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CONTRIBUTIONS TO KNOWLEDGE

Organic matter was adsorbed on both the planar and edge
faces of hydroxy Al, Fe-bentonites but not in the inter-

layer space.

Adsorption of organic matter on hydroxy Al, Fe-bentonites
conformed approximately to the Langmuir adsorption iso-
therm. However, deviations were also observed at both louw

and high concentrations of organic matter.

Eighteen to thirty per cent of organic matter adsorbed by
hydroxy Al, Fe-bentonites was not desorbed by 0.5N Na2CD3

but was desorbed by 0.5N NaOH.

Organic matter had an inhibitory or retarding effect on
the formation of X-ray crystalline Al(DH)z. Presence of
organic matter on the external surfaces of hydroxy Al-
bentonite did not affect the formation of gibbsite from

interlayer Al-hydrous oxide.

A coordination mechanism (anion penetration) has been
proposed to account for part of the organic matter ad=-

sorbed by hydroxy Al, Fe-~bentonites.
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I. INTRODUCTION

Organic matter, a vital component of soils, is
present variously linked to the mineral constituents. The
linkage ranges from simple physical entrapment to multiple
chemical bonding. The complexity and importance of the
organo-mineral complex was well described by Jacks (1963)
in the following words, %. . . the union of mineral and
organic matter to form the organo-mineral complex (is) a
synthesis as vital to the continuance of life as, and less

understood than photosynthesis."”

A large part of the organic matter occurs tightly
bound to the inorganic soil surfaces or co-precipitated
with the oxides and hydroxides of Al, Fe, Si and Mn.
Bonding could occur at clay surfaces and at the surface of
oxides and hydroxides, present as a separate phase or as
coatings on clay surfaces. In natural soils, the surface
of the clay minerals may not generally be "clean." Clay-
organic matter complexes account for 52-98 per cent of the
total carbon in different soils (Greenland 1965a), the
highest value being for lateritic red earth, where lacvge

amounts of Al, Fe hydroxy compounds and oxides are present.



At least a part of the humic substances not extractable
with alkalis (humin) is considered to exist in firm
association with clays and sesquioxides (Dubach and Mehta
1963). It is becoming increasingly evident that the
coatings of Al and Fe hydroxy compounds on clay surfaces
largely influence their physico-chemical properties
(Coleman and Thomas 1967; Davey and Louw 1968). Van der
Waals-London forces, coulombic attraction, coordination and
chelation have been suggested to explain clay-organic
matter bonds. The exact manner in which the organic matter
is bonded to hydroxy Al and Fe compounds present as

coatings on clay surfaces is not well established.

This study was undertaken to investigate the
influence of hydroxy Al and Fe polymeric or polynuclear
compounds deposited under laboratory conditions on
montmorillonite clay surfaces on the adsorption of soil
organic matter by montmorillonite. Adsorption and
retention characteristics, sites of adsorption, reactions
with hydroxy Al and Fe compounds in solution and on clay
surface were studied and possible mechanisms of adsorption

were examined in the light of the results obtained.



II. REVIEW OF LITERATURE

II.1l. General characteristics
of organic matter

Soil organic matter has been broadly divided into
non-humic and humic substances. The non-humic group con-
sists of compounds of definite chemical characteristics
such as amino acids, proteins, carbohydrates, fats, waxes,
low molecular weight acids, etc. Humic substances are a
series of brown to black high molecular weight polymers
generally with an aromatic nucleus and possibly with
aliphatic side chains and formed either by secondary
synthesis of decomposed products or degradation and
alteration of the original residues or a combination of
both processes. Being more susceptible to microbial
attack, non=humic substances have a comparatively shorter
life Spén in soils than the more stable humic substances

(Kononova 1966; Dubach and Mehta 1963).

Humic compounds have been further subdivided on
solubility characteristics into humic acid, fulvic acid and
humin. Humic acid, the high molecular weight fraction, is

insoluble in acids and soluble in alkalis. Fulvic acid is



of low molecular weight and soluble in both acids and
alkalis. Humin fraction is insoluble in acids and alkalis,
and Kononova (1966), while considering this fraction to be
closely related to humic acids, attributed the loss of
solubility not to the alteration in the nature of the humic
acid but to the firmness of the linkage to the mineral part
in soils. Using fractional precipitation, electrophoresis
and chromatography, it has been demonstrated that the humic
substances are heterogeneous in nature and could be
separated into a number of fractions. The humic and fulvic
acids are very much related and are members of a system of
polymers. Reviewing the current literature on this
particular aspect, Kononova (1966) concluded that the pro-
cess of acidification of alkaline extracts is not a means
of separating fundamentally different groups - fulvic and
humic acids - but a way of fractionating humic acids into
different molecular weight fractions. She further con-
cluded that "the division of humus substances into humic
and fulvic acids as individual groups has lost its
importance." However, it should be pointed out that apart
from molecular weight difference, there exist differences
in the number and ratio of functional groups between humic

and fulvic acids (Schnitzer 1965).



While Greenland (1965b) cited evidence to show that
humic acids do not behave like typical polyelectrolytes,
Mukher jee and Lahiri (1956), Piret et al. (1960), Ling Ong
and Bisque (1968) obtained evidence to show that humic
acids behave like polyelectrolytes in aqueous solutions.
The latter authors explained the behaviour of peat humic
acids towards salt solutions assuming coiling and uncoiling
as in the case of polyelectrolytes (Fuoss and Strauss 1948;

Fuoss and Cathers 1949).

