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CONTRIBUTIONS TO KNOWLEDGE 

1. Organic matter was adsorbed on both the planar and edge 

faces of hydroxy Al, Fe-bentonites but not in the inter­

layer space. 

2. Adsorption of organic matter on hydroxy Al, Fe-bentonites 

conformed approximately to the Langmuir adsorption iso­

therm. However, deviations were also observed at both low 

and high concentrations of organic matter. 

3. Eighteen to thirty per cent of organic matter adsorbed by 

hydroxy Al, Fe-bentonites was not desorbed by O.5N Na 2C0 3 

but was desorbed by O.5N NaOH. 

4. Organic matter had an inhibitory or retarding effect on 

the formation of X-ray crystalline Al(OH)3. Presence of 

organic matter on the external surfaces of hydroxy Al­

bentonite did not affect the formation of gibbsite from 

interlayer Al-hydrous oxide. 

5. 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 mineraI constituents. The 

linkage ranges from simple physical entrapment to multiple 

chemical bonding. The complexity and importance of the 

organo-mineral complex was weIl described by Jacks (1963) 

in the following words, ". • • the union of mineraI 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 mineraIs 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 la~ge 

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

l 
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At least a part of the humic substances not extractable 

with alkalis (humin) is considered to exist in firm 

association with clays and sesqui8xides (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 Low 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 weIl established. 

This study was undertaken to investigate the 

influence of hydroxy Al and Fe polymeric or polynuclear 

compounds deposited un der 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.l. 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. Seing more susceptible to microbial 

attack, non-humic substances have a comparatively shorter 

life span 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 

3 
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of low molecular weight and soluble in both acids and 

alkalis. Humin fraction is insoluble in acids and alkali~ 

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 mineraI 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 fuI vic 

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 - fuI vic 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 fuI vic 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 fuI vic acids (Schnitzer 1965). 



While Greenland (1965b) cited evidence to show that 

humic acids do not behave like typical polyelectrolytes, 

Mukherjee 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 

5 

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, esterification, 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. Knowledge on the structural arrangement of 

these groups is very limited. 

All the acidic groups are not of the same strength. 
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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. spectroscopie 

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 0 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 1050 C 



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. 

7 

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 sorne 

functional groups which are so placed that formation of 

coordination complexes and chelates with metal ions is 

possible. Tartaric acid and pyrocatechol were 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. 

II.l.2. Organic matter-clay interactions 

While it is known that in addition to the clay-humus 

complex, humic material in soils could occur as huma tes, 



organo-metal complexes and gels mixed or co-precipitated 

with Al, Fe hydroxy compounds, literature relevant only to 

clay-organic matter interactions is reviewed here. 

II.l.2.1. Adsorption characteristics 

(a) Components of adsorbate 

8 

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 f~lvic 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 aIl 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 isotherme 

Evans and Russell's (1959) calculation of Myers' (1937) 

data showed that 90 per cent of the added composted lucerne 
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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 NH 4-humate on Ca-brick earth. A simi1ar 

result was obtained by Evans and Russell (1959) for humic 

and fulvic acids on K-saturated montmorillonite. In 

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 isotherme Conformity of adsorp­

tion to Langmuir isotherm was earlier observed by Mortensen 

(1957, 1962) for po1ye1ectrolytes, who interpreted it as an 

indication of mono1ayer adsorption. However, Saini and 

MacLean (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 
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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. llihile 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. 

observed between pH 4 and 5. 

A maximum in adsorption was 

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 the se 

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 promo te 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 MacLean 1966). While 

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 A1 3+ ions on H-resin treated clays 

is weIl established (Aldrich and Buchanan 1958). It is 

inevitable that Al-hydroxy compounds are formed wh en 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 

not 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 A1 203 • He also 

observed that iron hydroxide adsorbed 64-84 mg humic acid 

per 100 mg Fe 203 . Adsorption studies with humic and fuI vic 

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, tao, 

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). 

II.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 poly­

electrolyte (Ruehrwein and Ward 1952; Warkentin 1956; 
~,b 

Emerson 1956; Mortensen 1962; Ahlrichs 1962). Ahlrichs 
A 

(1962) observed that expanded forms of montmorillonite 
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adsorbed more than the non-expanded forme 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 X-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 (Oubach ~ al 1955; Greenland 196~. 

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 homogeneously 

adsorbed on aIl 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 8eutelspacher (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 (1965b) mentioned that the electron micrographs 

of Flaig and 8eutelspacher (1951) have been interpreted to 

mean that the association between montmorillonite and humic 

acids is through the intermediary of Al or re oxides, 

Whether this occurs on the edge face or planar surface is 

not clear. 

II.l.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. Gresnland and Ford (1964) 

observed that ultrasonic dispersion of soil in heavy liquids 

separated only a small portion of the humic material from 

the mineraI 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 



oxides have been suggested as possible mechanisms of 

organic matter - clay interaction. 

II.1.2.3.1. Physical adsorption 
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Physical adsorption is due to Van der Waa~-London 

forces (the summation of charge-dipole, dipole-dipole, 

dipole-induced dipole, induced dipole-induced dipole 

interactions). These forces, though weak by themselves, 

could considerably augment other forces of bonding. 

Strength of bon ding 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 Waals forces (Grim 1953). 

II.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 (Sailey et al 

1968). Edsall and lliymann (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 

COO-) to clay surface are possible. 

o 0 ••• HO cl ay 

Il Jl 
- C - 0 H ••• 0 cl a y; - C - 0 H 

l II 

o 
/,.' 

- C' 
~\ 

o 

••• HO clay 

III 

Sheraga (1961) considered the existence of the above types 

of hydrogen bonds in proteins (i.e., between COOH, COO- 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 few surface OH that may be found on 

the planar surface of montmorillonite (Van Olphen 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 bon ding of polymer carboxyl to clay edge 

hydroxyls has been proposed by several workers (French et 

al 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 Ca-bentonite. 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 (Sellamy 1958). Kohl and 

Taylor (1961) considered that these shifts were masked by 

the many internaI 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 et al (1954) observed an increase in intensity of 

the OH stretching band at approximately 3 p, when the 

pol ymer Lytron was adsorbed on H-bentonite and considered 

it as evidence of H-bonding (Sheppard 1959). 
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In addition ta H-bonding of polymer carboxyl ta 

edge hydroxyl, Emerson (1960) suggested that the hydroxyls 

of synthetic polymers could be H-bonded ta the external or 

internaI 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 sail 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; 

~ 
MKEwan 194B). 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. 

II.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 

(Ruehrwein and Ward 1952; Packter 1957; Warkentin and 

Miller 195B; Mortensen 1962; Emerson 1963). This mechanism 

is very mu ch pH dependent, the amount adsorbed decreasing 

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 am~no 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." 

n+ -M ••• ooCR 

(Emerson 1956a, 1963; Evans and Russell 1959; Mortensen 

1962; Kononova 1961; Greenland 1965b) 
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Results of Brydon and 50wden (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. 
3+ 3+ . 

Besides the simple Al and Fe 1ons, the 

hydrolysed and polymerised iOilÏC species could also be 

responsible for such bridges (Greenland 1965b). The exact 

nature of the link between organic matter and A1 3+, 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 on e way Dr anD ther (mor ten sen 1962). An a t tempt to 

distinguish between crystal edge Al and exchangeable Al 

was not successful (Ahlrichs 1962). 



II.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 
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of metallo-organic complexes in soils, a number of workers 

have obtained evidence supporting their existence (Konono~a 

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 Al(OH)2+ and Fe(OH)2+ 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, Schnitzer 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 fuI vic acid 

ratios ranging from 3.2 to 12.0 in pyrophosphate extracts 

of A and B horizon s of many soil s. Thi s shows tha t the 

metal organic matter complexes occurring in nature are much 

more complex than the synthetic ones prepared by Schnitzer 

and Skinner (1964). Polyphenols formed du ring 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). D'Yakonova (1962). reported that tests with NH 4 CNS 

and K4Fe(CN)b for ionic iron in humic and fuI vic 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 known. 

Even if such reactions are 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-

but yI pyrocatechol on montmorillonite and kaolinite via the 

formation of a surface aluminum-catechol complex, the 

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 A1 3+ ions on clay 

surface. 
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I.R. spectroscopic study of adsorption complexes of 

urea, amides, ketones and benzoic acid has shown direct 

interaction (or bridged by water molecules) between the 

carbonyl group and exchangeable metal cations (Mortland 

1966; 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 bon ding 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 generally 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 calI such a reaction an 

exchange one. 

Mortensen (1962) observed that adsorbed HPAN (Hydro­

lysed Poly Acrylo Nit~ile) reduced the intensity of 

O-AI-OH 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 ta suggest that the carboxyl groups 

in HPAN displaced OH associated with lattice edge 
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aluminum. Bingham ~ 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 ta 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 fuI vic acids 

were effective in blocking sarp tian of phosphate by soils. 

They considered that OH groups (attached possibly ta Al and 

Fe) were displaced by carboxylate groups and these OH ions 

gave rise ta a negative surface on the sail particles which 

repelled phosphate ions. Swenson ~ al (1949) concluded 

from studies on phosphate adsorption by Fe, Al and their 

hydroxides that groups in organic matter could coordinate 

ta Al and Fe ta form complexes more stable than basic Al, 

Fe phosphates. They also found that phosphate adsorbed by 

Al(OH)3 and Fe(OH)3 was released by organic matter, citrate 

and tartrate. These reports indicate that the carboxylate 

groups in organic ~atter could replace OH bound ta Al and 

Fe in their respective hydroxy compounds. This could be a 
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possible mechanism of retention of organic matter in soi1s. 

According to Aleksandrova and Nad (1958) stable 

clay-humus complexes were formed through the intermediary 

of Al, Fe sesquioxides, which make specifie bridges between 

humus substances and clay mineraIs. 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 mineraIs 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 links responsible for the firmness 

of cementing and adsorption of humus on the surface of clay 

mineraIs (A1eksandrova 1967). Electron micrographs of 

Schulz (1958) indicated that condensation 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. 



II.2. Al, Fe ionic species in 
agueous solutions 

An understanding of the nature and properties of 

the hydrolytic species of Al and Fe is essential ta 

elucidate the possible bon ding of D.M. ta Al, Fe hydrous 

oxide coatings on laboratory synthesised Al, Fe hydroxy­

montmorillonit(. 
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Bath A1 3+ and Fe 3+ ions are well known ta hydrolyse 

in aqu80u s solu tian s. Formation of the monomer ic specie s 

in the first instance is generally agreed. 

II.2.l. Hydroxy aluminum ions 

When increasing amounts of base, less than the 

amount required for complete precipitation of Al(DH)3 is 

added ta an aluminum salt solution, hydrolytic species of 

the general formula Al (OH) (x < 3) are formed. No agreement 
x 

exists among the workers as ta 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 (196~ 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(OH)3 on dilution and remained 

-5 metastable until the concentration decreased to 10 M, 

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

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

Brossett (1952) first postulated the formation of 

an infinite series of polynuclear complexes with the 

formula Œl(OH)3A~ n 3+ and later Brossett et al. (1954) 

amended that the major product could be ~16(OH)1~ 3+ or 

[Al8(OH)2~4+ or an infinite series with the formula 

[Al(OH)5Al~n (3+n)+. Sill~n (1959), in his review article, 

mentioned the formation of ~113 (OH) 3~ 7+. Matijevib and 

Tezak (1953) initially suggested the formation' of a dimer 

based on colloid coagulation studies, but later (Matijevi~ 

et al. 1961) favoured the existence of an octomer 

[A18(OH)2~4+ in the pH range of 4 to 7. The latter authors 

observed that the coagulating efficiency of hydrolysed Al 

solutions was much greater than A1 3+ solutions. They 

studied sil ver 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 sil ver halide sols but not A1 3+ 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 existence 

of higher molecular weight species by measuring diffusion 

coefficients in basic Al solutions. Rausch and 8ale (1964) 

obtained evidence from X-ray scattering experiments to 

support the existence of the species [Al13(OH)3~7+. 

Aveston (1965) made ultracentrifugation studies on 

hydrolysed aluminumperchlorate solutions and interpreted 

his data as indicating the presence of [Al13(OH)3~7+ and 

[A12(OH)~4+. 

Fripiat et al. (1965) suggested the presence of 

G14 (OH)~ 4+ based : ti trimetric and 1. R. absorption data. 

Hsu and Bates (1964a) poltulated the polymerisation of 

Al(OH)2+ ions into 6 membered ring units of composition 

( ) 6+ . [ () 8+ 
A16 OH 12 and mult~ples thereof AllO OH 22 and 

Al13(OH)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 A1 3+ ions. 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. 

II.2.2. Hydroxy iron ions 

The situation with Fe3+ ions has been less 

. 3+ 
intensively studied than with Al • Lamb and Jacques 

(1938) reported the "formation of a variety of hydrolysis 

products but in particular a dilute, nevertheless super­

saturated solution of Fe(OH)3" when Fe3+ solutions were 

hydrolysed. Sillén (1959), in his review article, mentioned 

that the hydrolysis constant varied when measured over a 

wide concentration range which cannot be accounted for by 

activity factors or by a second mononuclear species Fe(OH)2+. 

He suggested the formation of polynuclear complexes with 

the formula[Fe x(OH)'J(3X- 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 ~e(OH)2F~4+, was present in 

solutions more concentrated than lO-3 m• Gimblett (1963), 

while conceding ta the formation of polynuclear hydroxy 

ferric ions, pointed out that the tendency to form poly-

nuclear hydrolytic species was greater for aluminum than 

irone 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 presence 

of polynuclear and polymerie species of hydroxy Al and Fe 

ions, even though the controversies are not fully settled. 

The situation in solutions more dilute than lO-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. 

II.3. Fe ions 

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 ta twenty years (Brown 1953; Rich and Obenshain 



33 

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 1965; 

Turner 1965, 1967). These coatings occur on both internal 

and external surfaces of clay minerals and were considered 

to be one of the major contributors for pH dependent charge 

or 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(OH)3' 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(OH)2+ for initial 

OH/Al molar ratios up to 1.35. Schofield (1946) proposed a 
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polymerie 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 reparted that the "fixed" hydroxy Al 

had a formula equivalent ta AI(OH)2.70. 3+, 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 A1 6 (OH)126+ or 

Al lO (OH)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 atam for OH/Al = 2 

and 0.5 me/Al for OH/Al = 2.4 for montmorillonite and 

vermicullLe. When the clays were aged for 10 weeks in 

hydroxy aluminum solutions, the charge was reduced to 0.2-

0.3 me/Al atonl. C. E. C. reduction s (blocking of permanen t 

charges) of clay by the addition of hydroxy aluminum 

compounds up to an initial OH/Al 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 axides, 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)3. 

Slaughter and Milne (1960) considered that the 

Al-hydroxy compounds were adsorbed initially over the entire 

surface (i.e., both internaI 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, sorne 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 internaI and external 

sur face s. Dixon and Jack son (1962) con sidered tha t 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." 

II.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 

zirconium solutions and their hydroxides (Sailar 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" (Sailar 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 concentrations of the reactants, the length of 
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time for which the solutions wereallowed ta 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 ta 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 ta valerate 

and dicarboxylate anions from oxalate ta pimelate, 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 ta the formation of chelate rings. 

Carboxyls in glutarate and higher homologues were sa far 

apart that the anions behaved like monocarboxylates. In 

the lawer 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 or conformation was demonstrated by using 

the cis-trans isomers, malate and fumarate. Malate was 

found to be more effective than fumarate 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). 

R 
J 
C~ 

0/ 0 
/ ,1 

- Cr --- OH --Cr J" OH/ 1 

l II 

Even though the effects of anion penetration have been 

observed, the exact structure (in the case of organic anion 

complexes) is not well elucidated. 



II.4.1. Anion penetration in hydrous 

oxide-clay systems 
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The concept of anion penetration is not entirely 

new to soil science. ffiattson (1931) and Mattson and 

Wicklander (1940) observed that Cl- and 5°42- were held in 

quantity only by soils which had large amounts of Al, Pe 

hydrous oxides. They considered that these anions were in 

competition with OH ions found in hydrous oxides. Liu and 

Thomas (1961) and Chang and Thomas (1963) assumed that the 

sulphate ions were held by the Al, Fe hydrous oxides on 

clay surfaces according to the reaction 

50/- + Rx(OH)y - clay -+ RxŒOH)Y_2(504)~ - clay + OH­

where 

R = Al or re 

Edwards etaI. (1965) observed 7.5 ma/lOD g of po si tively 

adsorbed Cl- ions in Al-montmorillonite and proposed that 

Cl- ions reacted with Al(DH)2+ on the clay surface to form 

Al(OHCl)+. 

