
2D Undliled sites

O Filled sites ~O« HiOshest
@ Qu

e« SWA

c 0

¢ NQ,FQ,N

Figure 12. The crystal structure of Mg-vermiculite: (a) projection on
the X-Z plane, (b) projectlon of the interlayer region showing
interlayer water, norma' to the X-Y plane, (c) projection of
the silicate laver normal to the X-Y plane (from Douglas, 1977).




Vermiculite, like s-~11 chlorite, is usually found to be interlavered with
hydaroxy Al and Fe polymers in soil. Vermiculite that has been extensively
interlayered Js quite resistant to chemical weathering and therefore will
often be found in sio- 'ficant amounts in tropical soils that have been
exposed to an intensive wincral weathering environment. lcst of this
vermiculite is dioctahedral.

Trioctahedral vermiculite is che most common vermiculite of com=
merce and has been used for a variety of purposes. The presence of a
trioctahedral vermiculite in soil has been questioned by several inves-
tigations; however, a mineral with some dioctahedral and some trioctahe-
dral components has been ideatified in many soils.

There is a marked difference 1n the chemistry of the di and tri-
octahedral vermiculites., The finest fracticn of vermiculites is most
proubably that found in soil!, and has been shown to be,in most instances,
dioctahedral vermiculite. However, the cuemistrv of the clay fraction
of soils with vermiculitic minerals is probably the chemistry of the
dioctahedral mineral, which has a higa CEC and is usually interlayered.
Trioctahedral vermicul.tes may have 2 charge equal to as much as 160
meq/100 g CEC, while the dioctahedral mirerals may have a charge in
excess of 200 meq/100 g, anil theoretically expanded vermiculite could

have a charge of 250 meq/100 g for the dioctahedral mineral.

The micaceous minerals (smectite, chlorite, vermiculite, etc.) show
profound changes in chemical and physical properties when irterlayered
extensively. For erample, extensively interlayered minerals (Kidder and
Reed, 1972) were shown to have zero CEC and zero shrink-swell., When the
interlayer was removed, CEC increased to 130 meq/l100 g for smectite, and
swelling increased from 0 to >39 in volume.

Clay minerals in soil environments are exposed to weathering stress
and when one considers isomorphic substitution and the strain placed on
the structure of these minerals due to substitution of different sized
ions, it is not at once obvious why these minerals persist. In the
process of weathering, Al ions are usually most easily removed from the
octahedral layer of the clay mineral. Aiuminum, because of its charge
and its amphoteric character, complexes water, hydronium and hyvdroxyls to
give a complex charge polvmer, as shown in Figure 13 (Kidder and Reed, 1972).
The sorption of the resultant compounds cause the bonding within the clay
crystal te become much stronger and, for ail practical purposes, resistant
to further weathering. Further weathering may occur, but only if the
environment changes drastically.

2.2 NON~CLAY SOIL MINERALS

2.2.1 Silica

Quartz is an ubiquitous material in nature and is found in almost
all soils. However, silica includes many more compounds than quartz and

these compounds have widely varying properties depending on crystal-
linity or lack of crystallinity, and particle size. Quartz is generally
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considered to be Si0, ; however, isomorphic substitution is ~ossible and
is known to occur. Aluminum {s the most common substirution, with less
frequent substitutions of Fe, Li. and other clements ¢l similar charge
and size and having a coordina. ion number ¢f four. Manyv elements mav be
found in quartz which are bound interstitially, with Na and Li being the
most commcn and K, Fe, Mn, .. and Ca less often reported. The oresence
of these elements in quartz and the other s:lica minerals is respoasihle
for some electrical (electrostatic) charge on quartz cralrs. Althougn
quartz may have a slight charee due to these imnurities, it is of very
little consequence unless tue mineral i{sg very flaclv divided.

Cristobalite and tridvmite are silica minerals that have 2 much more
open crvstalline framework tan quarcz. Tridvmite “s probaonly a solid
solution component betw.en the silica and nonsilica vnases.  “hoese aon-
silica phases (impurities) are elements other than Si and wat.r. For
example, opal is a hvdrated silics vhose water ronteit commonl. varies
between 4 and 9 percent and may e 2s high as 30 ncrcent., FPlaar oral
may contain cytoplasmic material cfrom plants 2nd occluded water that is
lost on ignition, but reporced as !00 percent vater luss, Plant opal is
somewhat reversible on Jehvdratioa-rehydration. The open framework of
plant opal allows water te enter aand 1s e¢~sent ‘aily nonvolatile at
temperatures of 100°C. lWuter entering this oper structure may dislodge
small organic molecules hela on these silica surfac=s by van der Waals-~
London forces. Diatoms and sponie spicules derived frem marine sources
are also common in soils. These siiica compounds are also 1 part of the
opal familv of substanzes. Tu rerersl, the crvetallinity oy cun-tz ard
other silica minerals varics “rom verv crvstalline for L-quarftz, to X-ray
amorphous for o»ai, with <ristobalite a&nd trilyvmite i-termediate in
crvstallinitv,