II.1.1. Functional groups and
their arrangement

The presence of carboxyls, phenolic and alcoholic
hydroxyls, ketonic carbonyl groups, methoxyls ester groups,
amino groups, has been well established by titrimetric,
methylation, acetylation, gesterification, saponification
and I.R. absorption procedures (Gillam 1940; Wright and
Schnitzer 1959; Broadbent and Bradford 1952; Dubach and
Mehta 1963; Schnitzer and Gupta 1964; Schnitzer 1965;
Felbeck, Jr. 1965; Kononova 1966; Theng et al. 1966; Theng
and Posner 1967). The presence of quinone groups is rather
controversial. Knouwledge on the structural arrangement of

these groups is very limited.

All the acidic groups are not of the same strength.



Variation in the pk values both between and within molecules
has been reported (Dubach and Mehta 1963; Posner 1966).
Some tentative structures have been proposed for humic acid

but have not been proven beyond doubt (Kononova 1966).

Wood et al (1961) obtained I.R. spectraoscopic
evidence for the formation of mixed anhydrides and cyclic
anhydrides by heating humic acid from lignite with acetic
anhydride. The nature of the anhydride formed was not
known but the authors considered the possibility of 5, 6 and
7 membered ring anhydrides. Falk and Smith (1963) also
reported cyclic anhydride formation from lignite humic acid.
Wright and Schnitzer (1961) obtained I.R. absorption bands
characteristic of anhydrides for the product obtained by
heating an organic matter preparation for 50 hours at
170°¢C. They found that not more than one-tenth of the
carboxyl groups in the organic matter preparation was
recovered in the anhydrides. Wagner and Stevenson (1965)
reported that one-third of the carboxyl groups in a soil
humic acid occurred in positions close enough to form cyclic
anhydrides. The anhydrides formed were rather unstable
under normal humidity conditions compared with stable
phthalic anhydride. The latter authors also observed that

some groups that could be hydrolysed with 6 N HCl at 105°¢



blocked the formation of anhydride. Cifrulak (1967)
obtained I.R. spectorscopic evidence for the presence of a
phthalic diester with a long side chain in a benzene-

methanol-acetone extract of soil organic matter.

Complexing and chelating ability of humic substances
was considered to-be largely determined by the presence of
hydrophilic groups in the side chain (Kawaguchi and Kyuma
1959; Kononova 1966). Studies on reactions of metal ions
with organic matter have shown the presence of chelating or
complexing groups. Chelating groups may be carboxyl,
hydroxyl, keto, amino, imino, thioether, etc. An extensive
review of this aspect was given by Mortensen (1963). Thus
despite the fact that the exact structural arrangement of
the functional groups is not known, there exist some
functional groups which are so placed that formation of
coordination complexes and chelates with metal ions is
possible. Tartaric acid and pyrocatechol uwere considered
to be ordinary decomposition products of organic material
(Kononova et al. 1964). Whether the same kind of functional

groups arrangement exists in humic substances is not known.

I1.1.2. Organic matter-clay interactions
While it is knouwn that in addition to the clay=-humus

complex, humic material in soils could occur as humates,



organc-metal complexes and gels mixed or co-precipitated
with Al, Fe hydroxy compounds, literature relevant only to

clay-organic matter interactions is reviewed hers.

II.1.2.1. Adsorption characteristics

(a) Components of adsorbate

Soil organic matter is a heterogeneous system and it
is therefore natural to expect the different components to be
adsorbed in varying amounts and degree. Evans and Russell
(1959) observed that only a small percentage of the added
organic carbon of both humic and fulvic acids was adsorbed
by bentonite clay and the re-extracted adsorbed portion
remained highly adsorbable. Greenland (1956) showed that
in contrast to humic acids, soil polysaccharides were

adsorbed in larger amounts by montmorillonite.

(b) Adsorption isotherms

Jung's (1943) "adsorption studies showed that all the
organic carbon present in solution was adsorbed up to the
level of adsorption saturation. He felt that the adsorp-
tion of humus materials by clays could be expressed better
by a hyperbolic function than by an adsorption isotherm.
Evans and Russell!'s (1959) calculation of Myers!' (1937)

data showed that 90 per cent of the added composted lucerne



carbon was adsorbed in the acid systems and 70 per cent in
the Ca~systems. A value of 20 per cent adsorption for
humic acid and 23~14 per cent for fulvic acid on bentonite
was obtained by Evans and Russell (1959) in their studies.
Demolon and Barbier (1929) obtained an asymptotic curve for
the adsorption of NH4-humate on Ca=~brick earth. A similar
result was obtained by Evans and Russell (1959) for humic
and fulvic acids on K=~saturated montmorillonite. 1In
contrast to other reports quoted above, the latter authors
obtained fairly linear isotherms over the concentration
range they used for Ca and H bentonites for both humic and
fulvic acids. Saini and MacLean (1966) found that
adsorption of soil polysaccharides on kaolinite conformed
to the Langmuir adsorption isotherm. Conformity of adsorp-
tion to Langmuir isotherm was earlier observed by Mortensen
(1957, 1962) for polyelectrolytes, who interpreted it as an
indication of monolayer adsorption. However, Saini and
MaclLean (1966) pointed out that approximate conformity to
Langmuir isotherm need not necessarily mean monolayer

adsorption.