Al(OH)2+ - clay + Cl- ~ Al(OHCl)+ - clay + OH­

Similarly de Villiers and Jackson (1967) explained the 

abnormal increase in Cl- retention by partially chloritized 

vermiculite, when the pH was increased from 4 to 5 as due 

to anion penetration. 



1 OH 1 
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OH 
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Iran hydroxide was observed ta adsorb anions such as Cl­

and S04 2- in larger quantities th an an equivalent weight of 

aluminum hydroxide (Thomas and Swoboda 1963). Jurinak 

(1966) mentioned the anion penetration of S04 2- and HP04-

an hematite. Hingston et ~ (1968) considered that the 

retention of selenite and phosphate ions by goethite was 

according ta the following reaction: 

Surface - OH + Se0 3--~ Surface - Se03- + OH-. 

They described that these ions were octahedrally coordinated 

with Fe3+, which, in other words, is a case of anion 

penetration. De Villiers and Jackson (1967) considered the 

anion penetration by acetate ions (in exchange far OH ions) 

in olated hydroxy aluminum complexes formed an clay surfaces. 

Schwertmann (1966) observed that na crystalline 

goethite was formed when amorphous ferric hydroxide 

solutions were boiled with strong alkalis in the presence 

of organic matter. It was also noted that goethite readily 

formed under otherwise identical conditions in the absence 

of organic matter. He attributed this phenomenon ta sorne 

sart of anion adsorption (of organic matter) by ferric 
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hydroxide. Schwertmann ~ al later reported similar 

observation with citrate anions and suggested a reaction of 

the following type, where the anion becomes a coordinator 

of the surface Fe atom: 

Fe (OH) + m(Citr)n-
x m,n 

- Fe (Citr) + m.n OH-
x m 

It is ta be noted that in anion penetration, it is 

not necessary that the whole anion (in the case of complex 

anions) should enter into the hydroxo-complex. This may 

happen in the case of small anions like CI- but in the case 

of anions like 50 4
2-, H2P0 4- and the organic anions, it is 

essentially the oxygen of the anion and not the whole anion 

which occupies the coordination position around the metal 

ion. 

II.5. Summary 

Sail organic matter is a heterogeneous system of 

polymers and has functional groups capable of reacting with 

Al, Fe, their hydroxy ions and hydroxides. Simple 

electrostatic interaction, coordination and chelation are 

operative~these reactions. Adsorption of organic matter on 

clays is influenced by pH, nature of exchangeable cations 

and presence of Al, Fe hydrous oxides on clay surfaces. A 

great deal of information on adsorption mechanisms has been 



gathered from the study of adsorption of simple organic 

compounds and synthetic polyelectrolytes on clays. 
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While edge face and planar face associations of 

organic matter and polyelectrolytes with clays have been 

postulated, there is no general agreement on the inter­

lamellar adsorption of humus substances by montmorillonite. 

Physical adsorption, coulombic interaction, hydrogen 

bonding, coordination and complex formation have been 

considered as possible mechanisms of interaction of organic 

matter with clays. Anion penetration is also a pH 

dependent mechanism and from a review of the available 

literature it appears that the replacement of hydroxyl 

groups attached to Al, Fe hydroxy compounds by carboxyl 

groups in organic matter could be a possible mechanism of 

interaction of organic matter with the mineraI constituAnts. 

Since organic matter has been shown to possess ability to 

chelate Al, Fe, the possibility of such a mechanism would 

be enhanced. No single mechanism is sufficient to explain 

the observed adsorption characteristics and it is possible 

that more th an one mechanism is operative at one and the 

same time. 

It therefore seems that an investigation of the 

(1) adsorption and retention characteristics, 
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(2) sites of adsorption 

(3) possible mechanisms of bonding of organic matter 

on hydrous-oxide coated clay (laboratory synthesised) would 

contribute towards the understanding of the organo-mineral 

complex in soils. 



III. MATERIALS AND METHODS 

111.1. Montmorillonite Clay 

The source of Montmorillonite was Wyoming bentonite 

(Na-clay) obtained From American Collaid Corporation, 

Chicago, U.S.A. Less than 2 f clay fraction was separated 

by dispersion and sedimentation (Day 1965). A stock solu­

tion of approximately 1.5% clay was prepared. 

111.2. Organic Matter 

Two organic matter preparations were used in the 

study. Preparation l, hereafter referred to as O.M.I 

(organic matter 1) was extracted From a peat with 0.5 N 

NaOH under N2 gas, after pretreatment with 0.1 N HCl 

(Levesque and Schnitzer 1965; Mortensen 1965). The peat 

sample was collected at a depth of 15-24 inches From a pit 

in the Macdonald College farm. When freshly collected, the 

sample was very wet and had a black to very dark brown 

(10 YR 2/1-2/2) colour. The material turned darker 

(10 YR 2/1) and very hard on air drying. Air dry material 

was ground ta pass a 2 mm sieve before extraction. 

44 



Preparation II, hereafter referred to as O.M.II 

(organic matter II), was extracted the same way, from the 

L-H layer material under hemlock trees, collected in the 
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Morgan Arboretum, Macdonald College. Extraction of O.M. 

with NaOH was done twice on 10 9 sample using 100 ml of 

extractant, with overnight shaking. Supernatant liquid was 

centrifuged and filtered. The extract was diluted to give 

approximately 0.3% organic matter suspension. The O.M. 

suspensions thus prepared were passed twice through 

Amberlite IR-120 exchange resin in the H-form and stored 

under a thin layer of toluene. 

111.3. Clay Preparations 

(a) Hydroxy Al, Fe solutions 

Hydroxy Al and Fe solutions (polymerie) were 

prepared by adding calculated amounts of 0.1 N NaOH to 

l N AIC1 3 or l N FeC1 3 solution with constant stirring at 

the rate of about 50 ml in 30 mins (Hsu and Bates 1964a; 

de Villiers and Jackson 1967) to give OH to Al or Fe molar 

ratios of 2.5 and 2.7. The final hydroxy solution was 

diluted with distilled water to contain 0.02 eq Al o~ Fe 

per litre, and stirred for l hour. Hydroxy polymer solutions 

were prepared afresh before use. 
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(b) Hydroxy Al, Fe coated clays 

Aliquots of stock Na-clay were passed through a 

Dowex-50 exchange resin column in the H-form and the H-clay 

(strictly H-Al clay) obtained was neutralised with NaOH to 

the pH of respective hydroxy polymeric solutions, allowed 

to stand for l hour, and the pH then rechecked and adjusted 

if necessary. Supernatant liquid was removed by centrifu­

gation and decantation. Hydroxy polymer solutions were 

added to the clay at the rate of 15 me Al or Fe/g clay in 

centrifuge bottles and shaken continuously for two weeks 

(Rich 1960; de Villiers and Jackson 1967). The hydroxy 

pol ymer 601ution was added in two instalments, one-half 

initially and the other half at the end of 1 week, after 

centrifuging and removing the spent solution. At the end 

of 2 weeks, the clays were centrifuged and washed free of 

chloride with distilled water. Hydroxy Al or Fe coated 

clays were prepared afresh before use in each experiment. 

X-ray diffraction patterns and electron micrographs were 

obtained on these preparations. 

(c) Al, Fe and Na saturated clays 

Al, Fe saturated clays were prepared by neutralising 

the H-clay to the pH of l N AIC1 3 (pH 3.04) or l N FeC1 3 

(pH 2.62) solution, removing the supernatant by 
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centrifuging and then washing the clays 5 times (at the 

rate of 50 ml/g clay) with l N AIC1 3 or l N FeC1 3 solution. 

Clays were then washed free of Cl- with ethyl alcohol. 

Na-saturated clay was prepared by washing the original clay 

«2p) 5 times with l N NaCl as described above and finally 

washing the clay free of Cl- with ethyl alcohol. Weight 

per unit volume of the differently treated clays and the 

per cent increase in weight of the Al or Fe pol ymer solution 

treated clays were determined. 

III.4. Chemical Analysis 

(a) pH and conductivity 

pH measurements were made with a Sargent Model DR 

pH meter using a Sargent 5-30072-15 glass-calomel combina-

tion electrode. Conductivity was measured using a Radio­

meter conductivity meter using a dip type (CDC 114) 

Radiometer conductivity celle 

(b) Organic carbon 

Organic carbon in solution was determined by the 

dichromate-sulphuric acid colorimetrie method (Carolan 

1948). Two ml aliquots containing less than 0.5 mg D.M. 

were pipetted into colorimeter tubes, 5 ml dichromate­

sulphuric acid solution added, and allowed to stand for 



30 mins. Transmittance was determined against a blank 

containing 2 ml distilled water and 5 ml dichromate­

sulphuric acid solution using a red (660 m~) fil ter on an 

Evelyn photoelectric Qolorimeter. Sucrose standards were 

used for calibration. 

(c) Al 
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Aluminum was determined by the Eriochrome Cyanine-R 

colorimetric method (Jones and Thurman 1957). The method 

was modified to suit determination on a Technicon Auto 

Analyser, the Flow diagram for which is given in Appendix 

Figure 1. Hydroxy-aluminum solutions were depolymerised by 

boiling with 0.1 N HCl before Al determination. Iron 

compensating solution and thioglycollate were omitted in 

cases where it was definitely known that Fe was not present. 

(d) Fe 

Iron was determined by the O-phenanthroline 

colorimetric method (Olsen 1965) on a Technicon Auto 

Analyser (methodology I.l.d), the Flow diagram for which is 

given in Appendix Figure 2. Hydroxy iron solutions were 

depolymerised by boiling with 0.1 N HCl before Fe 

determination. 



(e) K 

Potassium determinations were done flame photo-

metrically on a Technicon Auto Analyser. 

I11.4.l. Organic matter extract 

(a) Conductometric and potentiometric 
titrations 
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Conductometric titrations were carried out on 30 ml 

aliquots of acid O.M. extracts under N2 gas using N/30 

Ba(OH)2 and N/30 NaOH. Potentiometric (pH) titrations 

were a180 done on 30 ml aliquots under N2 gas using N/30 

NaOH. 

(b) Organic matter and ash content 

Organic matter content in the extract was determined 

by evaporating 10 ml aliquots in crucibles at 1000C in an 

aven and determining the weight of residue. Ash content 

was determined by heating the above residue overnight at 

600 0 C in a muffle furnace (Schnitzer et al. 1959). 

Cc) Total N 

Total N in the O.M. extract was determined by the 

semi-micro Kjeldahl procedure (Bremner 1965) using 10 ml 

aliquots. 
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(d) Total Al, Fe 

Ten ml of O.M. extract was digested with H2S0 4-H 20 2 

mixture (Lindner and Harley 1942) and Al, Fe in the digest 

was determined respectively by the Eriochrome Cyanine-R 

and O-phenanthroline colorimetrie methods as described in 

section III.4. 

(e) Total acidity 

Total acidity (COOH + phenolic OH) of the O.M. 

extracts was determined by baryta absorption under nitrogen 

(Brooks and Sternhell 1957; Kononova 1966). Ten ml of the 

acid O.M. extract was shaken overnight with 50 ml of N/30 

Ba(OH)2 and the unreacted Ba(OH)2 was determined by the 

titration of aliquots of supernatant solution with N/30 

HCl using phenolphthalein as indicator. 

(f) Carboxyl groups 

Carboxyl groups were determined by the calcium acetate 

method (Brooks and Sternhell 1957; Kononova 1966). Ten ml 

of acid O.M. extract was treated with 50 ml of 0.5 N calcium 

acetate in a 250 ml volumetrie flask and allowed to stand 

for 4 days with occasional shaking (Kononova 1966). 

Solution was made up to volume and the liberated ace tic acid 

was determined by titrating aliquots with N/30 NaOH using 
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phenolphthalein as indicator. A blank titration on calcium 

acetate similarly diluted was made and the necessary 

corrections made. 

(g) Per cent humic acid 

Ten ml aliquots of o.m. extracts in previously 

weighed glass centrifuge tubes were acidified to pH 1.0 

with conc. HCl (stevenson 1965), centrifuged washed once 

with distilled water, dried at 1000C and weighed. 

111.4.2 Clays 

(a) Exchangeable Al, Fe ions 

Ions (Al, Fe) exchangeable to 1 N KCl on the 

respective hydroxy-clays were determined by methods 

described in section 111.4. 

(b) C.E.C. (Cation Exchange Capacity) 

C.E.C. of the clay preparations (effective permanent 

charge) was determined using unbuffered 1 N KCl as satu~a­

ting solution and 1 N NH40Ac as the displacing solution 

(Jackson 1960). C.E.C. of the original bentonite clay was 

also determined at the respective pH value (pH 4.6 and 

pH 5.3) of the Al hydroxy-clay preparations and at pH 7 

using buffered KOAc for saturation and NH 40Ac for 
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displacement. The Na-clay was repeatedly equilibrated with 

buffered KOAc until the pH of the supernatant was the same 

as that of the saturating solution (de Villiers and Jackson 

1967). Potassium was determined flame photometrically. 

(c) "Fixed" Al on hydroxy Al treated clays 

"Fixed" aluminum was determined by extracting 

aliquots of clay suspension containing approximately 0.1 9 

clay, five times each with 5 ml of 0.2 N HCl (Shen and Rich 

1962; Sawhney 1968). A similar control extraction was done 

on Na-bentonite and the amount of structural Al removed 

was deducted from the above determination. Exchangeable Al 

was also deducted from the above value to obtain "fixed" Al. 

(d) Total iron 

Total iron in the hydroxy iron solution treated clays 

was extracted by the citrate-dithionite procedure (Jackson 

1960) and determined with O-phenanthroline as described 

previously. 

111.5. X-ray Diffraction 

X-ray diffraction patterns of clay preparations and 

clay organic matter complexes were obtained with a North 

American Philips' Geiger Counter X-ray spectrometer Type 



12021 uSing Cu K~radiation. Oriented specimens on glass 

slides were used (Whittig 1965). Specimens on the slides 

were heated in an oven at 1000C or 200 0C as and when 

required and the X-ray diffraction tracing recorded 

immediately after removing the specimens from the oven. 

111.6. Electron micrographs 

Suspensions of clay preparations and clay-organic 

matter complexes containing 1-5 mg/ml were prepared by 

suitable dilution and dried on formvar coated grids. The 
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specimens were shadowed in a 8alzer's 510 m shadow caster 

o 
at 30-40 with platinum wire on tapered carbon electrodes. 

Preparations were examined and photographed using an A.E.I. 

E.ffi.68 electron microscope, the microscope magnification 

being 20 tO'30 thousand. 

111.7. Infra-red Absorption Spectrum 

Organic matter preparations, clay specimens, and 

organic matter-clay complexes were freeze-dried for 48 

hours and then further dried ~ver P205 for two days before 

the spectra were recorded. Spectra were taken on K8r discs 

(Schnitzer 1965). 0.5 to l mg (double the weight in the 

case of clay-O.m. complexes) of the dried sample was ground 

for 2 mins with 400 mg of previously dried KBr in a mortar 



and then transferred into a KBr disc press, which was 

subsequently evacuated. Discs were pressed at 20 tons 
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pressure for 15 mins and the spectra recorded on a Perkin­

Elmer Model 257 grating infra-red spectrometer from 4000 cm-l 

to 625 bm-l Check runs with KBr alone were also made to 

ensure the dryness of the KBr used. Exact positions of the 

peaks were determined by comparison with the peaks of 

standard polystyrene film. 

111.8. Experiments 

111.8.1. Adsorption studies 

Experiment l 

Five ml aliquots of acid O.M.I and O.M.II suspensions 

were added separately to 5 ml aliquots of the different clay 

preparations in 50 ml weighed centrifuge tubes and shaken 

continuously for 2 weeks in a shaker. At the end of 2 weeks, 

the suspension was centrifuged (at 3000 r.p.m.) and the pH 

of and organic carbon in the supernatant determined as 

described earlier in section 111.4. The centrifuge tube 

with the residue was weighed and the amount of unadsorbed 

organic carbon present in the residue calculated. Residue 

in the centrifuge tube was washp.d repeatedly with 5 ml 

aliquots of distilled water using the centrifuge, until the 

supernatant liquid was colourless. Usually 6-7 washings 
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were sufficient. Collected supernatant was made up to 50 

ml volume and the organic carbon concentration determined. 