The surface orf quarcz and otler =ilica minerals coutaias a very thin
layer (0.073 um) of sn amorphous or disrupted laver orf hvdrated S$i0z-nH,0.
Some or.anic molecules have been shown to react with this thin Taver of
amorphous silica and then dissolve in i soil solution (Evans, 1963,
Crosk, 1958) carrviang sone 5i0~ wwav with the seil solucicn. DPata on
the role of organic materialszs reacting with hydrated siiica leads to
conflicting conclusions., Cleary and Conally (1972) -orncluded that organic
root exudates cause dJdissolution of silice, but Wildine an? Drees (1974)
concluded that organic moiecules shielded silica ‘rom dissolution.

Organic molecules hound bv weak vapr ler Waals-London forees tn *he surface
of quartz-silica grains in soils ar» nrobably released fram the quartz
grains by water due to the greater a.finity of water for quartz surfaces
than for most organic molecules.

Sand is generallv considered to consist of particles more than
0.05 mm in diameter, but the very finest sand can be airborne and carried
great distances by the wind. Kuenen (1960) discusses sand and sand
formation, and reported that sand is formed from the chemical and mechani-
cal disintegration of rock. When runnin.: water moves the products of
weathering, the finest materifal tends to be moved the farthest from the
source; therefore, sand, silt, and clav are separated from the boulders
tThere chemical weathering of the parent rock is strong, the end product,
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sand, is largely quartz and other resistant minerals. Where mechanical
weathering is strong (e.g., deserts and alpine areas), the sand grains
will often be rich in feldspar in addition to quartz. When rock fragments
are weathered bv the action of wind, the grains are constuntly abraded
and eround down to a size of approximately 0.95 rm, which is about the
smallest size of dune (desert) sand. Loess, however, which is considered
to be in the silt size, does nor show the wind abrasion or "frosted"
characteristics of sand found in regions where the wind is a dominant
erosion factor. Loess, then, must be the tfine materizl resulting from
the chemical and mechanical! dicinterration of fine-grained or felsitic
rocks, or from the '"rock flour" oroduced bv giaciers.

2.2.2 Minerals With Exzchange Character (Zzolites)

Zeolites are members of a zroup of minerals which sometimes have
ion exchange properties as wel! as sater sorption. Zelaznv and Calhoun
(1977) discuss some of the properties of zeolites in soil environments,
and Eitel (1954) discusses some of the chemical reactieons of these
materials. Zeolites have X-rav diffractinn data thar d» not coincide
with other soil mirorals, and thev .how sahstantial substitutl-n of Al
for $i as found in the clay minerals. The stracture cunsists of a
linked tetrahedral netwcrk or framework in three dimensions. The tetra-
hedra consist of a central ion (Si or Al) surrounded by four O ions with
each O shared by two tetrahedra and with no obile arions present. The
resulting structure his a net negzative charge whiich is wsually countered
by alka'i metals and ilkaline cirth cations. Ip addition, the
relatively open framework of tetrahedra includes the presence of water
molecules within the structural channels., Although the water is bound
to the surfaces ol chanaels, the binding is lovse ¢! weik, and water and
cations cac be remove ! without disrupting framewors Yonds. The struc-
tural channels of zenlites ace formed by linked tetrahedral rings,
double rings, and larce symmetrical polvhedral units. Each ring is
composed of tetrah-dra. with specific combinations within a given zeo-
lite providing for channels or rostrictions of known size. Larger
numbers of tetrahedra foram wider channels. Zeolites with 8- and
12-member rings have channels large enowxh for admission of organic
molecules as well as water and ca*ions. Thus zeclites -an act as molec~
ular or ionic sieves; lonic or molecular Jiffus:sn intd these channels
is dependent on the waier content of rhe system., Jermutite is a synthe-
tic ‘natural) substance which is sodium saturited and is used in many
commercial water softeners or ioan exchangers.