(c) pH and adsorption
Adsorption of humic and fulvic acids on bentonite

was found to behave the same way with change in pH (Evans



10

and Russell 1959). A sharp fall in adsorption was observed
as the pH increased from 3 to 6. Adsorption slightly
increased when the pH was higher than 7. The authors
explained increased adsorption below pH 4 as due to
flocculation by aluminum ions. They had to face an
apparent inconsistency in that humic acid which is more
susceptible than fulvic acid to flocculation by aluminum
ions was adsorbed less in acid systems. Martin and Reeve
(1960) compared adsorptions on Na-H bentonite and Al=-
bentonite. While the adsorption of humus material on Na-H
bentonite was appreciable only at pH 2, above which there
was slight or negligible adsorption, the Al-bentonite con-
tinued adsorbing appreciable amounts (though decreasing) up
to pH 6, giving slightly less than 50 per cent adsorption of
added carbon at pH 6. Greenlands! (1956) study on adsorption
of polysaccharides on H-Ca montmorillonite indicated an
interesting variation with pH. A maximum in adsorption was
observed between pH 4 and 5. The adsorption then decreased
as the pH was increased to 6 and again increased when the
pH was greater than 6. He attempted to explain these
observations by postulating different mechanisms. Maximum
between pH 4 and 5 was considered due to complex formation
with aluminum and the increase above pH 6 due to precipita-

tion of the polysaccharides as insoluble Ca-salts.
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(d) Nature of cations

Polyvalent cations (e.g., Al, Fe, Ca) on exchange
sites were observed to promote adsorption of organic matter
and polyelectrolytes by clays (Khan 1950; Sen 1960; Evans
and Russell 1959; Martin and Reeve 1960; Kobo and Fujisawa
1964; Mortensen 1957, 1962; Saini and Maclean 1966).
Adsorption of polysaccharides was higher with Fe than with
Al saturated kaolinite (Saini and MaclLean 1966). UWhile
Khan (1950) observed no difference between H and Ca clays,
Evans and Russell (1959) reported that Ca bentonite adsorbed
more humic acid than H-bentonite and H-bentonite adsorbed
more fulvic acid than Ca=bentonite. In addition to the
possibility of bridge linkages and complex formation,
Mortensen (1959) and Ahlrichs (1962) suggested that the
polyvalent cations were effective in reducing the zeta
potential of the polymer and clay so that a closer approach

was possible.

(e) Al, Fe hydrous oxides

The presence of Al3+ ions on H~resin treated clays
is well established (Aldrich and Buchanan 1958). It is
inevitable that Al-hydroxy compounds are formed when such
clays are neutralised (wholly or partially) with alkalis

(Davey and Low 1968). Evans and Russell (1959) recognised
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this aspect of Al release and hydrolysis and suggested that
noct only ionic Al and Fe but also their hydroxylated
species could play an important role in the adsorption of
organic matter by clays. These workers also observed that
bentonite brought to pH 9.0 from the acid condition (i.e.,
after resin treatment) adsorbed more than the native

bentonite at the same pH.

Kobo and Fujisawa (1964) reported that the presence
of "active" sesquioxides enhanced adsorption of humic acids
by clays. The term "active" sesquioxides used in Japanese
literature was considered to be synonymous with amorphous
sesquioxides (Mitchell et al 1964). Aleksandrova and Nad
(1958) observed that freshly prepared amorphous Al or Fe
hydroxides were more efficient in adsorbing humic sub-
stances than old crystalline forms. Levashkevich's (1966)
experiments showed that Al-hydroxide gel adsorbed more
humic acid than its own weight expressed as A1203. He also
observed that iron hydroxide adsorbed 64-84 mg humic acid
per 100 mg F9203. Adsorption studies with humic and fulvic
acids showed that gibbsite adsorbed maximum amount around
pH 5 and adsorption decreased with increasing pH.
Lepidocrocite exhibited a maximum around pH 3 and here, too,

the adsorption decreased with increasing pH. However,
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significant amounts were adsorbed by these two crystalline

hydroxides even at pH 7 (Evans and Russell 1959).

I1.1.2.2. Sites of adsorption

Knowledge of the sites of adsorption has been
gathered largely from quantitative adsorption studies,
X-ray diffraction data and electron micrographs. Consider-
able information on this aspect has also been obtained from
the study of anionic polyelectrolyte-clay systems. Data
obtained with organic cations may not be very relevant to
organic matter as the positive charges, if any, present on
free amino groups in organic matter are negligibly small
(Russell 1961). Evans and Russell (1959) observed no
marked inflection points corresponding to amino groups in
the potentiometric titration and spectrograph-adsorption

curves of humic and fulvic acids they used.

In most of the adsorption studies, suggestion has
been made that the adsorption takes place at the edge face
of the clay crystal. Such an idea is based on the fact
that edge positive charges on clays are responsible for
holding the negatively charged organic matter or goly-
electrolyte (Ruehrwein and Ward 1952; Warkentin 1956;
Emerson 19533 Mortensen 1962; Ahlrichs 1962). Ahlrichs

(1962) observed that expanded forms of montmorillonite
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adsorbed more than the non-expanded form. He inferred from
this that the space around the edges may be limiting the

adsorption of large polymers.

Evidence for the adsorption of humic substances in
the interlamellar spaces of montmorillonite is very con=-
troversial. A number of Xe-ray studies on humic matter -
montmorillonite complexes showed no evidence of penetration
(Sedletsky and Tatarinova 1941; Jung 1943; Aleksandrova and
Nad 1958; Evans and Russell 1959). Khan (1946, 1950)
observed penetration of humic substances into interlamellar
space. Schnitzer and Kodama (1967) found that fulvic acid
entered the interlamellar space at low pH values and
sorption decreased with increasing pH. Ahlrichs (1962)
obtained no evidence of interlayer adsorption of anionic
polyelectrolytes on montmorillonite. In contrast to the
humic substances, soil polysaccharides were found to be
adsorbed in large amounts in the interlamellar spaces of

montmorillonite (Dubach et al 1955; Greenland 1965).