The residue in the centrifuge tube was shaken for 

5 mins with 5 ml of 0.5 N Na 2C0 3 solution, centrifuged and 

the supernatant collected. The process was repeated until 

no more organic matter was extracted. Usually 8-9 washings 

were sufficient. As the number of extractions increased, 

the suspension became more dispersed and higher speeds 

coupled with longer time of centrifugation had to be used 

to obtain clear supernatant liquide Organic carbon, con­

centration in the combined washings was determined. 

Residue in the centrifuge tube was similarly extracted with 

5 ml portions of 0.5 N NaOH and the organic carbon con­

centration in the combined washings was determined. 

The amount of free organic carbon (unadsorbed) 

carried in the residue was subtracted From the amount 

extracted by water. Total amount of organic carbon adsorbed 

was calculated From the difference between the amount added 

and the amount remaining unadsorbed. Amounts of organic 

carbon desorbed by the different extractants were also 

calculated. A second set of determinations was carried out 

exactly the same way with previously neutralised (with NaOH) 

to pH 7 O.M. suspensions. Organic carbon values were 

converted to organic matter. 
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Experiment II 

Added separately, aliquots of O.M.I and O.M.II 

suspensions ranging from 0.5 ml ta 6 ml ta 2 or 3 ml 

aliquots (containing approximately 0.04 9 clay) of the 

different clay preparations in 50 ml centrifuge tubes. 

Adjusted the pH with NaOH ta the corresponding pH of the 

clay preparations, made up the volume ta 10 ml, allowed ta 

stand for l hour, th en rechecked the pH and adjusted if 

necessary. Suspensions were shaken continuously for 2 weeks 

on a shaker. At the end of 2 weeks, the suspensions were 

centrifuged (at 3000 r.p.m.) and the concentration of the 

unreacted organic carbon in the supernatant was determined. 

Amount adsorbed was calculated by diFference as in the 

earlier experiment. A second set of determinations was 

carried out exactly the same way except that the pH of the 

organic matter-clay mixture was adjusted ta pH 7 with NaOH 

before equilibration. Organic carbon values were converted 

ta organic matter. 

Experiment III 

Five ml of the differently prepared hydroxY-Llay 

suspensions were added separately ta 5 ml of acid O.M.I 

suspension in 50 ml centrifuge tubes and shaken continu­

ously for 2 weeks. At the end of 2 weeks, suspensions were 
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centrifuged, washed free of unadsorbed organic matter with 

distilled water. X-ray diffraction tracings of the air 

dry, glycerol solvated, "heated at lDDoC for 6 hrs, Il 

o 
"heated at 200 C for 24 hrs," clay-organic matter complexes, 

were obtained. Temperature higher th an 20D o C was not used 

because the D.M. started to oxidize above 2DO oC. Electron 

micrographs of the clay-organic matter complexes were 

obtained 2 weeks after preparatio~of the complexes. A 

second series was carried out the same way with D.M.I 

suspension neutralised to pH 7 with NaDH. Control treat-

ments with clay only were included for comparison. 

111.1.2. Reactions of organic matter 
with Al, Fe hydroxy com­
pounds in solution 

Experiment IV 

The technique of Thomas and Whitehead (1931) was 

used to study the possibility of a reaction of D.M. of the 

"anion penetration" type, wi th hydroxy Al, Fe compounds. 

Added in separate 40 ml glass tubes, 5 ml of D.M. 

suspensions previously neutralised to pH 7 or to pH values 

of the corresponding hydroxy polymeric solutions and 5 ml 

of Al or Fe hydroxy polymer solutions. In two treatments, 

the respective hydroxides precipitated at pH 7 and freed of 

supernatant solution were used. A few drops of toluene 



were added to the tubes to minimize microbial activity 

(Myers 1937; Kononova ..ê1 al. 1964). Contents were mixed 

well and allowed to stand. pH was measured at the end of 
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3 hours, l day and l week. Several model organic compounds 

(0.1 N solution of organic acids and polyphenols, Table 8 

section IV.3.1) neutralised to pH 7 with NaOH were also 

included in the experiment. pH values of the mixtures of 

solutions of these model compounds and the Al or Fe hydroxy 

pol ymer solutions were measured under similar conditions. 

Treatments designed to determine the relative effect of 

possible hydrolysis of the organic salts and neutralised 

O.M. under above conditions, were also included in the 

experiment. 

Experiment V 

One ml of acid O.M.I suspension was added in two 

sets ta a series of 125 ml Erlenmeyer flasks containing 

10 ml Al hydroxy pol ymer solution with OH/Al molar ratio 

2.5. Graded amounts of 0.1 N NaOH ranging from 0.05 ml to 

4 ml were added to give a final range of pH from 4 ta 11. 

The solutions were mixed well and allowed to stand for 

l day. Equilibriunl pH of the solutions was measured the 

next day. Fort y ml of distilled water was added to one set 

of flasks and the acidity or alkalinity was determined by 
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titration with N/30 NaOH or N/30 HCl using ph8nolphthalein 

as indicator. 

Total OH (free + bound) was determined by reacting 

the suspensions with KF (Hsu and 8ates 1964a; McLean 1965). 

Fort y ml of l N KF solution was added to the second set of 

flasks and the OH liberated was titrated with N/30 HCl 

using phenolphthalein as indicator. Flasks were then heated 

for 2 hrs at 90 0 C on a water bath and again titrated with 

HCl. This heat and titration procedure was repeated until 

the pink colour developed after heating w~s only faint 

(Hsu and 8ates 1964a). A blank containing KF and O.M.I 

extract was similarly treated and the necessary corrections 

were made. A second set of determinations exactly the same 

as the above was carried with the Al hydroxy solution alone 

(i.e., no O.M. added). 

The amount of OH bound to Al at different pH values 

was calculated From the 'values of total OH and free OH or 

free acidity. Al in the Al hydroxy polymer solution was 

determined as described earlier in section 111.4, after 

depolymerisation by boiling with HCl. The OH/Al ratio was 

calculated at the different pH values. Amounts greater than 

l ml O.M.I could not be used due to difficulty in detecting 

the end point. The method was unsuccessful when applied to 



the hydroxy Fe system due to difficulty in detecting the 

~ .. J point. 

Experiment VI 
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Twenty ml aliquots of D.M. extracts were taken in 

100 ml centrifuge tubes and 30 ml of Al or Fe hydroxy 

polymer solution or A1 3+ or Fe3+ (in equivalent concentra­

tion) solution was added and the pH adjusted with NaDH to 

the pH of the respective Al or Fe solution. The mixture 

was allowed to react, for 2 weeks with constant shaking. 

A separate set was similarly treated with D.M. extracts 

neutralised to pH? Ratio of D.M. to Al or Fe was 

approximately l equivalent D.M. (CDDH) to 4 equivalents of 

Al or Fe. Exce ss Al or Fe solu tion was used to en sure 

maximum possible reaction of the D.M. At the end of 2 

weeks, the suspensions were dialysed free of chloride 

against distilled water and then freeze dried. Control 

treatments of D.M. with pH similarly adjusted and treat­

ments uàing tartaric acid (in place of D.M.) were also 

included for comparison purposes. I.R. spectra of the 

complexes were recorded as described earlier (section 

IIL?). 



111.&.3. Reactions of D.M. with hydroxy 
Al, Fe compounds on clay 
surface 

Experiment VII 

Five ml aliquots of hydroxy Al or hydroxy Fe 
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solution treated clay were pipetted into 40 ml glass tubes, 

centrifuged and the clear supernatant liquid decanted. 

Added 10 ml of D.M. suspensions previously adjusted to pH 7 

or to pH of the corresponding clay preparation and a few 

drops of toluene, mixed well and allowed to stand. pH of 

the supernatant was determined after 3 hrs, 1 day and 

1 week as in experiment IV. 

Experiment VIII 

Five ml aliquots of the different hydroxy clay 

preparations were added separately to 5 ml of D.M.I extract 

and the pH adjusted to the pH of the corresponding clay 

suspension. The mixture was shaken continuously for 2 

weeks. Suspension was centrifuged (3000 r.p.m.), washed 

with distilled water to remove unadsorbed organic matter, 

freeze dried and the 1.R. spectra of the clay-D.M. complex 

was recorded. 



111.8.4. Effect of O.M. on the formation 
of X-ray crystalline "Al (OH) 3 

Experiment IX 
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Separate 10 ml aliquots of Al hydroxy pol ymer solu­

tion with OH/Al molar ratio of 2.5 was added to 10, 5, 3.3 

and 2 ml of acid O.M.I suspension contained in 50 ml centri-

fuge tubes and allowed to stand for 1 week with occasional 

shaking. A control with no O.M. was also included. The 

mixtures were adjusted to pH 8 with NaOH and allowed to 

stand for 2 weeks with occasional shaking. They were then 

dialysed free of Cl- against distilled water. The precipi-

tates were centrifuged, washed and X-ray diffraction tracings 

were obtained; immediately after dialysis, 1 month after and 

3 months afterwards. 

Experiment X 

Specimens From experiment III were aged for 3 months 

and X-ray diffraction tracings and electron micrographs 

were taken. 

111.9. General 

AlI determinations were done in duplicate. AlI 

experiments and analyses were carried out at room tempera­

ture (25 0 C) unless otherwise specified. Chemicals used 

were aIl Fisher certified A.C.S. chemicals. AlI results 

are expressed on an oven dry basis per 100 9 clay. 



IV. RESULTS AND DISCUSSION 

IV.l. Characterisation of 
materials used 

IV.l.l. Drganic matter 

The physico-chemical characteristics of the two D.M. 

extracts used in this study were somewhat similar except 

for the functional groups content and the pK value (Table 

1). Apparent pK value was obtained from the potentiometric 

titration curve (Figure 1), at 50% neutralisation, using 

the Henderson-Hasselbalch equation, 

pH = pK + n log (l~~) 

where ~ is the degree of neutralisation, K the apparent 

dissociation constant of the acid and n an empirical 

constant. Complete neutralisation was arbitrarily chosen 

at pH 8.0 (Martin and Reeve 1958; Khanna and Stevenson 

1962). No correction was made for ionic strength. The 

apparent pK values of 4.6 and 5.5 respectively for D.M.I 

and D.M.II were well within the range of values reported in 

the literature for D.M. preparations (Khanna and Stevenson 

1962). Since both the D.M. preparations contained ne3rly 

equal amounts of both Al and Fe (Table 1), the higher pK 
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TABLE 1. Chemical characteristics of organic matter 
preparations 

D.IY1.I D.IY1.II 

pH 2.86 3.05 

Concentration (D.IY1.) mg/ml 2.73 2.81 

Drganic carbon mg/ml 1. 37 1.39 

Humic acid % 64.9 74.5 

Ash % 2.45 4.70 

pK 4.6 5.5 

Total Al me % 65 69 

Total Fe me % 4 6 

N % 2.93 2.37 

Total acidity me % 577 505 

Carboxyl me % 254 213 

Phenolic hydroxyl me % 323 292 
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value of D.M.II was due to the weaker acid nature (on the 

average) of its carboxyl groups than the carboxyls of 

D.M.I. Thi3 was in agreement with the observed pH of the 

D.M. suspensions (Table 1). Phenolic hydroxyl was obtained 

(Table 1) from the difference of total acidity and carboxyl 

content. 

Conductometric titration curves (Figure 2) indicated 

the presence of complexing or chelating groups in the D.M. 

preparations. Difference in shape of the conductometric 

titration curve (Figure 2) when Ba(DH)2 and NaDH were used 

separately as titrant was interpreted as for chelating 

carboxylic acids like E.D.T.A. (Chaberek and Martell 1959). 

The level portions of the curves were possibly due to 

complex or chelate formation between Ba and D.M., where 

both Ba and OH ions disappeared from the solution. Since a 

reaction of this type would have involved the replacement 

of the large anion (D.M. ligand) by a second anion of 

almost the same size (Ba-complex or chelate) little change 

in conductivity was observed. A similar interpretation of 

the conductometric titration curve of an D.M. preparation 

was made by Schnitzer and Skinner (1963). Presence of 

carboxyl groups of different strength was indicated by the 

number of inflexion points on the curve (Figure 2). D.M.I 

showed a small, second level portion on the curve at a 
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higher pH (6.5-8.0). Whether this was due to sorne weaker 

carboxyl groups or phenolic groups capable of chelation, is 

not clear. 

From the values of O.M. and organic carbon, a value 

of 2.02 was obtained for the conversion of organic carbon 

to O.M., which is in the range of values reported for the 

above conversion (Broadbent 1956). No correction was made 

for ash content. 

Electron micrographs of the acid O.M. preparations 

showed approximately spherical particles of diameter 

30-60 ~ (Figure 3a). Particles were generally aggregated. 

When the O.M. was neutralised to pH 7, with NaOH, the 

spherical shape was almost completely destroyed or only 

very diffuse (Figure 3b). O.M.II also gave similar 

pictures. Both O.M. preparations behaved the same way to 

change in pH. These observations were in agreement with 

those of Flaig and Beutelspacher (1955) and the 81ectron 

micrographs of humic acid and sodium huma te published by 

Beutelspacher and Van der Marel (1968). Loss of spherical 

shape at higher pH values may be due to disaggregation 

brought about by the breakage of inter and intra molecular 

hydrogen bonds, increased repulsion between molecules and 

possibly uncoiling of molecules to attain a stretched 
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(a) D.m.I at pH 2.86 

. " . ,'" 
.' 
," " 

(b) D.m.I élt pH 7 

Figure 3. Eloctron microgrDphs of D.m.I (x70,OOO) 

( 3) 3 t pH 2. [3 G ( b ) ;J t pH 7 



configurationr These effects were possibly due ta 

increased ionisation of functional groups. O.M. prepara-
tians used in this study were X-ray amorphous. No O.M. 
settled from the suspension when centrifuged at speeds up 
to 8000 r.p.m. (9000 g). 
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Infra red spectra (Figure 4) of the O.M. preparations 
were interpreted according to band assignments given by 
earlier workers (Wright and Schnitzer 1959; Schnitzer 1965; 
Felbeck Jr. 1965; Theng et al 1966; Bellamy 1956; Nakamoto 
1963). Main absorption bands were as follows: a strong 
band in the 3400 cm-l region (hydrogen bonded OH), medium 
band8 at 2930 cm- l and at 2850 cm-l (aliphatic C-H stretch), 
prominent shoulder in the 1720-1690 cm-l region (C=O of COOH 
and ketonic C=O), strong band in the 1620 cm-l region 
(aromatic C=C, COO- and coordinated carboxyls), shoulder in 

-1 . ( -) . -1 the 1400 cm reg10n COD ,weak band 1n the 1230 cm 
region (phenoxy C-O) and a shoulder in the 1025 cm- l region 
(5i-0 of sI ica due ta presence 0 f cl ay). Spectra of O. M. l 
and O.M.II were quite similar except that the shoulder in 
the 1720-1690 cm-l region was less prominent in O.m.II 
(Figure 4b) than in O.M.I (Figure 4a). The spectra closely 
resembled those reported for humic acid (5chnitzer 1965) 
and A horizon O.M. extract (Wright and Schnitzer 1959). a 
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Infra red spectra and electron micrographs indicated 

that the dominant component in the o.M. preparations was 

"humic acid" which was in agreement with the high per­

centage of "humic acid" (Table 1) in the preparations. 

IV.l.2. Hydroxy Al, Fe polymer 
solutions 

The polymeric hydroxy solutions had respectively 

pH values of 4.64 and 5.31 for oH:Al molar ratios of 2.5 

and 2.7, and 2.90 and 3.12 for oH:Fe molar ratios of 2.5 

and 2.7. AlI solutions were clear to the naked eye wh en 

freshly prepared. High OH to metal ion ratios were used 

to obtain polymers of large size (Rich 1960) to promote 

formation of coatings on external surfaces of the clay 

when equilibrated. The AIC1 3 .6H2o used in this study had a 

free acid (HCl) content of 0.10% (manufacturer's assay). 