Zeolites have a reported CEC from 100 to 309 meq/100 g, but the
criterion for exchange is dependont on channe! width, diffusion of ions
or moleculus, water content, and hvdration. Water absorption by zeo-
lites is high, but the amount of absorbed water is dependent on the
zeolite species as well as the cation in the channel. Water is removed
from zeolites below temperatures of 200° and the water can be replaced
volume for volume by substances of quite different properties,




In general, it can be concluded that zeolites are quite rare in the
soil 2nvironment. They are generaliy restricted to soiis of high pH
where acidic weathering has been restracted. Known commercial deposits
of zeolite occur in old saline-lake enviconments of Tertiary age in the
western United States and in bedded voleanic tuffs of northern Japan.
These minerals apparently formed from vitric velcanic materials reacting
with waters of saline-alkaline lakes. A high pH avpedrs co be necessary
for reolite formation in ordcr to sustain a high concentraticn ot i and

Al at the time of synthesis.

Zeolites have been used as moleculiar sieves and are finding ever
increasing use in engineering orocesses as catalysts (Gould, 1971).
Zeolites have bheen svnthesized for use as molecular sieves to absorb
cvclohexane, n-hexane, alkvlammorium cenpounds, acetaldeliyde, acetone,
ohenol, methanol, etc. The diameter of t»2 channels in zeoli.es depends
on whether the mineral is natural or svnthetic. GSome minerals have
channels as small as 2.6 A in diameter, as in the mineral analcime,
and some are as large as 7.3 A in a synthetic erionite.

Saline-alkali lakes are found 1n Wvomin; and other western states
where the silica content of the wdter is in excess of 100C ppm, which
would suggest the formation of zeolites in the lake bottum (Mariner and
Surdam, 1970). The main deteirzent for the formation of zeolite g:ls in
these alkaline environments is the absence of 4Al. When this element is
present in low concentrations the gels do not form., However, weathering
of feldspar with adequate amounts of Si and Al will husten the formatioa
of zeolites in a saline-alkaline environment.

2.3 CHEMISTRY OF ORGANiC SOIL COLLOIDS

The organic matter found 1n soils is made up of live organisms and
their deccaposed and undecomposed remazins. Soil orgaric matter is more
;ommonly thought to be a heterogeneous mixure composed of the nroducts
resulting from biochemical and nonbiochemical transformations of organic

debris. These transformed products are referred to oy most investiga-
tors as humifirod products. Prohably ane can identify soi! organic
matter as consisting of two materiais:

1. Amorphous polvmeric brown-coliored substances which can be
differenriared based on soluitiity, and

2 Recognizable classes of compounds such as polvsaccharides,
polypeptides, l:ignins, and altered lignin products, etc.
(Hayes and Swift, 1978).

The classification of soil organic matter is shown in Figure 14,

Many soil chemists who specialize in the study of soil organic
matter identify humic acid as an alkali soluble fracticn, fulvic acid as
an acid soluble fraction, and humin as a fraction insoluble in alkali
and mineral acids. The major portion of most organic matter is soils is
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Figure 14. TFractionat!on of soil creanic —atter and humic substances
(a): shewing hew some nroperties varv in the fulvic acid-
humin ranze (b).

the humic acid. 1In general, soi! orzanic matter is avnproximatelv 55-60
percent carbon (C), 35-50 percert O, 2-6 percent H, and 4-5 percent N.
The functional chemica! groups of these complex organic substances are
carboxy!, phenalic hvdroxyl, alceholic hydroxyl, carbonyl, gquinone and
methoxyl groups. The carboxyl grouo is the major contributor to the CEC
properties of soil organic matter. Most soil chemists suggest the CEC
of the soil organic matter fractior to be between 100 and 400 meq/100 g
of organic matter. Hayes and Swift (1978) give an excellent review of

the methodology for the investigation of the functional groups of the
severa! fractions of the soil organic matter.

When soil organic matter is digested with KMnOs, a great number of
compounds can be separated from the digest. Wwhether or not all of these
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compounds actually exist as such in the soil organic matter or are arti-
facts due to the digestion has often been debated. However, the very
complexity of the mixture indicates that the soil organic matter itself
con-ists of a complex mixture of aliphatic and aramatic compounds (Green-

land and Haves, 1978).