The newly developing technique of electron microscopy
has been used by a few workers to study the sites of
adsorption. Kroth and Page (1946) inferred from their
electron micrographs that organic matter was homogensously

adsorbed on all surfaces of bentonite particles. Their
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photographs are rather difficult to interpret since no
mention was made of the removal of unreacted free organic
matter. Electron micrographs of Beutelspacher (1955)
indicated that humic acid was attached only to the edges of
kaolinite. Edge-face linkage to polyelectrolytes has been
observed also in the case of kaolinite (Kittrick 1965).
Greenland (l965b) mentioned that the electron micrographs
of Flaig and Beutelspacher (1951) have been interpreted to
mean that the association between montmorillonite and humic
acids is through the intermediary of Al or Fe oxides,
Whether this occurs on the edge face or planar surface is

not clear.

I1.1.2.3. Clay=organic matter linkage

Humic compounds are negatively charged and it is
highly improbable that they are held to the clay surface by
physical adsorption forces alone. Greenland and Ford (1964)
observed that ultrasonic dispersion of soil in heavy liquids
separated only a small portion of the humic material from
the mineral part, indicating the existence of chemical
bonds. Physical adsorption, hydrogen bonding, coulombic
interaction (including cation bridging) coordination and

complex formation with exchangeable cations and hydrous
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oxides have been suggested as possible mechanisms of

organic matter - clay interaction.

I1.1.2.3.1. Physical adsorption

Physical adsorption is due to Van der Waaﬁ?London
forces (the summation of charge-dipole, dipole-dipole,
dipole-induced dipole, induced dipole-induced dipole
interactions). These forces, though weak by themselvss,
could considerably augment other forces of bonding.
Strength of bonding by Van der Waals forces largely depends
on the size and shape of the adsorbed molecule, which in
turn determines the number of contacts (Greenland 1965a).
This view is supported by the fact that uncharged polymers
once adsorbed are extremely difficult to desorb (Emerson
1963; Greenland 1963; Greenland 1965a). Studies with amino
compounds with different number of carbon atoms showed that
bond strength was greater with larger cations (Greenland
1965a). Large cations are more strongly adsorbed and
difficult or impossible to replace with smaller cations due

to Van der Waalsforces (Grim 1953).

I1.1.2.3.2. Hydrogen bonding
The hydrogen bond, a universal one present in all

biological systems, is a weak bond which can be both formed
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and broken easily (Pauling 1960). There exists an
unanswered question as to whether adsorption due to
H-bonding is physical or chemical adsorption (Bailey st al
1968). Edsall and Wymann (1958) considered that hydrogen
bonds under suitable conditions could be quite strong and

could remain unbroken over a wide range of pH values.

Three types of H-bonding of carboxyl group (COOH and

CO0”) to clay surface are possible.

0 0 ... HO clay 0
Il 1
« C=0H ... 0 clay; - C = OH HE. Q «eo HO clay
"0
I II III

Sheraga (1961) considered the existence of the above types
of hydrogen bonds in proteins (i.e., between COOH, 00~ and
phenolic OH groups). In the second and third type the OH
of the clay (pure) surface could be the OH attached to an
edge Al or one of the feuw surface OH that may be found on

the planar surface of montmorillonite (Van 0lphen 1963).

The first type is easily broken at higher pH values
as the carboxyl group ionises. Second and third types can
be quite stable even at higher pH values. Emerson (1956a)
considered that the H-bonds between clay and polyelectro=-

lytes could be broken with strong alkalis.
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Hydrogen bonding of polymer carboxyl to clay edge
hydroxyls has been proposed by several workers (French et
gl 1954; Emerson 1955, 1956a, 1956b; Holmes and Toth 1957;
Kohl and Taylor 1961; Ahlrichs 1962). Kohl and Taylor
(1961) and Ahlrich (1962) observed a shift in the C = 0
stretching frequency by 0.05 p or more towards longer wave
length, when organic acids, ketones and polyelectrolytes
were adsorbed on H or Caebenfonite. These authors
interpreted this shift as evidence of H=bonding between the
carboxyl group and clay edge hydroxyls. However, they did
not observe any shift in the OH stretching frequency to
lower values nor the OH deformation frequency to higher
values. These shifts are characteristic when a hydroxyl
group is involved in H=-bonding (Bellamy 1958). Kohl and
Taylor (1961) considered that these shifts were masked by
the many internal hydroxyls and clay adsorbed water.
However, Parfitt and Mortland (1968) indicated that such a
shift in the C = 0 absorption band could be caused by the
interaction of carbonyl group and the exchangeable cations.
French gt al (1954) observed an increase in intensity of
the OH stretching band at approximately 3 p, when the
polymer Lytron was adsorbed on H-bentonite and considered

it as evidence of H=bonding (Sheppard 1959).
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In addition to H-bonding of polymer carboxyl to
edge hydroxyl, Emerson (1960) suggested that the hydroxyls
of synthetic polymers could be H-bonded to the external or
internal planar face silicate oxygens. This type of H-
bonding may be possible with the hydroxyls of O.M.
Greenland (1956) considered H-bonding as a possible

mechanism of adsorption of soil polysaccharides by clays.

Bond between the hydrogen of methylene groups and
oxygen of clay surface (CH ... 0) has also been proposed on
the basis of one dimensional Fourier analysis of diffraction
data of montmorillonite~organic complexes (Bradley 1945;
ﬁ%Ewan 1948). However, Laby (1962), Brindley and Hoffmann
(1962) observed no lowering of C=H stretching frequencies,

which does not support the existence of CH ... 0 bonds.