This was inadvertently not taken into consideration when 

the solutions were prepared. When the required corrections 

were made, the actual molar ratios were respectively 2.49 

and 2.69. However, for simplicity the ratios shall be 

referred to as 2.5 and 2.7. 

IV.l.3. Clays 

X-ray diffraction did not show the presence of any 

mineraI other than montmorillonite in the bentonite clay 
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used. The less than 2 ~ clay fraction showed a C.E.C. of 

85.5 me % at pH 7 and a C.E.C. of 76.6 me % when determined 

with unbuffered KCl. With buffered KOAc it showed a C.E.C. 

of 77.1 me % at pH 4.6 and 80.8 me % at pH 5.3. The 

exchangeable cation on the bentonite clay was dominantly 

Na with a trace of K. Al satutated clay had a pH of 3.83 

and had 71.5 me % of exchangeable Al. Fe saturated clay had 

a pH of 3.02 and had 124 me % of total Fe (citrate­

dithionite extractable) of which only 42.5 me % was exchange­

able. 

Effective C.E.C. (Coleman et al 1964) of the hydroxy­

clays (Table 2) decreased considerably indicating 

occupation of exchange sites by non-exchangeable polynuclear 

hydroxy Al species. These results were in agreement with 

those reported earlier in the literature (Shen and Rich 

1962; Barnhisel and Rich 1963; Coleman ~ ~ 1964; Turner 

1965). In the case of iron hydroxy-clays, the reduction in 

C.E.C. was very much less. Such a difference in behaviour 

of Fe hydroxy clays was attributed to the instability of 

the montmorillonite-iron hydrous oxide complex, the charged 

polynuclear species undergoing further hydrolysis and 

precipitated as Fe(OH)3 (Clark and Nichol 1968). However, 

the inactivation (blocking) of exchange sites on the 

material was slightly greater than those reported by Clark 
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TABLE 2. Chemical characteristics of Al and Fe hydrox~ 
.montmorillonites 

Al hydroxy clays 

pH 

Fixed Al me/IDO 9 

Exchangeable Al me/lOO 9 

C.E.C. me/lOO 9 

Fe hydroxy clays 

pH 

Non exchangeable Fe me/lOO 9 

Exchangeable Fe me/lOO 9 

c. E. c. me/IOD 9 

OH 
Al = 2.5 

4.5 Ct .05) 

1008 

7.52 

10.9 

OH 
Fe = 2.5 

3.3 C±.. 05) 

1250 

1.42 

38.5 

OH AT = 2.7 

5.2 (+.05) 

1126 

5.12 

7.47 

OH 
Fe = 2.7 

3.5 C±.. 05) 

1360 

1. Dl 

55.1 
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and Nichol (1968) for clays with OH/Fe molar ratios in the 

same range. This difference was possibly due to the 

different methods of preparation of the Fe hydroxy-clay. 

In the present study, the pH of the Fe hydroxy-clay system 

was maintained close to that of the original hydroxy 

polymer solution. The results of blocking of effective 

charge observed here (Table 2) were in better agreement 

with those reported by Coleman et al (1964) for bentonite-

Fe hydrous oxide systems. 

Fixed Al (Table 2) was calculated by subtracting 

the exchangeable Al and the 26.1 me Al/IOO 9 clay extracted 

by 0.2 N HCl from Na-montmorillonite (lattice Al), from 

the total Al extracted by 0.2 N HCl from the Al hydroxy 

clays. Similarly the exchangeable Fe was deducted from 

the total Fe obtained in the citrate-dithionite extraction 

to obtain the amount of non exchangeable Fe. The 2.7 

ratio clays contained more Al or Fe than the 2.5 ratio 

clays (Table 2), possibly due to the smaller positive 

charge per Al or Fe atom th an in the case of 2.5 ratio. 

The OH to Al 2.5 and 2.7 molar ratio clays increased in 

weight respectively by 17% and 20% after treatment with 

pol ymer solution. Increase in weight of the Fe hydroxy­

clays was higher than for Al hydroxy-clays, being respec-

-tively 26% and 32% for OH to Fe molar ratios of 2.5 and 2.7. 
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X-ray diffraction data (Table 3) showed increased 

basal spacings of the hydroxy-clays which has been 

attributed to interlayering (Slaughter and Milne 1960; 

Coleman et al 1964; Shen and Rich 1962; Barnhisel and Rich 

1963; Turner and Brydon 1965; Sawhney 1968). Slaughter 

and Milne (1960) reported that the basal spacing of 

laboratory prepared Al interlayered montmorillonite was 

variable and was very sensitive to humidity conditions. 

The values reported here (Table 3) are very similar to 

those reported for montmorillonite with OH/Al molar ratios 

in the same range containing similar amounts of fixed Al 

(Barnhisel and Rich 1963; Turner and Brydon 1965; Sawhney 

1968). Fe hydroxy interlayers were not weIl defined as 

those of Al. When the Fe hydroxy clays were heated at 

200 0 C for 24 hrs, no definite X-ray diffraction peaks were 

obtained. Instead, shoulders extending toward higher 

spacings were observed (Table 3). It appeared that the Fe 

interlayers were less organised than the Al interlayers. 

Similar diffuse X-ray diffraction patterns for hydroxy Fe 

interlayered montmorillonite were reported in the litera­

ture (Rich 1960). No evidence of X-ray crystalline Al(OH)3 

or Fe(OH)3 was obtained in the freshly prepared Al or Fe 

hydroxy clays. Mg or K saturation of the clays prior to 

heating was not done, as the data were primarily intended 



TABLE 3. X-ray diffraction data of Al and Fe hydroxy 
montmorillonite clays 
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Air dry Glycerol 6 hrs at 24 hrs at 

0 sOl~ated 10~OC 20~OC 
A 

OH 2.5-clay 18.8 19.6 16.0 15.4 Al = 

OH 
Al = 2.7-clay 18.5 19.2 16.9 16.6 

OH 
Fe = 2.5-clay 13.6 17.6 N.D. Il.6* 

OH Fe = 2.7-clay 13.4 17.6 N.D. Il.6* 

Na-clay 14.8 18.2 11. 9 10.3 

*Shoulders extending towards higher spacing 

N.D. - not determined 
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to be used for comparison purposes and not for identifica­

tion of any particular mineraI. 

Electron micrographs of the hydroxy clays (.Figure 

5a,b) showed that the external planar surfaces were coated 

with hydrous oxide. 80th the 2.5 and 2.7 ratio Al or Fe 

clays gave similar electron micrographs. The surfaces of 

the hydroxy clays appeared rough in contrast to the smooth 

surface of the original bentonite (Figure 6). A eimilar 

change in surface morphology of hydroxy Al treated vermicu­

lite was reported by De Villiers and Jackson (1967). The 

density of deposited iron hydrous oxide appeared to be more 

than that of Al hydrous oxide in the corresponding clay. 

This is in agreement with the suggestion of Coleman et al 

(1964) that iron hydrous oxide was deposited more on the 

external surfaces of montmorillonite than Al hydrous oxide. 

However, it should also be noted that the amount of Fe 

deposited was more than that of Al (Table 2). Iron hydrous 

oxide on the clay surface appeared to be more particulate 

than Al hydrous oxide. 

Thus the clay preparations used in this study had 

hydroxy Al or Fe compounds deposited on both internaI and 

external surfaces. Iron hydroxy clays may have had more 

hydrous oxide on the external surface than the Al hydroxy 
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clays. An appreciable part of the iron hydrous oxide may 

have been present as Fe(OH)3' especially in the OH/Fe = 2.7 

ratio clay as was indicated by the relatively small 

inactivation of exchange sites. 

IV.2. Adsorption studies 

IV.2.1. Adsorption isotherms 

Adsorption was higher at lower pH values than at 

pH 7 (Figures 7, 8, 9 and Appendix Tables 1-16). The 

equilibrium pH at the end of 2 weeks was found to differ 

from the initial pH by ~ 0.15 unit. The Al, Fe hydroxy­

clays and the A1 3+, Fe3+ saturated clays adsorbed mu ch more 

o.m. than Na saturated clay or H-Na clay at pH 4.5 (pH of 

OH/Al = 2.5 r~tio clay) (Figures 7, 8, 9 and Appendix Tables 

1-16). Adsorption isotherms for the Al, Fe hydroxy-clays 

and A1 3+, Fe3+ saturated clays were fairly linear at low 

concentrations of o.m. and curved at higher concentrations 

showing a tendency to reach adsorption saturation. The 

linear portion of the isotherms was similar to those 

reported by Evans and Russell (1959) for H and Ca saturated 

bentonite. Adsorption values (g O.m./lOO g clay) were of 

the same or der of magnitude as reported by Evans and 

Russell (1959). Per cent adsorption of added o.m. ranged 

on the average from 90% at low concentrations to 30% at 

\' 
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higher concentrations. Per cent adsorption was higher at 

low pH values. 

Conformity to Langmuir adsorption isotherm was 

tested by using the equation C 1 C 
(x/m) = Kb + b (Dlsen and 

Watanabe 1957; Hemwall 1963) where C is the equilibrium 

concentration of D.M., x/m the amount of D.M. adsorbed per 

unit weight of clay, b the adsorption maximum and K 

a constant related to the bonding energy of the adsorbent 

for the adsorbate. 

Simple correlation coefficients of (x/m) with C 

(Table 4) and the corresponding regression equations were 

calculated. Values of band K (Table 4) were calculated 

from the slope and intercepte Dnly approximate conformity 

to Langmuir isotherm (Figures 10, Il and 12) was observed, 

the data deviating from it at both low and high concentra-

tions of D.M. Even though the correlation coefficients 

(Table 4) were high, the standard error of the estimates 

was also high and the experimental points were dis~ersed 

around the regression lines (Figures 10, Il, 12). The 

Langmuir adsorption isotherm has been applied to single 

adsorbate-multicomponent adsorbent systems (Dlsen and 

Watanabe 1957; Shapiro and Fried 1959) and to multicomponent 

adsorbate-single adsorbent system (Saini and MacLean 1966). 
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TABLE 4. 

wi th C) 

Summary of simple correlation coefficients (x/m) 

and Langmuir constants band K for the adsorption 

of O.M. on clay preparations 

System 

OH AT = 2.5-clay-0.M.I 

OH 
Al = 2.5-clay-0.M.II 

OH 
Al = 2.5-clay-0.M.I 

OH 
Al = 2.7-clay-0.M.I 

OH 
Al = 2.7-clay-0.M.II 

OH 
Al = 2.7-clay-0.M.I 

OH 
Fe = 2.5-clay-0.M.I 

OH 
Fe = 2.5-clay-0.M.II 

OH 
Fe = 2.5-clay-0.M.I 

OH 
Fe = 2.7-clay-0.M.I 

OH 
Fe = 2.7-clay-0.M.II 

OH 
Fe = 2.7-clay-0.M.I 

3+ Al -clay-O.M.I 

3+ Fe -clay-O.M.I 

+ + 
~ -Na -clay-O.M.I 

+ Na -clay-O.M.I 

pH 

4.5 

4.5 

7.0 

5.2 

5.2 

7.0 

3.3 

3.3 

7.0 

3.5 

3.5 

7.0 

3.8 

3.0 

4.5 

7.0 

Correlation 
coefficient 

0.95** 

0.92** 

0.98** 

0.95** 

0.95** 

0.95** 

0.91** 

0.98** 

0.92** 

0.97** 

0.98** 

0.94** 

0.95** 

0.98** 

0.63 

0.96** 

**significant at 1% level of significance 

b 
9 O.M./ K 

100g clay 

20.0 9.7 

25.0 4.4 

11.1 9.6 

20.4 11.0 

26.8 9.7 

12.9 9.6 

24.4 12.5 

34.5 12.8 

13.4 4.0 

30.3 14.0 

35.7 Il. 7 

14.9 14.9 

17.8 7.2 

19.6 9.0 

11.5 0.9 

1.1 0.3 
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In the systems studied here, the adsorbate was a multi-

component heterogeneous system whose components were less 

defined than those used by Saini and macLean (1966). Hence 

the application of Langmuir isotherm may be questionable 

despite approximate conformity. It is rather difficult to 

give a precise interpretation to the values of band K. 

Values of K may be regarded as a sort of a quantity related 

to the average bonding energy. 

The values of adsorption maximum (Table 4) were not 

unreasonable. Evans and Russell (1959) reported a value of 

18.4g organic carbon per 100g clay (approximately 30g o.m.1 
100g clay) for Ca bentonite and still the adsorption maximum 

was not reached. In the case of H-Na clay, saturation was 

reached at about 5-6g O.m./IOOg clay (experimental value, 

Figure 9c and Appendix Table 15), whereas the Langmuir 

isotherm predicted an adsorption maximum of Il.lg O.m./IOOg 

clay. K values for the hydroxy clays (at low pH values) 

. 3+ 3+ were generally h~gher than those for Al and Fe saturated 

clays (Table 4). This indicated that the o.m. was held 

stronger by the hydroxy clays than by the Al or Fe saturated 

clays. A stronger bonding to the hydroxy-clays may be due 

to the higher charge on the polynuclear Al, Fe hydroxy ions 

and to the possibility of hydrogen bonding of carboxyl 

groups in o.m. to hydroxyls in hydrous oxides. Hydrogen 



91 

bonding is not possible with A1 3+ or Fe3+ ions on clay 

surface. At pH 7, the K values for Fe hydroxy-clays 

decreased, but the values were not consistent (Table 4) to 

make any definite conclusion. 

There was not mu ch difference in adsorption between 

the 2.5 and 2.7 ratio clays in either case. Two opposing 

factors may have caused this. The higher pH value of the 

2.7 ratio clays would have decreased adsorption due to 

(i) decreased positive charges on clay edges, (ii) increased 

competition between OH and carboxyls for coordination 

positions around Al or Fe. On the other hand, the higher 

amount of hydrous oxide (Table 2), in the 2.7 ratio clays, 

possibly on the external surface, would have increased 

adsorption. Fe hydroxy-clays adsorbed more than the Al­

hydroxy-clays. This may have been due ta the fact that Fe 

hydrous oxide was possibly deposited mainly on the external 

surface of the clay, whereas a large portion of Al-hydrous 

oxide went into the interlayer positions (section IV.l.3). 

The lower pH of the Fe hydroxy-clays may also have been 

responsible for higher adsorption (due ta higher clay-edge 

positive charges at lower pH values). Fe hydrous oxide may 

also have been present partly as Fe(OH)3 as a separate 

phase in the Fe hydroxy-clays. At pH 7, the difference 



between Al and Fe hydroxy-clays in the maximum amount 

adsorbed was smaller. D.M.II was generally adsorbed in 

greater amounts than D.M.I, possibly due to its 

higher equivalent weight. 
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Conformity to Langmuir isotherm has generally been 

interpreted as indicating monolayer adsorption (Mortensen 

1962). However, Saini and MacLean (1966) pointed out that 

approximate conformity to Langmuir isotherm does not 

necessarily mean monolayer adsorption. Simha et al (1953) 

showed that adsorption of a polymer occurred through 

extended segments of the polymer being anchored to the 

adsorbent. Such a phenomenon could account for the high 

adsorption values obtained. 

IV.2.2. Desorption of adsorbed D.M. 

Acid D.M. was adsorbed to a greater extent than 

neutralised D.M. (pH 7) (Tables 5 and 6). In the 

desorption experiment, the clay preparations were not 

saturated with D.M. to the full capacity before desorption. 