2.4 INTERACTION OF ORGANIG AND MINERAL COMPONERTS (¥ SOIL

The chemical groups of scil organic matter must ieact wwith the
active nonorganic or mineral components of soil (Harter (977; Schnitzer
and Kodama, 1977). Techaiques for investigating the absorbance of
organic molecules by the mineral (clay) fraction of the snil are many,
and some success has been had with the application of X-rzy diffrac-
tometry and IR spectroscopy. With X-ray diffraccometry iz is passitle
to determine the orientation of organic molecules betwezon the layers
(intercalation) of the clay minerais and therefore aiso measure the size
of the organic molecule. If the minerat is sufficiently wa2!l crystal-
lized, one-dimensional electron density maps of the organic molecule can
be drawn with identification of electronic bonding. I[P spectroscopy of
clay-organic complexes has also baen used successfuliv tn identify
organic molecules and the bonding of the molecules oa the clay mineral
surfaces (Farmer, 1974). IR spectroscopy of clay-orgaaic complexes
identifies the location of bonds respersible for bonding of the organic
molecule on the mineral surrface. However, IR must operate in a water—
free environment and is only anplicable to small molecules. It should
also be pointed out that IR spectrccopy is not extremely sensitive and
requires loading of the system for good resolution.

Interaction of clay minerals with orgzanic molecules is dependent on
the rigin of that charge ir the clay mineral. Clays with a substantial
amount of charge on the tetrahedral sheet react mucih more strongly with
weak organic bases than those whose charge is primarily on the octahe-
dral sheet. When clays, whose charge originates in the totrahedral
sheet are saturated with ammonium (amine) or butylammonium salts, the
ammonium ion keys into the ditrignnal interlayer cavity of the clay
basal plare (oxygen layer); the resulting compound is verv stable with
very slow degradation of the tutv]l component. The localization of
charge in the tetrahedral <heet contributes to the preferential aksorp-~
tion of many organic compounds bv clay minerals. Clay minerals satura-
ted with Li, Na, or Mg are susceptible to strong swelling pressures due
to the hydration of the metailic cation. Therefore, clay minerals
susceptible to swelling may sorb organic molecules which may penetrate
between the basal planes and be sorbed and held on the surface by
electrostatic and van der Waals-London forces.

Organic compounds bound by clay minerals in soils, however, must
have certain characteristics that are compatible with bond formation.
Organic molecules carry an intrinsic charge which may be very weak but
generally anionic in character. Certain molecules, however, may be posi-
tively charged, particularly those which may contain nitrogen. The
herbicides paraquat (1,1'-dimethyl-4,4'-bipyridylium dichloride) and
diquat [1,]1'-ethylene~2,2'-bipyridylium dichloride (I or Br)] are
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organic cations and are bound bv clay minerals verv strongly to the full
extent of the CEC of the mineral in auestion, particularly smectite.
When these minerals sorb cationic herhicides, the X-rav basal spacings
change, which gives conclusive evidence to the organic cation moving
into the interlaver space (Esfandiari, 1971).

Organic molecules with lone-pair electrons [N, 0, sulfur (S), and
phosphorus (P)] appear to have particular iwmportance in reaction with
minerals. However, S and P are rarely involved. Oxvgen and N mav form
coordination bonds with clav minerals, and in aqueous solution these
lone-pair electrons are active Bronsted acids forming a positively
charged molecule or a catinn. For compounds whose pH = pK, -> |, the
chances for protonation increase to oH = pK, => 2 = 100 nercent, and the
molecule will react as an organic acid cation. Thus the probability for
sorption by clavs is high when the pH of the compound's environment is
above its pK,. The acid form of tnis type cempound would be an undis-
sociated carboxylic acid and :he H honds could form between the organic
molecule and the clay mineral =urface.

Manv organic compounds reve both acidic and basic functional groups
in the molecule. The isoelectric point (IP) for these molecules is the
pH at which the molecule has zero (0) electric charge, At pH values
above this point the moleculs has a net nezative charge, and at pH values
below this the molecule has a net positive charge. Ac pH values below
this IP, then, the organic molecule could be sorbed by the electrostatic
charge on the clay mineral. .

Uncharged organic mclecules ofren are sorbed by soil minerals as a
result of differences in electron density within the organic molecule,
that is, a polarity eflect. Organic molecules may have a permanent
dipole moment or polarity, or this may be inducad by the charge field
around the clay particles. As a result of this polarity, organic mole-
cules may be sorbed by the mineral.