11.1.2.3.3. Coulombic interaction

Positive sites at the edges of clay crystals were
considered by many workers as responsible for holding
negatively charged organic matter and other polymers
(Ruehfwein and Ward 1952; Packter 1957; Warkentin and
miller 1958; Mortensen 1962; Emerson 1963). This mechanism
is very much pH dependent, the amount adsorbed dsecreasing

with decreasing edge positive charge as the pH is increased.
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However, the edge positive charge on montmorillonite is
considered very small (de Haan and Bolt 1963; Coleman and
Thomas 1967) and may not account for the entire amount of
organic matter adsorbed by clays. Ruehrwein and Ward (1952)
Warkentin (1956) have reported that the amount of poly-
electrolyte adsorbed agreed closely with the number of
positive-spots on the clay. Schofield (1940, 1949)
postulated positive sites on basal plane surfaces of clays
due to unbalanced charges within the lattice, caused
possibly by an excess of aluminum in the octahedral
positions. The possible contribution of such positive
spots to adsorption of organic matter is not known.
Positively charged amino groups could link to negatively
charged clay surface. There is not much evidence of the
widespread occurrence of such a mechanism in natural soils,
though Swaby (1950) observed that deamination of humates

reduced their aggregating effect on soil.

Efficiency of polyvalent cations in promoting
adsorption of organic matter and polyelectrolytes was

considered to be due to the formation of "bridge linkages."

clay” ... m"* ... TOOCR
(Emerson 1956a, 1963; Evans and Russell 1959; Mortensen

1962; Kononova 19613 Greenland 1965b)
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Results of Brydon and Sowden (1959) suggested that
Ca bridges are broken by NaCl treatment but not those of
Al and Fe. The situation with Al and Fe is more complex
than with Ca. Besides the simple Al3+ and Fe3+ ions, the
hydrolysed and polymerised ionic species could also be
responsible for such bridges (Greenland 1965b). The exact
nature of the link between organic matter and A13+, Fe3+

and their hydroxy species on clay surfaces is still

uncertain.

Emerson (1956b), Mortensen (1962), Ahlrichs (1962)
expressed the opinion that the carboxyl groups of poly=-
electrolytes reacted with Al associated with clay surface.
It is of interest to note that preadsorption of aurin
tricarboxylic acid (aluminon) blocked the adsorption of
HPAN on kaolinite which showed that aluminum was involved
in one way or another (Mortensen 1962). An attempt to
distinguish between crystal edge Al and exchangeable Al

was not successful (Ahlrichs 1962).
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11.1.2.3.4. Coordination and complex
formation
(a) Complexing reactions of organic
matter with Al, Fe and their
hydroxylated species

Since Bremner et al (1946) reported the occurrence
of metallo-organic complexes in soils, a number of workers
have obtained evidence supporting their existence (Kononova
1966). Reactions of a podzol B horizon fulvic acid with Al
and Fe were studied in detail by Schnitzer and Skinner
(1963a, 1963b, 1964, 1965). They reported that Al and Fe
were present respectively as AL (oH)** and Fe(oH)** in the
complexes with low ratio of Fe or Al to organic matter,
and as A1(0H)2+ and Fe(oH)z+ in the complexes with high
ratio of Fe or Al to organic matter. Maximum possible
molar ratio of metal to fulvic acid was 6, which cor-
responded to the 6 carboxyl groups present in the fulvic
acid they used. The complexes became increasingly water
insoluble as the ratio of metal to fulvic acid was
increased. Extracting the complexes with different reagents,
they found that less Fe than Al was extracted under other-

wise identical conditions. This indicates that Fe is held

more tightly than Al.

From potentrometric titrations, Schmitzer and Skinner

(1963a) inferred that the complexes started to break up at
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pH 8. Kawaguchi and Kyuma (1959) also observed that humic
acid chelates of Fe and Al were partly hydrolysed in a
slightly alkaline medium forming hydroxy chelates and
completely hydrolysed in strongly alkaline medium.
Schnitzer and Skinner (1964) reported that the properties
of a metal-organic matter complex extracted from the Bh
horizon of a podzol were similar to those of the synthetic
complexes with metal to organic matter ratio of 3.
However, McKeague (1968) obtained metal to fulvic acid
ratios ranging from 3.2 to 12.0 in pyrophosphate extracts
of A and B horizons of many soils. This shows that the
metal organic matter complexes occurring in nature are much
more complex than the synthetic ones prepared by Schnitzer
and Skinner (1964). Polyphenols formed during the decom=-
position of lignaceous material could also complex Al and

Fe (Bloomfield 1957; Coulson et al 1960).

Aluminum in organic matter complex exhibits dual
nature. A part of it remains capable of exchange while the
rest is permanently fixed. In contrast, Fe in humus com-
plexes is not exchangeable to neutral salts (Aleksandrova 1954,
1967). Dt'Yakonova (1962)_reported that tests with NH,CNS
and KhFe(CN)é for ionic iron in humic and fulvic acid

complexes were negative. Russell (1963), too, expressed a
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somewhat similar opinion. He considered that in organic
matter complexes, aluminum was present as an exchangeable
cation although very strongly bound and iron was present in

a chelate.

(b) Coordination and complexing
reactions of organic matter
with Al, Fe on clay surface

Whether the same kind of complex formation occurs
(as discussed earlier) with exchangeable Al, Fe or their
hydroxy ions on the clay surface is not definitely knouwn.
Even if such reactions ars possible, the question arises as
to what the nature of linkage of the organic matter-metal
complex to the clay surface. These are questions yet to be

answered.

Hemwall (1963) explained the adsorption of 4-tert-
butyl pyrocatechol on montmorillonite and kaolinite via the
formation of a surface aluminum-catechol complex, thse
aluminum coming from lattice decomposition of the clay.