Water (distilled) desorbed only small amounts, generally 

less than 5% of total adsorbed, except in the case of 

Na-clay where 15-16% was desorbed. Desorption by D.5 N 

Na2CD 3 (pH ID.5) ranged from 67-84% (Tables 5 and 6) for 

the various hydroxy-clays and almost completely in the case 
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TABLE 5. Desorption of O.M. adsorbed by Al hydroxy-clays 

Acid O.M.I (pH 2.86) 
OH 
Al = 2.5-clay 

OH Aï= 2.7-clay 

A1 3 +-clay 
Na+-clay 

Acid O.M.II (pH 3.05) 
OH TI = 2.5-clay 

OH TI = 2.7-clay 

A1 3 +-clay 
Na+-clay 

Neutralised (pH 7) O.M.I 

OH Aï = 2.5-clay 

OH Aï = 2.7-clay 

Neutralised (pH 7) O.M.II 
OH AT = 2.5-clay 

OH AT= 2.7-:-clay 

Equilibrium 
pH 

4.01 

4.40 

3.28 
4.86 

4.05 

4.48 

3.34 
4.95 

6.75 

6.90 

6.78 

6.92 

Total 
adsorbed 

Desorbed 
by H20 

Desorbed Desorbed 
by 0.5 N by 0.5 N 

Na 2 C0 3 NaOH 

( 9 0.M.jl00g clay > 

8.71 

9.20 

6.04 
0.97 

9.47 

9.44 

6.08 
1.74 

3.52 

4.08 

4.48 

4.36 

0.09(1)* 

0.07(1) 

0.12(2) 
0.15(16) 

0.07(1) 

0.04(0.5) 

0.42(7) 
O. 28 (16) 

0.11(3) 

0.08(2) 

0.10(2) 

0.08(2) 

6.45(74) 

6.82(74) 

5.12(85) 
0.83(86) 

7.19(76) 

7.00(74) 

5.04(82) 
1.42(82) 

2.89(82) 

3.22(79) 

3.76(84) 

3.55(81) 

2.0 2( 23) 

2.40(26) 

0.95(16) 

1.74(18) 

2.16(23) 

1.08(18) 

0.63(18) 

1. Dl (25) 

0.84(19) 

0.59(14) 

~ 

Standard error 0.12 
~ 

*Figures in parentheses are amounts desorbed expressed as per cent of total O.M. 

adsorbed. 
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TABLE 6. Desorption of o.m. adsorbed on Fe hydroxy-clays 

Equilibrium Total Desorbed Desorbed Desorbed 

pH adsorbed by H2
0 by 0.5 N by 0.5 N 

Na 2
C0 3 

NaOH 

.: g 0.m./l00g clay 
) 

Acid O.m.I {EH 2.862 
OH Fe = 2.5-clay 3.01 9.74 0.07(1)* 6.49(67) 2.83(29) 

OH Fe = 2.7-c1ay 3.20 9.83 0.16(2) 6.68(68) 3.07(31) 

Fe 3 +-c1ay 2.95 7.01 0.07(1) 5.42(77) 1.46(21) 

Acid O.m.II {EH 3.052 
OH 
Fe = 2.5-clay 3.05 10.32 0.11(1) 6.80(66) 2.59(25) 

OH Fe= 2.7-c1ay 3.27 10.43 0.13(1) 7.27(70) 2.68(26) 

Fe3 +-c1ay 2.95 7. Dl 0.14(2) 5.42(77) 1.38 (20) 

Neutralised {EH 72 O.m.I 
OH 
Fe = 2.5-clay 5.96 4.74 0.10(2) 3.50(74) 1.06(22) 

OH Fë= 2.7-clay 6.03 4.86 0.07(1) 3.34(69) 1.06(22) 

Neutralised (EH 72 O.m.II 
OH 
Fe = 2.5-clay 6.08 5.27 0.09(2) 3.70 (70) 0.98(19) 

OH 
Fe = 2.7-clay 6.12 5.43 0.25(5) 3.81(70) 1. 07 (20) 

Standard error 0.09 
\,Q 

*Figures in parantheses are amounts desorbed expressed as per cent .p-

of total o.m. adsorbed 
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of Na-clay. The hydroxy.clays retained more D.M. 

undesorbed by Na 2CD 3 than Al or Fe saturated clays. Less 

D.M. was desorbed by Na 2CD 3 in the Fe systems than in the 

Al systems. NaDH (0.5 N) desorbed the remaining D.M. in 

aIl cases (15-32%). Sen (1960) reported higher percentages 

(20-80%) for adsorbed D.M. not desorbed by 0.5 N Na 2CD 3 in 

the case of Al and Fe saturated clays. It has also been 

reported that iron was more difficult to extract from 

iron-D.M. complexes than aluminum from aluminum-D.M. 

complexes (Schnitzer and Skinner 1964; Russell 1963). 

Schwertmann (1966); Schwertmann et al (1968) reported that 

D.M. was retained by ferric hydroxide even under very 

alkaline conditions. The results reported here are in 

general agreement with these earlier reports. Results of 

the desorption experiment (Tables 5 and 6) showed that the 

mechanisms of D.M. retention were pH dependent and that 

there was a competition between OH ions and D.M. for sites 

of adsorption. 

Three possible mechanisms operating either singly 

or in combination could explain the above observations. 

The mechanisms are: (a) electrostatic bridging of D.M. by 

the positive charged hydroxy Al or Fe polymerie ions or 

direct attachment of D.M. to positive edge sites on the 
~~.~~ 

clay; (b) hydrogen bonding of (i) the carboxyl group of 
~ 
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O.M. to the OH of the hydroxy Al, Fe polymeric ions (or 

hydrous oxides) on clay surfaces or to the OH of clay 

edges, (ii) the carboxylic acid group of O.M. to oxygen on 

clay surface (through the OH of COOH); (c) coordination of 

carboxyls of O.M. to Al or Fe atoms of the hydrous oxides 

either by replacement of OH groups or by occupation of 

vacant coordination positions (possibly occupied by water). 

If electrostatic bridging was operative, th en as the 

pH was raised, the positive charge on the hydrous oxides 

would have decreased releasing O.M. held by such linkages. 

Positive charges on clay edges also would have decreased or 

dLsappeared at higher pH values and the O.M. held by such 

positive spots would also have been released. The amount 

of positive charges on clay edges was small, being 8.4 

me and 4.7 me positive charge per 100g clay, respectively 

at pH 4.6 and pH 5.3. These values were obtained from the 

difference in C.E.C. values at pH 7 and at pH 4.6 and 5.3, 

of the original bentonite clay (section IV.l.3). 

Assumption was made that the amount of edge positive charge 

at pH 7 is zero. Assuming only simple electrostatic bonding 

between O.M. and clay edges, the edge positive charges would 

account only for a maximum adsorption of 3.5g O.M. at pH 

4.6 and 2g O.M. at pH 5.3 per 100g clay (basis of charge 
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equivalence). However, the simple electrostatic mechanism 

(including bridging) does not explain that part of D.m. 

retained, undesorbed by 0.5 N Na 2CD 3 at pH 10.5, as it is 

unlikely that there would be any residual positive charge 

at this pH. 

D.m. hydrogen bonded to the clay surface through OH 

of COOH (Type l, section II.1.2.3.2) of the o.m. would have 

been readily desorbed as the pH was raised. However, D.m. 

hydrogen bonded through oxygen of the carboxyl group or 

carboxylate ion (Types II and III, section II.1.2.3.2) may 

not have been readily desorbed by Na 2C0 3 • Presence of a 

large number of OH groups on the hydroxy Al, Fe compounds 

plastered onto the clay surface would have enhanced the 

formation of hydrogen bonds of the latter types. Hydrogen 

bon ding of the OH attached to Al and Fe has been shown to 

occur in diaspore and lepidocrocite (Pauling 1960). D.m. 

bonded to Al hydrous oxides would have been desorbed by 

NaOH when the Al hydrous oxides were dissolved. 

If the coordination mechanism (c) was operative, the 

D.m. could have been adsorbed at lower pH values by the 

replacement of OH bound to Al or Fe hydrous oxide by 

carboxyl group or by the carboxylate group~occupying vacant 

coordination positions (possibly occupied by H2D). D.m. 
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adsorbed in this manner would have been desorbed pro­

gressively by a reversaI of the reaction, as the pH was 

raised. The amount of D.m. undesorbed by Na 2CD 3 may 

possibly be due to formation of strong chelates, where 

multiple bonds are involved. A still higher pH or higher 

concentration of OH ions would be required to displace such 

carboxyls. It is of interest at this point, to refer to a 

report that humic acid chelates of Al and Fe were only 

partly hydrolysed in slightly alkaline medium to hydroxo­

chelates and were completely hydrolysed only in strongly 

alkaline medium (Kawaguchi and Kyuma 1961). The exact 

pH values were not reported. 

Presence of higher charged polynuclear Al or Fe ions 

on clay surfaces would have reduced or practically 

eliminated the diffuse ion lay8r around the clay particles. 

This would have facilitated closer approach of the D.m. ta 

the clay surface by reducing the zeta potential (Ahlrichs 

1962; Mortensen 1962). Such a situation would have 

enhanced the formation of multiple hydrogen bonds between 

D.M. and hydrous oxides on clay surface and also would have 

brought about the operation of London-Van der lliaalsforces, 

which would have further strengthened the bonding. In the 

case of Na-clay no such strong bon ding was possible and the 

small amount of D.M. adsorbed was completely desorbed by 

Na 2CD 3 • 
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Thus the explanation for the retention of D.M. 

undesorbed by 0.5 N Na 2CD 3 is the possible formation of 

coordination bonds (possibly chelate type) between D.M. and 

hydrous oxides on clay surface and augmentation of this by 

multiple hydrogen bonds and Van der Waals forces. The 

hydroxy clays retained higher percentage of D.M. undesorbed 

by Na 2CD 3 than the Al or Fe saturated clays. Although the 

same type of coordination or complex formation should be 

possible in either case, chances of formation of pH stable 

hydrogen bonds of the types II and III (section II.1.2.3.2) 

were much more in the case of hydroxy clays than in the case 

3+ 3+ of Al or Fe saturated clays. Further, the amount of Al 

or Fe (total) was higher in the hydroxy clays than in the 

3+ 3+ Al or Fe saturated clays. These may be the reasons for 

the higher percentage retention of D.m. by the hydroxy 

clays. Further evidence on the existence of a coordination 

mechanism (anion penetration type) shall be presented later. 

IV.2.3. Adsorption sites 

X-ray diffraction data (Table 7) did not show any 

increase in basal spacing of the hydroxy-clays after 

reaction with D.M.I. The d spacings after heat treatments 

etc. were almost the same as those of the corresponding 

hydroxy-clays (Table 3). It is unlikely that any D.M. was 
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TABLE 7. X-ray diffraction data of hydroxy-clay-O.M. complexes 

Air dry Glycerol 6 hrs at 24 hrs at 
solvated l°ioe 2°ioe ~ 

., 
A 

~~ = 2.5-clay-0.M.I(pH 2.86) 18.1 19.2 15.7 14.9 

~~ = 2.5-clay-0.M.I(pH 7.0) 18.2 18.8 15.7 15.7 

~~ = 2.7-clay-0.M.I(pH 2.86) 18.1 19.2 16.9 16.6 

~~ = 2.7-clay-0.M.I(pH 7.0) 18.1 18.8 16.6 16.6 

~~ = 2.5-clay-0.M.I(pH 2.86) 12.5 18.4 N.D. 12.2* 

~~ = 2.5-clay-0.M.I(pH 7.0) 12.6 18.4 N.D. 10.5* 

~~ = 2.7-clay-0.M.I(pH 2.86) 12.4 17.6 N. D. Il.9* 

~~ = 2.7-clay-0.M.I(pH 7.0) 12.1 18.4 N. D. 10.2* 

*Shoulders extending towards higher spacing 

N.D. - Not determined ...... 
CJ 
CJ 
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o lost at 100 or 200 C. This showed that the D.M.I prepara-

tion was not adsorbed in the interlamellar space. 

Electron micrographs of the D.M.I-hydroxy-clay 

complexes (Figures 13, 14, 15) showed both edge face and 

planar face association of D.M. The electron micrographs 

of the Fe hydroxy-clay-D.M.I complexes were complicated 

due to the presence of particulate Fe hydroxide (Figure 

l5a). However, on closer look, the spherical D.M. particles 

(shown by arrow) could be distinguished from the irregular 

iron hydroxide particles. Equilibrium pH values were the 

same as those reported in Tables 5 and 6. At high pH values 

(Figures l3c, l4b, cl, the spherical shape of the D.M. was 

diffuse or completely lost. Similar observation was made 

with the D.M. alone (Figures 3a, b, section IV.l.l). 

Figure 16 shows the Na clay-D.M.I complex where only a very 

small amount was adsorbed (possibly on the clay edges). A 

point of interest is the appearance of pseudo-hexagonal 

crystals, possibly gibbsite (Gastucha and Mortland 1964) 

on the control Al hydroxy-clays (nearly 4 weeks after 

preparation of the hydroxy-clays), but not on the D.M. 

treated ones. The effect of D.M. on the formation of 

crystalline Al(DH)3 shall be discussed in a later section. 



Figure 13. 

102 

{a} ~ = 2.5-claY 
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! , 
'OH (b) Aï = 2.5-clay-0.m.I(pH 2.85) 
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Electron micrographs of clay-O.m. complexes 1 
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(a) ~~ ~ 2.5-clay (4 weeks after preparatio~) i 

(b) ~ ~ 2.5-clay-0.m.I(pH 2.85) 
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IV.2.4. General discussion 

Assuming an external surface area of 50 m2jg for the 

hydroxy-clays and the Al, Fe saturated clays (Barnhisel 

1969; Oiamond and Kinter 1956), a val~e of 50 ~ for the 

average diameter of the organic matter particles (section 

IV.l.l) and an average molecular weight of 40,000 

(Greenland 1965b), the amount of o.m. needed for complete 

surface (external) coverage,works out to be about l6g 

O.m.jlOOg clay. This estimate, however, depends on the 

values used for mean molecular weight and diameter of the 

o.m. molecule. This maximum amount is of the same order of 

magnitude or somewhat less than the experimentally obtained 

values. Higher adsorption may be due to adsorption through 

extended segments as was suggested by Simha ~ ~ (1953) 

for polymers. Expanded lattice of the Al hydroxy-clays 

would also have contributed to increased adsorption by 

increasing edge surface area (Ahlrichs 1962). The 

"hydroxy Al island: concentrated near the edges (Oixon and 

Jackson 1962) and possibly partially exposed, may have 

provided additional sites of adsorption. In the case of 

Fe hydroxy-clays, a part of the adsorption may have been 

due to free ferric hydroxide present as a separate phase. 
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Flocculation of D.M. by exchangeable Ca, Al has been 

suggested as possible causes of higher adsorption of D.M. 

by clays saturated with these ions (Evans and Russell 1959; 

Martin and Reeve 1960). Polynuclear hydroxy Al ions have 

been found to be mu ch more efficient than A1 3+ in 

coagulating negatively charged colloids (Matijevi~ et ai 

1961). However, polynuclear hydroxy Al ions on clay surfaces 

were generally considered non~exchangeable (section II.3). 

It is therefore not possible to say definitely whether these 

polynuclear ions, being on clay surfaces, could still exert 

their flocculating effect. 

The pH dependence of adsorption and appreciable 

adsorption at pH 7 and the results of the desorption 

experiment lend support to the possible occurrence of 

hydrogen bonding (of the 3 types, section II.1.2.3.2) and a 

reaction of the anion penetration type (which is also pH 

dependent). Electrostatic bridging mechanism may not alone 

account for aIl the D.m. adsorbed, especially at pH 7, when 

the amount of ,posi tive charge (both on the hydrous oxide 

and clay) would be very small. 

Results of adsorption studies indicated that D.m. 

was adsorbed on both edge and planar surface of Al, Fe 

hydroxy_clays. The adsorption approximately followed the 
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Langmuir isotherme Desorption experiments showed that 

about 15-25% and 20-30% of the adsorbed D.M., respectively 

for Al and Fe hydroxy-clays was not desorbed by 0.5 N Na
2

CD 3 
but could be desorbed by 0.5 N NaDH. Adsorption was 

observed to be pH dependent and noticeable amounts of D.M. 

were adsorbed by the Al, Fe hydroxy-clays even at pH 7. 

Electrostatic bridging, anion penetration and hydrogen 

bon ding are suggested as possible mechanisms of bonding of 

D.M. to the hydroxy-clays. 