The complexitv cf the interaction of organic compounds with soil
clay minerals is obvious when one considers steric hindrance of organic
molecules reacting with clay minerals., The ability of a clay mineral to
react with an organic ~olecule will iepend on wnether the individual
organic molecule can fit a clav sorption site. 1In soils where buffering
salts are present, the induction of polarity in organic molecules is
reduced, that is, the electric~double=-layer around the mineral particle
is reduced in volume and the polarity of the nrganic molecule is the
same as that in bulk solution. Therefore, in systems buffered against
pH change, sorption usually occurs within one p4 unit of the IP or pHg s
and with departure from this poiat the molecule becomes progressively
less protronated.

Any increase in solution ionic strength will alter the electric
field near a soil-particle-charged surface by decreasing the thickness
of the electric-double-layer and thereby decreasing the sorption of the
weakly ionized organic molecule. Substituted urea herbicides are read-
ily sorbed by protonated clay mineral surfaces, and when the solution
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ionic strength increases or the surfaces become more saturated with
metallic cations, sorption of the herbicide is drastically reduced.

There are many bonding mechanisms in soils, as pointed out previously,
among which are ion-exchange, H bonding, protecnation at the mineral
surface, and bording where organic molecules are linked to cations on
the clay mineral basal planes and on the edges of the mineral (e.g., Al
bonding for phosphate). Bonding of organic molecules through cations
on the mineral surface is particularly important in low water content
systems., This type of bond formation is between the hydrcuium of the
water molecule and the lone-pair electrons of the organic molecule.
Conversely, when a system descr.ibed above is hydrated *hus dacreasing
the average polarization of the water molcecules, the oreanic molecule
is released. In addition to this mechanism, the exposed hydcoxyl zroups
of clay minerals, particularly those with little or no electrostatic
charge, will react with some organic molecul2s. For cxample, it has
been shown that acetate ions will react with edge (4™ to form 4t bonds
with the mineral.

The van der Waals-London forces are probably formed from oscillat-
ing charges producing dipoles which attract each other. The forces -are
very small, but if one is dealiaz with a poly-atomic molecule the forces
are additive and may assume substantial importance. These forces there-
fore may play a role in the bonding of organic molecules on mineral
sur . ces.

Many organic molecules can form coordination complexes (complex
formed by the combination of metal cations with organic molecules having
lone-pair electrons). Heie the organic wmolecule competess with water for
cation sites in a dehydrated system, that is, these molecules form
coordination complexes in the absence of water, but are displaced upon
rehydration of the system (Yariv et al., 1966). Coordination is one of
the few mechanisms for bonding organic molecules to mineral surfaces,
however, the bond is usually batween carbonyls and metal .ions. When Ca
is the metal ion the bond is quite strong. This phenomenon probably
explains why montmorillonite (smectite) clays sorh two layers of ethy-
lene glycol when solvated as corpared to Na-saturated clays where only
one layer of ethylene glycol is bound.

Greenland (1965) reports that 5C to 100 percent of the organic
compounds in soils are associ-~ted with the clay fraction of the soil.
Humic substances, the major organic component of soils, contain per unit
weight relatively large numbers of "O'"-containing groups (carboxyl,
phenolic, and carbonyl) and these humic compounds are natural polyelec-
trolytes. Humic substances are readily absorbed on the surfaces of soil
mineral particles. The surface absorption, in addition to metal com-
plexing, may also involve the formation of H bonding between the car-
boxyl, carbonyl, and hydroxyl groups in the humic substances and between
the hydroxyl groups and O of the minerals. The main reactions governing
the interlayer sorption of the low molecular weight humic substances by
clay minerals appears to be the atility of undissociated humic materials
to displace water from the interlayers of the clay mineral.
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2.5 WATER ON SOIL SURFACES

Bulk water in soils has always been of profound interest to
farmers, agronomists, and soil scientists. Water is essential for plant
growth and is the medium through which soil-borne elements reach the
plant. However, the first molecular layer of water on the soil particle
surface has not drawn the attention it deserves and the prorerties of
this water are much different from that in the bulk {Farmer, 1978).
Water held on clay mineral bucal planes {(siioxane surfaces) is the major
water holding reservoir in air dry soil ané this water is held much too
strongly for plants to extract (removed at 150-200°C). Fach ciay min=
eral sheet is interleaved with one or morr lavers of water hetween each
two sheets. Within these layers of water valecules the exchangeabie
cations are found which are necessary te balance the negative charge due
to isomorphic substitution in the : ay mimeral structure. Therefore,
the role of water on these mineral surfaces is very close to that of
water in crystaliline salts or hydratzs. For example, complztely dry
(heated, 550°C) smectite minera’'s usually give an X-ray diffraction
spacing of 10 A bur under most laboratory conditions a spacing of
4.4¢ 1 A is obrained, which mears eack sazet has two lavers of water
molecules on the basal plane. Vermiculite, when allowed to freely
imbibe water, will expand from 10 & to approximately 14-15 A, while
smectites with most of the laver charge lccaced octahedrally will
commonly give X-ray diffraction spacing of 19 A or more, indicating as
many as four layers of water molecules (close packed). When water
enters anhydrous clavs a strong exothermic reactisrn is noted, and the
coordination of water around exchangeable cations and an O (sileoxane)
basal planes reacts in much the same way as che additicn of water to
anhydrous CaClj, that is, very stronglv exothermic. This phencmenon is
particularly applicable to clays siturated with monovalent slkali metals
and divalent alkaline earth metals.