The nature of the complex formed is not known. No report
exists on the feasibility of such a reaction between the
phenolic groups of organic matter and A13+ ions on clay

surface.
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1.R. spectroscopic study of adsorption complexes'of
urea, amides, ketones and benzoic acid has shouwn direct
interaction (or bridged by water molecules) between the
carbonyl group and exchangeable metal cations (Mortland
19663 Tahoun and Mortland 1966; Parfitt and Mortland 1968).
These authors have interpreted shifts in C = 0 stretching
frequency as indicating the formation of a coordinate bond
between the exchangeable cation and the carbonyl group.

A bonding of this type may be possible in the case of

organic matter.

Chabarek and Martell (1959) considered the hydroxyl
ion as a ligand or a complexing agent, and the OH groups
attached to Al or Fe atom are geherally spoken as co-
ordinated hydroxyls. Thus, the compounds formed by the
replacement of an OH coordinated to AL or Fe by a carboxyl
group could also be considered as a simple coordination
compound. Some .authors prefer to call such a reaction an

exchange one.

Mortensen (1962) observed that adsorbed HPAN (Hydro-
lysed Poly Acrylo Nitcile) reduced the intensity of
0-Al=0H bands at 9.1 u and 10.95 u of kaolinite. This,
together with a reduction in the intensity of the band
at 2.65 u, led him to suggest that the carboxyl groups

in HPAN displaced OH associated with lattice edge
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alumipum. Bingham et al (1965) considered exchange of

acetate ions with exposed structural OH groups as the

possible mechanism of acetate retention by montmorillonite.
Dosch (1967) observed that the reactions of organic acids

and aldehydes with tetracalcium aluminate hydrate was strongly
exothermic and postulated the formation of covalent bonds
between the inorganic and organic partners. It is of

interest to note that the tetracalcium aluminate hydrate is
also a layer structured compound with a coherent surface of

OH groups.

Leaver and Russell (1957) reported that fulvic acids
were effective in blocking sorption of phosphate by soils.
They considered that OH groups (attached possibly to Al and
Fe) were displaced by carboxylate groups and these OH ions
gave rise to a negative surface on the soil particles which
repelled phosphate ions. Swenson gt al (1949) concluded
from studies on phosphate adsorption by Fe, Al and their
hydroxides that groups in organic matter could coordinate
to Al and Fe to form complexes more stable than basic Al,
Fe phosphates. They also found that phosphate adsorbed by
Al(DH)3 and Fe(UH)3 was released by organic matter, citrate
and tartrate. These reports indicate that the carboxylate
groups in organic matter could replace OH bound to Al and

Fe in their respective hydroxy compounds. This could be a
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possible mechanism of retention of organic matter in soils.

According to Aleksandrova and Nad (1958) stable
clay-humus complexes were formed through the intermediary
of Al, Fe sesquioxides, which make specific bridges between
humus substances and clay minerals. The bridges were
thought to be "complex aluminum and iron humus compounds
with the non silicate forms of sesquioxides and fixed to
the surface of the clay minerals by a process of adhesion
at the expense of intermolecular types of linkage"
(Kononova 1966). Non silicate forms of sesquioxides were
thought to be the cross 1inks responsible for the firmness
of cementing and adsorption of humus on the surface of clay
minerals (Aleksandrova 1967). Electron micrographs of
Schulz (1958) indicated that condsnsation of humic acids in
worm casts was promoted by iron oxides. Thus, despite the
considerable progress made in the understanding of metal=-
organic matter complexes, the linkage between soil organic
matter and clays is still not clear. It is possible that
more than one mechanism is operative depending on the

components involved and the environment.
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I1.2. Al, Fe ionic_species in
aqueous solutions

An understanding of the nature and properties of
the hydrolytic species of Al and Fe is essential to
elucidate the possible bonding of 0.M. to Al, Fe hydrous
oxide coatings on laboratory synthesised Al, Fe hydroxy=-

montmorillonit%i

Both Al3+ and Fe3+ jons are well known to hydrolyse
in aqueous solutions. Formation of the monomeric species
in the first instance is generally agreed.

3+ 2+ +
Al(6H20) ——tAl(sto)OH + H

3+ 2+ +
Fe(GHZO) R Fe(SHZD)DH + H

II1.2.1. Hydroxy aluminum ions

When increasing amounts of base, less than the
amount required for complete precipitation of Al(DH)3 is
added to an aluminum salt solution, hydrolytic species of
the general formula Al(UH)x (x{3) are formed. No agreement
exists among the workers as to whether the monomeric
Al(DH)2+ is the dominant (or the only) one or a number of
polynuclear hydroxy aluminum ions are formed by further

hydrolysis and/or polymerisation.
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| Hartford (1942), Schofield and Taylor (1954), Frink
and Peech (1963 concluded that the monomeric hydrolysis
mechanism accounted for their pH and conductance measure-
ments and the hydrolysis constant calculated thereof. The
latter authors also concluded that the Al salt solutions
became supersaturated with Al(l:lH).:3 on dilution and remained
metastable until the concentration dscreased to 10'5m,

below which Al(UH)3 was precipitated. Raupach (1963)

postulated the formation of Al(DH)2+ ion also.

Brossett (1952) first postulated the formation of
an infinite series of polynuclear complexes with the
formula E\l(oH)3 :] 3+ and later Brossett st al. (1954)
amended that the major product could be E\l (OH) ]3"'

Al (DH) i]4+ or an infinite series with the formula
[?I(UH)SAl (3+”)+.

mentioned the formation of [BllS(OH)S;)7+. Matijevié and

Sillen (1959), in his review article,

Tezak (1953) initially suggested the formation of a dimer
based on colloid coagulation studies, but later (Matijeviﬁ
et al. 1961) favoured the existence of an octomer
[ﬁlB(UH);;]4+ in the pH range of 4 to 7. The latter authors
observed that the coagulating efficiency of hydrolysed Al
solutions was much greater than Al3+ solutions. They

studied silver halide sols and attributed the above behaviour

to the presence of polynuclear species with higher charge.
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It was also observed that the hydrolysed Al species

reversed the charge on silver halide sols but not A13+ ions.