IV.3. Reactions of organic matter 
preparations with Al, Fe 
hydroxy compounds in 
solution 

IV.3.1. pH changes on reaction of 
hydroxy Al, Fe solutions 
with model organic 
compounds and D.M. 

pH Values of the mixtures of organic anions with Al 

or Fe hydroxy solutions were greater than the corresponding 

pH values of the mixtures of Al or Fe hydroxy solutions with 

distilled water (Tables Band 9). The di- and tricarboxylic 

acid anions were generally mare effective than the mono-

carboxylic acid anions in increasing the pH. These results 

are in agreement with those reported in the literature 

(Pockras 1956; 8ailar 1956; Gimblett 1963). This increase 

in pH has been explained on the basis of anion penetration 

(section II.4). 
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TABLE 8. pH values of mixtures of hydroxy Al solutions with model 

organic compounds and organie matter 

1. Acetic acid (pH7)* 

2. Citric acid "~ 

3. Tartaric acid " 

4. Oxa1ic acid " 

5. Phtha1ic acid " 

6. Sa1icylic acid" 

7. E.D.T.A. (pH7) 

8. Pyrogallol (pH7) 

9. Catechol (pH7) 

10. Distilled water(pH7) 

11. o.m.I (pH7) 

12. 0.m.II(pH7) 

13. o.m. l (pH4.6) 

14. 0.m.II(pH4.6) 

15. O.m.I (pH5.3) 

16. 0.m.II(pH5.3) 

Standard error 0.04 

pK** 

Qtl - 2.5 solution 
Al . ~ . (p H 4. 6 ) 

3 1 
. hrs~' day 

4.15 .6.40 6.37 6.28 

8.04 3.08 
4.74 
5.40 

7.96 8.27 

2.98 7.25 7.29 7.14 
4.34 

1.23 8.07 8.13 7.72 
4.19 

2.89 6.56 6.59 6.60 
5.51 

2.97 6.98 7.02 7.01 
13.40 

2.0 6.92 6.95 6.94 
2.67 
6.16 

10.26 

9.01 
11.64 

9.48 

4.6 

5.5 

• 

6.18 

6.45 

4.74 

6.98 

6.90 

5.24 

4.98 

-

5.20 

5.65 

4.70 

6.90 

6.90 

5.50 

5.21 

.. 

5.00 

5.45 

4.73 

6.88 

6.86 

5.42 

4.98 
.. 
.. 

*All acids neutralised with NaOH to pH 7. 

OH Aï = 2.7 solution 
(pH 5~3) 

3 1 1 
hrs. day week 

6. 80 6.82' 6. 98 

8.66 8.72 8.15 

7.43 7.48 7.35 

8.39 8.41 8.08 

7.06 7.03 7.00 

7.12 7.33 7.30 

7.04 7.08 7.11 

6.50 5.81 5.06 

6.87 6.09 5.61 

5.77 5.68 5.56 

7 • 27 7 • 20 7 • 0 7 

7. 26 7.18 7.12 
.. .. 
.. .. 

6.22 6.30 6.27 

6.12 6.10 6.04 

**RK values of acetic to salicylic acids were obtained from Weast 

(1968), of E.D.T.A. from. Welcher (1958), of pyrogallol and 

catechol from Rapporport (1967) and of o.m. from Table 1 

(section IV.1.1). 
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TABLE 9. pH values of mixtures of hydroxy Fe solutions with 
model organic compounds and organic matter. 

OH 2.5 solution OH 2.7 solution Fë= 
(pH 2.9) 

Fë= 
(pH 3.1) 

3 1 1 3 1 1 
hrs. 'day week hrs. day week 

1. Acetic acid(pH 7)* 6.27 6.38 6.45 6.39 '6.44 6.47 
2. Citric acid' et 6.72 7.02 7.06 6.90 7.10 7.16 
3. Tartaric acid et 6.03 6.53 6.95 6.88 7.00 7.05 
4. Oxa1ic acid et 7.05 7.05 7.18 6.96 7.27 7.42 
5. Phtha1ic acid et 6.00 6.12 6.22 6.58 6.63 6.53 
6. Sa1icy1ic acid et 4.56 4.98 5.18 5.04 5.06 5.23 
7. E.D.T.A. et 7.02 7.01 7.05 7.02 7.09 7.08 
8. Pyrogallol Il 4.82 4.78 4.60, 5.17 5.15 5.10 

9. Catechol " 5.00 5.02 4.86 5.81 5.45 5.35 
10. Distilled water " 3.19 3.16 3.15 3.65 3.56 3.22 

Il. O.M.I (pH 7) 6.38 7.05 7.12 7.04 7.15 7.24 

12. O.M.II (pH '7) 6.40 6.95 7.05 6.87 6.97 7.08 

13. O.M.I (pH 2.9) 2.87 3.10 3.11 

14. O.M.II (pH 2.9)' 3.10 3.30 3.30 

15. O.M.I (pH 3.1) 3.12 3.32 3.37 

16. O.M.II (pH 3.1) - 3.34 3.56 3.60 

Standard error 0.03 

*Acids neutralised to pH 7 with NaOH. 
t 

• 
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E.D.T.A., even though a strong chelator, did not give 

as high a pH increase as citrate, oxalate or tartrate 

(Tables 8 and 9). This may be due to several reasons. 

Firstly, the E.D.T.A. chelates of Al, Fe are not very stable 

above pH 7 and start breaking down at pH 7-8 (Chaberek and 

martell 1959). Hence, the E.D.T.A. anion may not effectively 

compete with OH ions for coordination positions around Al or 

Fe at or near this pH. Secondly, the unionised carboxyls in 

E. D. T. A. (pK3 = 6.16, pK4 = 10.26, Table 8) may have consumed 

part of the liberated OH ions. Thirdly, the E.D.T.A. anion 

may have complexed the hydroxy Al or Fe species without 

displacing OH ions. Scheffer and Ulrich (1960) considered 

that E.D.T.A. can form complexes with Fe(OHj+, Fe(OH)2+ and 

Fe(OH)3' Salicylic acid was soluble only when the solutions 

were warm and crystallised on standing making interpretations 

of the observed pH values difficult. 

Pyrogallol and catechol did not pro duce appreciable 

increases in pH values of Al or Fe hydroxy solutions. In 

fact, on comparison of the pH values of pyrogallol and 

catechol treatments in Tables 8 and 9 and those in Table 11, 

ft appeared that the reaction of these polyphenols with Al 

or Fe hydroxy compounds produced more H+ ions than OH- ions. 

The production of H+ ions may be due to a reaction of Al or 

Fe hydroxy ions with the polyphenols in a manner similar to 

," . :,'". ; ,.~.:"' .: ;;" 
, . :;~ . 

. . 'f 
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TABLE 10. 

1. D.m.I 

2. O. m. II 

3. O.m.I 

4. o.m.II 

5. D.m.I 

6. D.m.II 

~ . . 

.~ .. 
11'4 

pH values of mixtures of Al or Fe "hydroxide" with 
organic matter 

3 1 1 
hrs. day week 

(pH7) + Al(OH)x suspension (pH7) 7.60 7.43 7.25 

(pH7) + Al(OH)~ suspension (pH7) 7.47 7.24 7.20 

(pH7) + Al(OH)x precipitate* 7.40 7.28 7.25 

(pH7) + Al (OH) x precipitate 7.30 7.25 7.21 

(pH7) + Fe(OH)3 precipitate* 7.25 7.34 7.25 

(pH~) + Fe(OH)3 precipitate 7.18 7.22 7.20 

Standard error 0.07 

*Al(DH)x' Fe(DH)3 precipitated at pH 7 and freed of 

supernatant solution by centrifugation and decantation • 

(~"~;~ ,.' 
\ " 
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TABLE Il. pH values of mixtures of mode1 organic compounds 
and organic matter with disti11ed water 

..... 

Water at pH 5.30** Water at pH 

3 1 1 3 1 
hrs •. rJ~y' week hrs. day 

1. Acetic acid (pH7)* 7.19 7.24 7.26 6.19 6.26 

2. Citric acid et 7.26 7.20 7.22 6.63 6.69 

3. Tartaric acid ." 7.19 7.17 7 .12 6.08 6.04 

4. Oxa1ic acid " 7.30 7.29 7.32 6.14 6.18 

5. Phtha1ic acid Il 6.95 6.98 6.97 6.30 6.36 

6. Sa1.icy1ic acid" 7.21 7.26 7.28 5.60 5.64 

7. E. D. T. A. li 6.98 7.04 7.06 6.62 6.71 

8. Pyrogallol " 7.06 6.99 6.93 6.03 5.97 

9. Catechol " 7.09 7.03 6 •. 97 6.17 6.03 

10. O.m.I " 6.92 6.96 7.04 6.08 6.10 

Il. O.m.II Il 7.08 7.06 7.10 6.16 6.22 

Standard error 0.04 

*Acids neutra1ised with NaOH to pH ~ 

**Disti11ed water adjusted to the respective pH values 

with HC1 . 

3.1** 

1 
week 

6.23 

6.67 

6.05 

6~ 21 

6.31 

5.58 

6.72 

5.85 

5.98 

6.17 

6.20 
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the formation of a metallo-pyrogallol complex (Mortensen 

1963). In the case of pyrogallol and catechol, the 
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solutions turned darker in col our on standing due to 

atmospheric oxidation (Broadbent 1953). The atmospheric 

oxidation also could have contributed to lower pH values as 

it was observed that the pH of alkaline solutions of both 

pyrogallol and catechol decreased with time (Table 11). 

It is known that Fe3+ is not precipitated by addition 

of alkali in the presence of oxalic, citric or tartaric acid 

(Flaschka ~d Barnard 1967). Marion and Thomas (1946) 

observed that the precipitate formed by the addition of 

alkali to A1 3+ solutions in the presence of tartrate and 

citrate contained these anions in the bound forme They also 

. found that the precipitation was completely inhibited when 

the molar ratio of organic anion was greater than 0.35 and 

0.5 for tartrate and citrate respectively. These reports 

showed the great coordinating and complexing tendency of 

oxalate, citrate and tartrate for Fe and Al. TheBe anions 

could effectively compete with OH ions even at high pH 

values for coordination positions around Fe or Al. Phthalic 

acid was less efficient than oxalic, tartaric or citric in 

increasing pH'(Tables 8 and 9). Plant (1948) reported that 

phthalic acid behaved more like monocarboxylic acids than 

:~ 
. . 
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dicarboxylic acids in its "anion penetration" reaction with 

chromium hydroxide. Whether this was due to steric 

hindrance or other mechanisms was not known. 

Thomas and Vartanian (1935), and Thomas and Whitehead 

(1931) considered that the effects of dilution and change in 

activity coefficients were too small to explain the observed 

increase in pH values. The possibility of buffer action and 

hydrolysis of the organic anions (salts) contributing to the 

observed increase in pH values was not considered by the 

above authors. However, partial contribution by these . 

effects to the observed increase in pH values cannot be 

overruled. 

The combined effect of dilution and hydrolysis was 

measured by ad ding distilled water at· the same pH as those 

of the hydroxy Al or Fe hydroxy solutions, to the organic 

anions or D.m. (Table Il). The effect was studied only at 

pH values (higher pH values) corresponding to the 2.7 ratio 

hydroxy solutions (i.e., pH 5.3 and 3.1). Results showed 

that the pH values obtained with distilled water (Table Il) 

were lawer than (or equal to) those with the hydroxy Al or 

Fe solutions (Tables 8 and 9), except in the case of acetic. 

acid (only with Al hydroxy solution) and the polyphenols. 

In the case of acetic acid it may be that the acetate ion 
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did not effectively compete with OH ions at higher pH values 

and the amount of displaced OH ions was not enough to 

measurably increase the pH. It should, however, be noted 

that the hydroxy Al or Fe solutions, though at the same pH 

as the distilled water used (Table 11), have a higher 

buffering capacity. In the case of pyrogallol and catechol, 

reaction of the anion penetration type did not appear to 

occur. 

The pH values of the Al systems generally decreased 

after l day (Table 8), but those of the Fe system increased 

up to l week (Table 9). This indicated that the ~eaction in 

the Fe systems was slower and took place for a longer time. 

The exact reason for the decrease in the pH values of the Al 

systems after l day is not clear but may be due to continued 

hydrolysis of unreacted Al hydroxy ions, or the slow buffer 

action of the organic anions or due to microbial activity. 

The pH values (numerical) in the Fe systems were lower than 

those of Al systems, possibly due to the lower pH values of 

the Fe hydroxy solutions. 

Both o.m. preparations used in this study showed 

increase in pH values (Tables 8, 9 and 10), when reacted 

with Al or Fe hydroxy solutions or their "hydroxides." 

There was partial flocculation of o.m. in all cases, 

" ,," . :~ .. "[~ 
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especially marked at lower pH values. Comparison of pH 

values in Tables 8 and 9 with the corresponding ones in 

Table 11 shows that the increase in pH was not solely due to 

hydrolysis, dilution or (and) buffer action. Further, the 

increase in pH value, when solutions of the same pH were 

mixed (treatments 13, 14, 15 and 16 in Tables 8 and 9) 

showed that the observed effect was due to liberation of BH 

ions by sorne reaction of the components involved. Treatments 

4, 5 and 6 of Table 10 practically eliminated effects of 

dilution and hydrolysis. The increase in pH values with 

D.m. was lower than with citrate, oxalate or tartrate, 

despite the fact that the D.m. use~had complexing proper­

ties (section IV.l.l). The reason for this may be: 

(a) the higher equivalent weight of D.m. 

(b) all the carboxyl groups may not have been capable or 

sterically suited for a reaction of the anion penetra-

tion type. 

(c) the presence of carboxyls and phenolic OH groups of 

varying strength (not neutralised at pH 7) may have 

consumed part of the liberated OH ions. 

(d) the polyphenolic groups may have produced H+ ions as 

discussed for pyrogallol, earlier in this section. 

In the case of D.M., too, the reaction in Fe systems was 

slower than in the Al systems as judged from the increase 

pH values. 

in 

'. ~,' \. . ;', \.~' 
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Similar increase in pH values was reported when O.M. 

preparations were mixed with partially neutralised Al, Fe 

solutions (Martin and Reeve 1960; Martin 1960). Schnitzer 

and Skinner (1963b) reported increases in pH values when a 
a. 

fulvic acid fromAPodzol Bh horizon, reacted with gibbsite 

and goethite at pH values of 3, 5 and 7. The former authors 

explained the observed increase in pH values as due to the 

release of OH ions from Al, Fe hydrous oxides by humate 

anions. The latter authors (Schnitzer and Skinner 1963b) 

considered the increase in pH values as due to the reaction 

of "the most acidic carboxyl group" with Al(OH)3 or Fe(OH)3' 

neutralising one OH group. This reaction may be possible at 

low pH values but it is unlikel~' that "the most acidic 

carboxyl" was still available at pH 7 (where pH increase was 

observed) for such a neutralisation reaction. However, 

irrespective of the mechanism involved, the final product is 

one in which the OH attached to an Al or Fe atom is replaced 

by a carboxyl group of the O.M. The present author also 

considers that the observed increase in pH values (in the 

experiments described here) was due to displacement of OH 

ions bound to Al or Fe in their hydroxy compounds by 

carboxyl groups of O.M. However, the possibility of a 

simple neutralisation reaction is not overruled, especially 

at low pH values. However, in most natural soils (pH 5-7) 

the former mechanism may be more plausible than the latter. 
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Generally, O.M.I gave a greater increase in pH than 

O.M.II, except in the case of Fe hydroxy solutions at low 

pH values (treatments 13, 14, 15 and 16, Table 9). The 

exact reason for this reversal of the order at low pH is not 

clear. It may be due to the lower pK ofD.M. 1 (Table 1) 

and hence it would have required a larger amount of OH ions 

to increase the pH at lower values. The effect was studied 

only qualitatively. No attempt was made to estimate 

quantitatively the extent of OH ion release. 

IV.3.2 Hydroxyl bound to Al at 
different pH values in 
the presence of O.M. 

The OH to Al molar ratio at the different pH values 

in the presence of O.M.I was lower than when no O.M. was 

present (Table 12). The difference in OH/Al molar ratio 

above pH 7.6 was within the limits of error of measurement. 

OH/Al molar ratios above pH 10 were erratic, possibly due to 

the non-stoichiometry of the reaction of KF (F-) with 

aluminate ions (Yuan 1959). Pau1son and Murphy (1956) 

reported a value of 3.6, Watts (1958) a value of 3.9, and 

Yuan (1959) a value of 3.69 for the number of OH ions per 

mole of Al produced by F- ions reacting with AI0 2- ions. 