It is generally recognized that hydration and dehvdration of soil
mirerals by water includes interaction of the exchange cations and the
surface O of the tasal planes. X-ray diffraction studies show that
water molecules are sorbed at ambi:znt conditions to give sp:.cings of
11.5 to 12 & for single water sheets for vermiculite and spacinge of l4
to 15 A for smectites. Ele:tron paramagnetic resonance (EPR) spectra of
Cu ions form a single layer complex in smectite with a 12.8 A spacing,
and the EPR spectra show Cu forming a square planar coordination complex
of four water molecules para’lel t» the basal plane and two weak bonds
directed perpendicularly tcward the basal mineral oxygen plane. These
bonds interact with two or three adjacent O instead of one. According
to EPR studies, each of the several clay minerals shows different
configurations of the Cu ion and water between the clay mineral layers.

Of all the several methods available for studying the interaction
of soil minerals and water, IR spectroscopy is far superior to any other
method (Farmer, 1974). For example, at 50 percent relative humidity and
25°C, Mg ions on clays form a hexahydrate and may asbsorb four to 18 more
water molecules if gpace is available, forming a double sheet of water
molecules. 1In these water sheets there are two families of H bonds, the
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stronger bonds lie parallel to the water sheets while the weaker bonds
are directed toward the O basal planes of the clay mineral. The strong
bonds are from 2.83 to 2.88 & in length while the weaker bonds are from
2.82 to 3.0 A in length. Water in laver silicates can be displaced by
polar molecules and can donate protons to bases in the interlayer
spaces. Conversely, water can displace fewer polar molecuies from the
interlayer spaces.

In soils the layer silicates are often imperfectly crystallized and
contain islands of hexahydroxyalumina pclymers (Figure 13) (Hsu, 1977),
islands of humin polymers, and complex hydroxides of Fe. These
factors profoundly affect the hydration-dehvdration characteristics of
clay minerals and their interictions with a given environment. There-~
fore, under these conditions water m~y be held to much higher tempera-
tures and conversely much more heat is reieasad vao wetlbing tae aahydrous
system. Hydrous oxides (Fe and Al) are quite comwor in soils with water
coordinated to structural cations. Most ot these minerals, that is, the
oxides and poorly crystallized layer silicartes, easily sorb organic
matter (humic acid), phosphates, arsenates, and silica. Similarly
hydrated silica is common in soils and readily coordinates with water,
and this silica is usually contaminated with Al to form allophane and
imogolite and similar soil minerals. Allophane and imogolite are gel-
like aluminosilicates with highly povous structures and a large surface
area (500-700 m2/g). These structures are very highly hydrated or
hygrcoscopic, and water may constitute 35-60 percent of their volume.
However, when these compounds are oven dried the dehvdration is not
reversible (Wada, 1977).

When organic substances are sorbed onto mineral surfaces the
surface may become strongly hydrophobic and, if these mi:erals are found
in soils to any marked extent, they impart some very unfavorable char-
acteristics to the soil. If they are found under conditions of heavy
rainfall, their water repellercy causes severe erosion. Generally
coarse textured scils are more apt to be water repellent than fine tex-
tured soils. Water repellency is also much more common under warm low-
rainfall climates, Water repellency isc apparently caused by monomole-
cular coatings (or a few layers) of fatty acids, fatty alcohols,
alkanes, and ketones on hydroxylated silica and layer silicate miner=-
als. These surfaces are not onlv water repellent but will dissolve (or
sorb) other organic molecules. The sorbed molac.les, if slightly to
strongly polarized, may react with the strongly polarized water molecule
and be released vhen the system is hydrated.
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