Ruff and Tyree (1958) studied light scattering by
hydrolysed Al solutions and concluded that there exists a
distribution of Al atoms among a number of aggregates, the
average of which increased with increasing OH/Al molar
ratio. Jander and Winkel (1931) demonstrated the gxistence
of higher molecular weight species by measuring dif fusion
coefficients in basic Al solutions. Rausch and Bale (1964)
obtained evidence from X-ray scattering experiments to
support the existence of the species [Allz(DH)s’Z)'“.
Aveston (1965) made ultracentrifugation studies on
hydrolysed aluminumperchlorate solutions and interpreted

his data as indicating the presence of [ﬁllE(UH)3;37+ and

[Alz(ou)gl‘”.

Fripiat et al. (1965) suggested the presence of
[élA(DHig 4+ pased on titrimetric and I.R. absorption data.
Hsu and Bates (1964a) poltulated the polymerisation of
Al(OH)2+ ions into 6 membered ring units of composition
AlG(DH)126+ and multiples thereof EAllD(OH)ZZB+ and
A113(0H)309{]. Hsu (1966) dialysed a hydroxy aluminum
solution with OH/Al molar ratio of 2.7 and found that about

2/3 of the Al remained in the dialyser bag indicating the
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presence of a series of polymers. Rich (1960) considered
that small hydroxy ions were most likely at low pH and high
concentration of A1S* jons. Turner (1968) postulated the
formation of polynuclear hydroxy ions to explain potentio-
metric titration data of Al solutions. Even though the
last word on the matter has not been said, it appears that
the majority of investigations point to the presence of

polynuclear or polymeric hydroxy Al ions in hydrolysed and

partially neutralised solutions.

I1.2.2. Hydroxy iron ions

The situation with Fe3+ ions has been less
intensively studied than with A13+. Lamb and Jacques
(1938) reported the nformation of a variety of hydrolysis
products but in particular a dilute, nevertheless super-
saturated solution of Fe(OH)z" when FeS*t solutions were
hydrolysed. Sillén (1959), in his review article, mentioned
that the hydrolysis constant varied when measured over a
wvide concentration range which cannot be accounted for by
activity factors or by a second mononuclear species Fe(DH)2+.
He suggested the formation of polynuclear complexes with
the Formula[?ex(DH;)(zx-Y)+. This was further supported by

spectrophotometric and magnetic measurements. Siddall and

Vosburgh (1951) and Milburn and Vosburgh (1955) concluded
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from spectrophotometric measurements that polynuclear
hydrolytic species, possibly [Fe(DH)ZEE]4+, was present in

3n. Gimblett (1963),

solutions more concentrated than 10~
while conceding to the formation of polynuclear hydroxy
ferric ions, pointed out that the tendency to form poly-
nuclear hydrolytic species was greater for aluminum than
iron. A condensed review and discussion of the polynuclear

hydrolytic species of Al and Fe has been given by Gimblett

(1963).

There is a great deal of evidence to the presénce
of polynuclear and polymeric species of hydroxy Al and fFe
ions, even though the controversies are not fully settled.
The situation in solutions more dilute than 10“3m (milburn
and Vosburgh 1955) could be different as was pointed out by
Frink and Sawhney (1967), but not much is known of the

species in very dilute solutions.

I1.3. Hydroxy Al, Fs ions (positively
charged hydrous oxides) on clay
surfaces

Properties of clays with natural and synthetic
coatings (inter layers) of positively charged Al and Fe
hydroxy compounds have been studied by many workers in the

last fifteen to twenty years (Brown 1953; Rich and Obenshain
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1955; Rich 1960, 1968; Shen and Rich 1962; Dixon and
Jackson 1962; Jackson 1963; Barnhisel and Rich 1963;
Coleman et al. 1964; Hsu and Bates 1964b; Clark 1964; Frink
1965; Thomas and Swoboda 1963; Turner and Brydon 19653
Turner 1965, 1967). These coatings occurl on both internal
and external surfaces of clay minerals and were considered
to be one of the major contribUtors for pH dependent charge
ot soils. Positively charged Al and Fe hydroxy compounds
were considered not exchangeable to neutral unbuffered salt
solutions and firmly held to clay surfaces (Coleman and
Thomas 1967). An extensive review on the conditions of
formation and properties of hydroxy interlayers has been

given by Rich (1968).

The question of whether the hydroxy aluminum
compounds deposited on clay surfaces under laboratory
conditions are present as a continuous solid phase or are
adsorbed as hydroxy aluminum polymers is not well settled.
Frink and Peech (1963a) considered that the non-exchangeable
aluminum was present as Al(UH)S, but their data indicated
that the non-exchangeable Al had a charge of 0.64 to 0.38
. equivalents per mole of Al, the origin of which was not
explained. Shen and Rich (1962) reported that "Fixed" Al
in montmorillonite was present as Al(UH)2+ for initial

0OH/Al molar ratios up to 1.35. Schofield (1946) proposed a
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polymeric chain structure for the non-exchangeable Al.
Turner (1965) calculated the charge on "fixed" aluminum on
montmorillonite from the decrease in C.E.C. caused by
precipitated Al and reported that the "fixed" hydroxy Al
had a formula equivalent to AL(OH), .°°°*, when the initial
OH/Al molar ratio ranged from 1 to 2.7. Hsu and Bates
(1964b) reported that in the case of vermiculite the fixed
Al was present as ring units with formula AlS(OH)lz6+ or
AllU(UH)228+, when the initial OH/Al molar ratio ranged
from 0.3 to 2.1 and that the polymers increased in size and
the net positive charge per Al atom decreased as the OH/Al
ratio was increased to less than 3. Sawhney (1968)
obtained an average charge of 1 me/Al atom for OH/Al = 2
and 0.5 me/Al for OH/AL = 2.4 for montmorillonite and
vermiculite. When the clays were aged for 10 weeks in
hydroxy aluminum solutions, the charge was reduced to 0.2-
0.3 me/Al aton. C.E.C. reductions (blocking of permanent
charges) of clay by the addition of hydroxy aluminum
compounds up to an initial OH/AlL molar ratio of 3 have been
reported (Rich 1960; Shen and Rich 1962; Barnhisel and Rich
1963; Hsu and Bates 1964b; Turner 1965; de Villiers and

Jackson 1967).