The theoretica1 value should be 4. A value of 3.8 was 

obtained in the present investigation. 
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TABLE 12. Effect of O.M. on the OH/Al ratio of hydroxy Al 
solution at different pH values 

No O.M. added O.M.! added 

pH OH/Al pH OH/Al 

4.52 2.48 4.20 2.31 

4.82 2.62 4.32 2.33 

5.38 2.64 4.54 2.32 

5.68 2.80 5.07 2.50 

7.60 2.81 5.35 2.55 

8.19 2.85 7.52 2.68 

9.02 2.99 9.27 2.91 

9.51 3.08 10.32 2.91 

10.47 2.94 10.61 2.92 

10.81 2.87 10.70 2.90 

11.03 2.82 11.04 2.78 

11.32 2.99 

Standard error (OH/Al ratio) 0.08 
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A linean regression of pH on log OH/Al molar ratio 

(pH 4.2-7.6) gave the following equations: 

where 

V = 37.46X ~ 9.47, (r = 0.81) - no O.M. present 

V = 43.27X ~12.84 (r = 0.96) - O.M.I present 

V 

X 

= 
--

pH 

log OH/Al molar ratio. 
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Homogeneity of the two regressions was tested as outlined by 

Steel and Torrie (1960). The regressions were not signifi~ 

cantly different. 

Results (Table 12), however, indicated that the 

difference in OH/Al molarratios with and without O.M., at 

pH values < 7.6, was greater 'than the standard error of the 

mean. This decrease in OH/Al molar ratio was interpreted as 

due to the functional groups (possibly COOH) of organic 

matter occupying sorne of the coordination positions around 

Al atoms at low pH values but being progressively displaced 

by OH ions at higher pH values. lt was not possible tQ 

decide the exact pH at which the O.M. was completely 

displaced by OH ions, due to the non sensitivity of the 

method at higher pH values. The low values for the 

reduction in OH/Al molar ratio was probably due to the very 

low amount of O.M.I used (0.007 meq COOH to 0.2 meq Al). 

Higher amounts of O.M. could not be used due to difficulty 
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in detecting the end point. Lower amounts of Al were tried 

but it was found difficult to obtain consistent values for 

duplicates. It was not possible to use the method for the 

Fe system due to difficulty in detecting the end point. 

IV. 3. 3.. Infra~red spectra of Al or 
Fe hydroxy compounds-O.m. 
complexes 

The changes in the spectra of O.m.I and O.m.II on 

reaction with hydroxy Al or Fe compounds were similar. The 

shifts in the bands were very similar for hydroxy Al and Fe~ 

o.m. complexes. The spectra of O.m.I was described and 

discussed in section IV.l.l (Figure 4). 

The principal changes in the I.R. spectra occurred in 

the 1800 to 1200 -1 . cm· reg~on (Figure 17) • On reaction with 

Al or Fe hydroxy solution or A1 3+ or Fe3+ solution, the 

shoulder at 1720 cm -1 in the original acid O.m.I (Figure 

l7d) completely disappeared (Figure l7a, b, c) and the peak 

at 1630 cm-l was slightly increased in intensity and 

. -1 
broadened extend~ng from l630~1600 cm • Disappearance of 

the 1720 cm~l shoulder indicated that the carboxyl groups 

were involved in complex formation. The disappearance may 

not be entirely due to ionisation, since the spectrum of 

o.m.I neutralised with NaOH to the corresponding pH values 

(Figure l7e, f) still showed a residual shoulder (though 

.' '.' '.. 
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Figure 17. Infra-red spectra of D.m.I-hydroxy Al complexes. 

(a) D.m. I + OH/Al = 2.7 solution (pH 5.3) 

(b) D.M.I + OH/Al = 2.5 solution (pH 4.6) 

(c) D.M. I + A1 3+ (pH 3.0) 

(d) D.M.I (2.8,6 ) 

(original recordings are available on file at Soil Sèience 
Department, Macdonald College) 
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Figure l 7. Infra-red spectra of D.M.I-hydroxy Al complexes. 

(e) D.M.I neu tral i sed to pH 4.6 
(f) D.M.I neutralised to pH 5.3 

(g) D.M.I neutralised to pH 7.0 

(original recordings are available on file at Soil Science 
Department, Macdonald College) 
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reduced in intensity, at 1720 cm-1 ). The spectrum of the 

neutra1ised (pH 7) O~M.I showed a weak but observab~e 

residua1 shou1der at 1710 cm-1 (Figure 17g), which was absent 

in the complexes with hydroxy Al or Fe compounds or A1 3+ or 

Fe3+ ions. This was possib1y due to unionized weak COOH or 

ketonic C = 0 groups (Theng and Posner 1967). If the 

residual shoulder was due to ketonic C = 0 groups, then it 

would have shifted (or disappeared) wh en the C = 0 

coordinated to Al or Fe atom (Parfitt and Mortland 1968). 

Schnitzer ~nd Skinner (1963a, 1964) interpreted the shift 

(or disappearance) of the 1720 cm-1 band as due to 

"ionisation of carboxylic acid groups due to the formation 

of e1ectrovalent metal carboxylate bonds." 

Nakamoto (1963) has described the following carbonyl 

stretching band positions for the unionized, ionized and 

coordinated carboxyl groups: 

unionized - 1750-1700 

ionized - 1630-1575 

coordinated - 1650-1590 

-1 cm 

-1 cm 

-1 cm 

There is sorne over1ap between the frequencies of coordinated 

and ionised carboxyls. The exact position of the band for a 

coordinated carboxyl depends on the relative ionic or 

covalent char acter of the metal-carboxyl coordinate bond. 
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Martell and Calvin (1952) stated that the coordinate bond 

could be covalent, ionic or intermediate in character. 

These band positions (i.e., mentiGned above) were 

used ta distinguish unreacted carboxylic acid groups from 

coordinated carboxyl groups in E.D.T.A. and tartaric acid 

metal chelates or complexes (Busch and Bailar 1953; Sawyer 

and Paulson 1957; Sawyer.and McKinnie 1960; Kirschner and 

Kiesling 1960). These workers considered that a band in the 

1550-1610 cm-l range indicated that the metal carboxyl 

coordinate bond was primarily ionic and a band in the 1625-

1650 cm-l was indicative of primarily covalent character. 

Sawyer and McKinnie (1960) considered that in Al chelates of 

E.D.T.A., the metal~carboxyl coordinate bond was as ionic as 

it was for sodium acetate. 

When tartaric acid was reacted with hydroxy Al or fe 

solution, the band at 1740 cm-l (COOH, figure lBc) shifted 

ta 1640-1630 cm-l (Figure lBa, b) as compared with the 

-1 (f) 1620 cm band in sodium tartrate figure 18 • Similar 

shift was observed in copper tartrate and was taken as 

evidence of formation of coordinate bonds between carboxyl 

groups and copper atom (Kirschner and Kiesling 1960). 

Tartaric acid is known ta form complexes with Al and fe 

(flaschka and Barnard 1967) and therefore the above shift 
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Figure 18. Infra-red spectra of tarta~ic acid-hydroxy 
Al or Fe compound complexes. 

!
dj Tartaric acid neutralised to pH 2.9 
e Tartaric acid neutralised to pH 4.6 
f Sodium tartrate ' 
original recordings are available on file 

at Soil Science Department, Macdonald CollegeJ 
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(Figure lB) could be interpreted as due to the coordination 

of carboxyls to Al or Fe atome Tartaric acid neutralized 

with NaOH to pH 4.6 and 2.9 (the respective pH values of 

reaction with Al or Fe hydroxy solutions) did not show a 

complete shift in the 1740 cm~l band (Figure lBd, e). 

Thus it appeared that the shift (or disappearance) of 

the 1720 cm-l shoulderand the broadening of the peak at 

-1 1630 cm was not entirely due to ionisation of carboxyl 

groups. Coordination of the carboxyls to Al or Fe atoms in 

the hydroxy compounds may also have been involved but the 

coordinate bond so formed appeared to be predominantly ionic 

in character. Such a situation would explain the broadening 

-1 of the 1630 cm band as was observed here and also reported by 

others (Schnitzer and Skinner 1963a, 1964). It is not essen­

tial that the carboxyl group be ionised before it is 

coordinated to a metal atome Titanium chelate of E.D.T.A. 

has been prepared by the action of E.D~T.A.· (acid) on Ti0 2 
(Sawyer and mcKinnie 1960). o.m. neutralised to pH 7 and 

then reacted with the hydroxy solutions gave similar spectra, 

but in this case almost complete ionization of carboxyls would 

have occurred before reaction. 

The intensity of the 1400 cm~l (Figure 17d) of O.m.I 

increased slightly on reaction with hydroxy Al or Fe 

" " 
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compounds (Figure l7a, b, c). This also indicated that 

carboxyl groups were involved in the reaction. The band in 

-1 the 1200 cm region was not clear enough to observe any 

changes. 

There was a slight decrease in the intensity but no 

shift of the bands at 2930 and 2850 cm-lof O.m.I, after 

reaction with the hydroxy Al or Fe compounds. A shift in 

-1 ( ) the 2800-3000 cm band C-H stretching in CH 2 has been 

considered as evidence of chelate formation in the case of 

E.D.T.A. (Sawyer and mcKinnie 1960). It was not possible to 

decide the exact significance of the decrease in intensity of 

the bands at 2930 and 2580 cm-lof O.m.I. 

The I.R. spectrum of Al(OH)3 or Fe(OH)3 (Figure 19) 

did not show any absorption band in the 1800-1200 cm-l 

region, which would interfere with the interpretations 

discussed here. 

Thus the I.R. spectra of the o.m. complexes with Al 

or Fe hydroxy compounds have been interpreted as indicating 

the formation of both purely ionic and coordinate bonds 

between carboxyls of o.m. and metal atoms. The coordinate 

bonds appeared to be predominantly ionic in character. 
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IV.4. Reactions of organic matter 
with hydroxy Al or Fe com­
pounds on clay surfaces 

IV.4.1 pH changes on reaction of 
D.M. with Al or Fe hydrous 
oxide coated montmorillonite 

lncreases in pH values were observed when D.M. 

134 

preparations were mixed with the hydrous oxide coated clays 

(Table 13). The explanation for the increase in pH values 

is the same as the one discussed in section IV.3.1. The 

effects of dilution and hydrolysis were almost eliminated in 

these measurements, since the supernatant liquid (in the 

clay suspension) was removed by centrifugation prior to 

mixing. 

The increase in pH was, however, lower than in the 

case of Al, Fe hydroxy solutions (Tables 8, 9). This was 

possibly due to buffering action of the clay. Further, the 

interlayer hydrous oxide was not available for reaction with 

the D.M. (section IV.2.3). Since the hydrous oxide was 

precipitated onto the clay surface, steric effecte may have 

reduced the anion penetration to a greater extent than in 

the case of hydroxy solutions. The drop in pH value with 

time was greater in the clay systems than in the case of 

hydroxy solutions. This again could be attributed to 

buffering action of the clay. The general trend in the 

increase in pH values (Table 13) showed that replacement of 
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TABLE 13. pH values of mixtures of Al, Fe hydroxy-clays 
with organic matter 

. . , ... ...... . ... , ... 

OH 2.5 ratio OH 2.7 ratio Aï= AI= 
clay (pH 4.5) clay (pH 5.2) 

3 1 1 3 1 1 
hrs. dey ·week· ·hrs. day week 

Al h~drox~':'cla~ s~stems 

1. O.M.I (pH 7) 6.96 6.95 6.88 7.22 7.14 7.05 
2. O.M.II (pH 7) 6.90 6.85 6.82 7.11 7.08 7.00 
3. O.M.I (pH 4.5) 5.18 5.08 4.86 

4. O.M.II (pH 4.5) 4.95 4.80 4.68 
5. O.M.I (pH 5.2) 5.90 5.82 5.69 

6. O.M.II (pH 5.2) 5.78 5.66 5.54 

Fe h~drox~':'cla~ s~stems 
OH 2.5 ratio OH 2.7 ratio Fe = Fë= 
clay (pH 3.3) clay (pH 3.5) 

3 1 1 3 1 1 
hrs. day week ·hrs. day week 

7. O.M.I (pH 7) 6.25 6.10 6.05 6.38 6.20 6.12 

8. O.M.II (pH 7) 6.12 6.15 6.00 6.35 6.22 6.08 

9. O.M.I (pH 3.3) 3.38 3.36 3.39 

10. o. M. II (pH 3.3) 3.40 3.37 3.35 

11. O.M.I (pH 3.5) 3.68 3.70 3.62 

12. O.M.II (pH 3.5) 3.65 3.62 3.65 

Standard error 0.08 
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OH groups in hydrous oxide plastered on clay surface by 

carboxyl groups of O.M. was possible under the conditions 

used in the experiment. 

IV.4.2. I.R. spectra of hydroly Al 
or Fe-montmorillonite­
O.M. complexes. 

-1 The changes in the 1800-1200 cm region were very 

much less distinct (Figure 20) than those observed in the Al 

or Fe hydroxy compound-O.M.I complexes. Hydroxy-montmoril­

lonite clay itself showed a small peak at 1630 cm-l 

(Figure 20c, d) due to adsorbed water (Grim 1953). Al and 

Fe systems gave similar spectra~ The shoulder at 1720 -1 cm 

of O.M.I was very much reduced in intensity and a very weak 

shoulder was identifiable at 1710 cm -1 (Figure 20,a,b) in 

the spectra of the clay-O.M.I complexes. The band at 1630 

cm- l was very much stronger (in intensity) and there was not 

much broadening. The band stayed at 1635-1630 cm-l Absorp-

-1 tian band in the 1400 cm region was visible but not very 

prominent (Figure 20a, b). 

The lack of clear eut shift in the absorption bands 

and the interfering band of the clay adsorbed water make 

definite conclusions difficult. However, the trend in 

decrease in intensity of the 1720 cm-l shoulder and increase 

in intensity of the 1630 cm-l band suggested that reactions 
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of D.m.I similar to those discussed in the case of Al or Fe 

hydroxy compounds in solution (i.e., ionisation and 

coordination, section IV.3.!) took place with the Al or Fe 

hydrous oxides on the clay surface. It should be pointed 

out that the reduction in intensity of the 1720 cm-l band 

may have been partly due to the small amount of D.m.I in the 

clay-D.m. complex (this was partly compensated by taking an 

increased weight of the complex for KBr disc preparation). 

Presence of a residual shoulder at 1710 cm-l in the 

complexes indicated that not all carboxyls of the adsorbed 

D.m. reacted with or bonded to the hydrous oxide on the clay 

surface or to the clay itself. Thus there still remained 

sorne unionised or uncoordinated carboxylic acid groups. The 

possible steric hindrance due to the spatial distribution of 

carboxyls in the D.m. may have been responsible for this 

behaviour. Untreated sodium bentonite did not adsorb enough 

D.m. to produce observable differences in the spectrum. 

IV.4.3. General discussion 

The results discussed in sections IV.3 and IV.4 

showed that the carboxyl groups in D.m. could displace OH 

ions bound to Al or Fe hydroxy compounds occurring both free 

in solution and on clay surfaces, at low pH values. Drganic 

matter thus bonded was gradually released at higher pH values 
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by a reversal of the reaction. 1t was not possible to 

determine the exact pH at which the D.M. was completely 

displaced by DH ions, but it appeared to be higher than 

7.5. The results of the desorption experiment (section 

1V.2.1) and results of other workers (Schwertmann 1966; 

Schwertmann et ~ 1968; Sen 196D) showed that D.M. could be 

retained by hydrous oxides at still higher pH values. The 

role of phenolic groups and N containing groups in bon ding 

D.M. to hydroxy Al or Fe compounds was not examined. 

Mechanisms involving these groups may also be responsible 

for retention of D.M. at higher pH values. 

1t was not possible to evaluate the exact contribution 

of the proposed (anion penetration) mechanism because anion 

penetration, electrostatic bon ding and hydrogen bon ding tend 

ta behave the same way with increase in pH. The structures 

of the complexes formed may be similar to those proposed for 

chromium hydroxide-organic anion complexes (Bailar 1956; 

section II.4). 1t was not possible to say whether it was 

one or two or more carboxyls per Al or Fe atom that were 

involvpj in the bonding. All carboxyls in the D.M. did not 

react with hydrous oxide coated clays possibly due to steric 

hindrance. From a study of the "anion penetration" reaction 

with model organic compounds, it appeared that chelating 
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groups (similar to tartaric, oxalic or citric acid) if 

present in the D.m. would enhance such a reaction. 