In the case of iron hydrous oxides, even though

interlayering (Rich 1968; Herrera and Peech 1968) and
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C.E.C. reductions (blocking of permanent charges) of clays
(Coleman et al. 1964; Clark and Nichol 1968) have been
observed, the effect has been very temporary. Clay-iron
hydrous oxide complexes were reported to be unstable above
pH 3 (Clark and Nichol 1968), the hydrous oxide undergoing

further hydrolysis and forming Fe(OH)S.

Slaughter and Milne (1960) considered that the
Al-hydroxy compounds were adsorbed initially over the entire
surface (i.e., both internal and external surfaces), rather
than the direct formation of a structure in the interlayer.
On the other hand Brydon and Kodama (1966) interpreted from
I.R. absorption and D.T.A. curves that the "aluminum
hydroxide" entered entirely into the interlayer of mont-
morillonite and assumed a gibbsite-like monolayer structure
up to 8 me of added Al/g clay. When the amount was higher
than this but below the amount (16 me Al/g) required for a
perfect gibbsite layer, some hydroxide was present external
to the interlayer space. The reason for this behaviour was
not known. Electron micrographs of hydroxy aluminum polymer
treated (15 me Al/g) vermiculite showed the presence of
hydrous oxide on external surfaces (de Villiers and Jackson
1967). Treatment of clays with hydroxy aluminum solutions
reduced the C.E.C. to practically zero (Rich 1960;

Barnhisel and Rich 1963) which indicates that the hydroxy
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Al compounds were deposited on both internal and external
surfaces. Dixon and Jackson (1962) considered that the
interlayers existed as islands more concentrated around the
edges of clay plates. Frink (1965) also concluded that
interlayers in natural soils occurred as clusters of

islands or "atolls."

I1I.4. Anion penetration

A number of reports have been made that the pH
increased on the addition of anions both inorganic and
organic to solutions of basic chromium, iron, aluminum and
sirconium solutions and their hydroxides (Bailar 1956).
This phenomenon has been explained by postulating anion
penetration. Anion penetration refers to "the competition
between hydroxyl ions and other anions for positions in the
first coordination sphere of a metal ion and the related
displacement of coordinated groups such as aquo, hydroxo or
an anion by another anion" (Bailar 1956; Gimblett 1963).
The increase in pH referred to earlier has been attributed
to the replacement of coordinated OH ions and release into
solution. Anion penetration in olated complexes was found
to be controlled by the relative coordinating tendencies of
the entering anion and the group which it displaces, the

relative concentratinns of the reactants, the length of
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time for which the solutions wereallowed to react, and the
conformation in the case of organic anions (Bailar 1956;

Gimblett 1963).

Displacement of OH ions from the hydroxy compounds
involves coordination of the displacing group to the metal
ion. Reactivity of organic anions (in anion penetration)
is therefore determined partly by the number of donor groups
and their relative positions in the anion. Thomas and
Whitehead (1931) and Thomas and Vartanian (1935) observed
increase in pH of aluminum hydrosol when organic anions were
added and explained it on the basis of anion penetration.
Thomas and Kremer (1935) compared the effectiveness of
aliphatic monocarboxylate anions from formate to valerate
and dicarboxylate anions from oxalate to pimelatse, in anion
penetration. Difference between the homologous mono-
carboxylate anions was only very slight. This was as
expected since coordination of these anions with the metal
ion would be controlled by the single carboxyl group. With
the dicarboxylate anions the effectiveness was pimelate £
adipate § glutarate £ succinate < malonate < oxalate. This
was explained as due to the formation of chelate rings.
Carboxyls in glutarate and higher homologues were SO far
apart that the anions behaved like monocarboxylates. In

the lower homologues, where the carboxyls are closer, the
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anions were more reactive possibly due to the formation of
5 or 6 membered rings which are more stable than the larger
ones. Importance of conformation was demonstrated by using
the cis-trans isomers, malate and fumarate. Malate was
found to be more effective than fum@rate possibly because
of chelation (Bailar 1956). An excellent review of the
work of Thomas and co-workers has been given by Pokras
(1956). Thus it appears that chelation is a factor that

promotes anion penetration.

Kubelka (1949) reported that pyrogallol expelled
sulphate in basic chromium complexes but resorcinol or hydro-

quinone did not.

Two types of structures have been proposed for the
complexes formed when an organic anion displaced an OH

group from an olated chromium complex (Bailar 1956).
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Even though the effects of anion penetration have been
observed, the exact structure (in the case of organic anion

complexes) is not well elucidated.
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11.4.1. Anion penetration in hydrous
oxide~clay systems

The concept of anion penetration is not entirely
new to soil science. Mattson (1931) and Mattson and
Wicklander (1940) observed that cl™ and 5042- were held in
quantity only by soils which had large amounts of Al, Fe
hydrous oxides. They considered that these anions were in
competition with OH ions found in hydrous oxides. Liu and
Thomas (1961) a