Thus, based on the evidence so far presented, it is 

suggested that a part 9f the D.m. adsorbed by Al or Fe hydroxy­

montmorillonite was bonded to hydroxy Al or Fe compounds 

through the carboxyl groups. The bon ding took place by 

replacement of OH groups coordinated to Al or Fe atoms in 

the hydrous oxides. The occurrence of such a mechanism does 

not preclude the operation of other mechanisms. 

rV.5. Effect of D.m. on the formation 
of X-ray crystalline aluminum 
hydroxide 

The ratios of organic carbon (D.m.r) to Al in the 

mixtures used in experiment rx were 0, 1.52, 2.51, 3.81 and 
o 

7.61. X-ray diffraction showed a sharp peak at 4.85 A, 

characteristic of gibbsite (Brindley 1951), in the control 

treatment (no D.m. added), at the end of 2 weeks. No 

diffraction peaks were obtained in the other treatments at 

this time. A small broad peak was observable only in the 

treatment with C:Al ratio of 1.52 at 4 weeks time (Figure 21). 

On aging, the peak increased in intensity but was still 

broad and diffuse. No X-ray diffraction peak was observed 

in treatments with higher C:Al ratios, even after 3 months 
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aging. Broadening of the peak indicated that O.M.I inter­

fered with the formation and growth of gibbsite crystals. 

High concentrations of O.M.I completely inhibited the 

formation of crystalline aluminum hydroxide. Anions such 

as Cl-" 50 4- were considered to cause distortion of Al (OH) 3 

lattice and prevent growth of large crystals (Barnhisel and 

Rich 1963). 

X-ray diffraction data of the Al hydroxy-clays and 

the hydroxy-clay-O.M.I complexes, aged for 3 months showed 

the presence of gibbsite in all cases (Table 14). The peak 

a 
at 4.85 A (gibbsite) of the O.M.I treated hydroxy Al clay 

was diffuse and broad compared with the sharp peak in the 

control hydroxy-clay (Figure 22). It was pOEsible ta 
a 

detect a sma11 4.85 A peak (gibbsite).in the OH/Al = 2.7 

ratio clay, l month after preparation. The OH/Al = 2.5 

ratio clay or the O.M.I treated clays (bath 2.5 and 2.7 

ratios) did not give any gibbsite peak at the end of l 

mon th. Electron micrographs (Figure 13â, 14a, section 

IV.2.3), showed the presence of not tao well crystallized 

A1(OH)3 in the 2.5 and 2.7 ratio hydroxy~clays at l month's 

time. The inhibition of formation of gibbsite at l month 

time may not be entirely a pH effect (Table 4, section 

IV.2.1), since both the acid and neutralised D.M.I showed 

the same effect. After 3 Months' aging, the g spacing of 

the control clays as well as that of O.M. treated ones, 
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TABLE 14. X-ray diffraction data of Al hydroxy-c1ay-0.m.! 
complexes ag ed 3 months 

Air dry 6 hrs. 24 hrs. Gibbsite 
at 100 0 e at 200 0 e 

° ° ° ° A· A A A 

1. OH 2.5-c1ay 17.8 14.6 14.6 4.85-sharp 
Aï= 

2. OH Aï = 2.5-c1ay-

o.m.! (pH2.86) 17.2 14.2 14.2 4.85-broad 

3. OH 2.5-c1ay-Aï= 
o.m.! (pH 7.0) 17.4 14.8 14.4 4.85-broad 

4. OH 2.7-c1ay 17.2 14.2 14.6 4.85-sharp 
Aï= 

5. OH Aï = 2.7-c1ay-

O.M.! (pH2.86) 17.2 14.8 14.6 4.85-broad 

6. OH Aï = 2.7-c1ay-

o.m.! (pH 7.0) 17.4 15.1 14.8 4.85-broad 
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000 

decreased from 16.6 A to 14.6 A (200 C values, Tables 7 and 

14), indicating the formation of gibbsite from interlayer 

hydroxide (Barnhisel and Rich 1963). The presence of D.M.I 

on the external surface did not seem to affect the formation 

of gibbsite from interlayer hydroxide. 

Electron micrographs of the 3 months aged hydroxy-clay­

D.m.I complexes showed clearly the presence of gibbsite 

crystals only in the case of 2.7 ratio clay-D.m. complexes 

(Figure 23a, b). The size and amount of gibbsite crystals 

was smaller in the acid D.m.I treated clay (gibbsite crystals 

shown by arrows in Figure Zia) than in the neutral D.m.I 

treated clay (Figure 23b). This may have been due to the 

lower pH and higher amount of D.M.I adsorbed in the former 

than in the latter case (Table '4, section IV.2.l). In the 

case of OH/Al = 2.5 ratio clay-D.m.I complexes, a few par­

ticles which appeared to be larger than the D.m.I particles, 

were seen (shown by arrows in Figure 23c,d), but it was not 

possible to tell definitely whether these were gibbsite 

crystals. However, X-ray diffraction gave a broad peak at 

o 
4.85 A. ,It is possible that the presence of an appreciable 

amount of D.m.I in these preparations would have prevented 

growth of larger crystals. 

The results discussed above showed that D.m. had an 

inhibitory or retarding effect on the formation of gibbsite. 

Presence of D.M. on the external surface of the clay did not 
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prevent the formation of gibbsite from interlayer positions. 

These observations are consistent with the resu1ts of other 

experiments reported in this dissertation, and support the 

proposed mechanism of carboxy1 groups disp1acing OH'groups 

in Al hyd~oxy compounds. 
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V. SUMMARY AND CONCLUSIONS 

Studies on adsorption of soil organic matter by 

bentonite clay coated with either Al or Fe hydroxy compounds 

are reported in this thesis. 

The adsorption of O.M. preparations used in this 

study was higher at lower pH values than at pH 7. However, 

noticeable adsorption took place even at pH 7 on the Al, Fe 

hydroxy-clays. Hydroxy Fe-clays adsorbed more O.M. than the 

hydroxy Al-clays. Adsorption by hydroxy Al or Fe clay was 
3+ 3+ higher than Na-clay or Al or Fe saturated clay. The 

adsorption data conformed approximately to the Langmuir 

isotherm, but deviations were also observed at both low and 

high concentrations of O.M. 

Desorption of adsorbed O.M. showed that respectively 

18-25% and 20-30% of the O.M. adsorbed by hydroxy Al and 

hydroxy Fe-clays could not be desorbed by 0.5 N Na~C03' but 

was completely desorbed by 0.5 N Na OH. In the case of 

A1 3+ or Fe3+ saturated clays, too, 15-20% of the adsorbed 

O.M. behaved similarly. O.M. adsorbed by Na-clay was almost 

completely desorbed by 0.5 N Na2C03 • 
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X-ray diffraction data indicated that the D.m. used 

in this study was not adsorbed in the interlamellar space of 

the clay. Electron micrographs of the hydroxy clay-D.m. 

complexes showed the association of D.m. with both the edge 

and planar faces of the hydroxy-clays. 

Electrostatic interaction, hydrogen bonding and 

coordination of carboxyls of D.m. to Al or fe in the hydrous 

oxide coatings on clay surface were suggested as possible 

mechanisms of bon ding of D.m. to hydroxy Al or fe clays. 

The D.m. not desorbed by D.5 N Na 2CD 3 was considered to be 

held by multiple bonding, possibly chelation with Al or fe 

of the hydroxy compounds, augmented by hydrogen bon ding and 

Van der Waa~forces. It was suggested that hydrogen bonds 

formed with the hydroxyl of the Al, fe hydroxy compounds 

through the oxygen of the carboxyl group or carboxylate ion 

would be stable at higher pH values. It was not possible to 

determine the exact contribution of each mechanism, since 

aIl three, electrostatic interaction, hydrogen bon ding and 

coordination were all pH dependent and tended to behave 

similarly with increases in pH. High adsorption may have 

been favoured by the higher charge on the polynuclear 

hydroxy ions on surfaces, low zeta potential, expanded lattice 

and the higher possibility of hydrogen bonding in the systems 

studied. 
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pH values of mixtures of model organic compounds, 

D.m., and Al, Fe hydroxy solutions or Al, Fe hydroxy clays 

were found to increase shortly after mixing. The increase 

was explained as due to "anion penstrati6n," where the 

carboxylate groups displaced OH groups coordinated to Al or 

Fe in the respective hY,droxy compo~nds. "-Anion penetration" 

reaction was observed to be slower in the hydroxy Fe systems 

than in the hydroxy Al systems. Infra-red spectra of 

complexes of D.m. with hydroxy Al, Fe compounds were 

interpreted as indicating the formation of bath simple ionic 

and coordinate bonds, the coordinats bonds being pre­

dominantly ionic in character. Determination of OH/Al ratio 

of hydroxy Al solutions at different pH values in the 

presence and absence of D.m. showed that the OH/Al ratio was 

lower in the presence of D.m. up to pH 7.6. This was 

interpreted to mean that D.m. could successfully compete 

with OH ions for coordination sites around Al at lower pH 

values. Data of OH/Al ratios at higher pH values ('r 7.6) 

were inconclusive. 8ased on these results, it was concluded 

that D.m. displaced OH groups coordinated to Al or Fe in the 

respective hydroxides at low pH values and a reversal of the 

reaction took place at higher pH values or higher OH ion 

concentration. Such a reaction could account for part of 

the D.m. bonded to Al, Fe hydroxy-clays. 
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D.m. used in this study was observed to exert an 
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inhibitory or retarding effect on the formation of X-ray 

crystalline Al(DH)3 ~rom amorphous Al hydrous oxide.. No 

gibbsite (or any other crystalline Al(DH)3) was formed from 

hydroxy Al solutions at pH 8, in the presence of D.m. when the 

C:Al ratio was greater than or equal to 2.51. Even at CIAl 
" 

ratio of 1.52, the X-ray diffraction peak tif the product 

obtained was diffuse and broad, which indicated that the 

D.m. interfered with the formation and growth of the crystal 

lattice. In the case of the hydroxy Al-clays, formation of 

gibbsite was retarded but after 3 months' aging it was pos­

sible to detect gibbsite. It was not possible to determine 

whether this gibbsite was formed from interlayer hydrous 

oxide only or From hydrous oxide on external surface of the 

clay also. Pre~ence of D.m. on the external surface did not 

seem to affect the formation of gibbsite from interlayer 

hydrous oxide. 
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APPENDIX TABLE 1. Adsorption of O.m.I on OH/Al = 2.5-clay 
(pH 4.5) 

Equilibrium 
concentration (c) 

mg O.m./ml 

0.010 
0.021 
0.101 
0'.141 
0.262 
0.578 
0.737 

Amount 
adsorbed (x/m) 

g O.m./l00g clay 

2.39 
3.67 
8.23 

12.6 
15.1 
13.5 
20.4 

c 
(x/m) 

0.00418 
0.00572 
0.0123 
0.0112 
0.0173 
0.0428 
0.0361 

APPENDIX TABLE 2. Adsorption of O.m.II on OH/Al = 2.5-clay 
(pH 4.5) 

Equilibrium 
concentration (C) 

mg Oom./ml 

0.010 
0.101 
0.121 
0.141 
0.354 
0.818 
0.980 

---- Amount 
adsorbed (x/m) 

g 0.m./l00g clay 

2.50 
3.68 
9.1 

14.6 
15.8 
16.7 
19.8 

C 
(x/m) 

0.0040 
0.0274 
0.0133 
0.00968 
0.0224 
0.0491 
0.0493 
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APPENDIX TABLE 3. Adsorption of O.m.I on OH/Al = 2.5-clay 
. (pH 7.0) 

Equilibrium Amount C concentration (C) adsorbed (x/m) ~x7mJ mg O.m./ml 9 0.m./l00g clay 

0.010 1.24 0.00806 
0'.040 2.48 0.0161 
0.101 4.67 0.0216 
0.141 7.16 0.0197 
0~303 7~ 87 0.0385 
0.478 8.47 0.0564 

APPENDIX TABLE 4. Adsorption of O.m.I on OH/Al = 2~7';:clay 
(pH 5.2) 

Equilibrium 
concentration (C) 

mg O.m./ml 

0.010 
0.030 
0.080 
0.091 
0.273 
0.576 
0.697 

Amount 
adsorbed (x/m) 

9 0.m./l00g clay 

2.39 
4.56 
8.68 

13.6' 
14.9 
13.9 
21.3 

C 
(xfm) 

0.00418 
0.00658 
0.00922 
0.00665 
0.0183 
0.0413 
0.0327 

4'~ , 

1 ,. 
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APPENDIX TABLE 5. Adsorption of O. m. lIon OH/Al = 2.7-c1ay 
(pH 5.2) 

Equi1ibrium 
concentration (C) 

mg 0.m./m1 

0.010 
0.061 
0.101 
0.141 
0.333 
0.747 
0.989 

APPENDIX TABLE 6. 

Equi1ibrium 
concentration (C) 

mg 0.m./m1 

0.010 
0.040 
0.101 
0;121 
0.192 
0.424 

Amount 
adsorbed (x/m) 

9 D.m./100g clay 

2.98 
5.00 

10.4 
15.9 
17.8 
14.4 
21.3 

Adsorption of o.m.I 
, (pH 7.0) 

Amount 
adsorbed (x/m) 

9 0.m./100g clay 

1.52 
2.72 
5.12 
8.17 

'10.4 
10.0 

C 
(x/m) 

0.00336 
0.0122 
0.00964 
0.00883 
0.0187 
0.0518 
0.0464 

on OH/Al = 2.7-c1ay 

'C 
(x/m) 

0.00658 
0.0147 
0.019.7 
0.dt48 
o .dl84 
0.0420 

, ",. 
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APPENDIX TABLE 7. Adsorption of O.m.I on OH/Fe = 2.5.clay 
. . (pH 3.3) . 

Equilibrium 
concentration CC) 

'mg Oom./ml 

0.010 
0.020 
0.061 
0.111 
0.465 
0.515 
0.707 

Amount 
adsorbed (x/m) 

g 0.m./l00g clay 

3.48 
6.37 

12.2 
17.6 
14.3 
19.8 
28.1 

C 
(x/m) 

0.00287 
0.00314 
0.00502 
0.00629 
0.0326 
0.0260 
0.0252 

~' '." : . 

.:" ... 

APPENDIX TABLE 8. Adsorption of O.m.II on OH/Fe = 2.5-clay 
(pH 3.3) 

Equilibrium 
concentration CC) 

mg O.m./ml 

0.010 
0.020 
0.061 
0.081 
0.192 
0.515 
0.727 

Amount 
adsorbed (x/m) 

9 0.m./l00g clay 

3.66 
7.31 

14.0 
21.3 
26.0 
24.5 
33.2 

G ' 
(x/m) 

0.00273 
0.00274 
0.00434 
0.00379 
0.00738 
0.0210 
D.021,9 

. , 
... 
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APPENDIX TABLE 9. Adsorption of O.M.I on OH/Fe = 2.5~clay 
(pH 7.0) 

Equilibrium 
ctincentration (C) 

mg O.M./ml 

0.020 
0.091, 
0.273 
0.343 
0.495 
0.616 
1.110 

Amount 
adsorbed (x/m) 

9 0.M./100g clay 

2.50 
3.54 
4.43 
8.56 

10.3 
10.1 
Il.2 

C 
(x/m) 

o • 00 79.7:,.,~~:, 
o .0257~: :', 
0.0616': 
0.0401:. 
o .0479r: 
0.0610-
0.0980(. 

APPENDIX TABLE 10. Adsorption of O.M.I on OH/Fe = 2.7-clay 
,(pH 3.5) 

Equilibrium 
concentration (C) 

mg 'D.M./ml 

0.010 
0.020 
0.040 
0.101 
0.323 
0.545 
0.758 

Amount 
adsorbed (x/m) 

9 0.M.jl00g clay 

3.74 
7.50 

15.0 
21.1 
21.7 
22.2 
31.3 

C 
(x/m) 

0.00267 
0.00267 
0.00267 
0.00479 
0.0149 
0.0245 
0.0242 

" 
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APPENDIX TABLE 11. Adsorption of O.M.II on OH/Fe = 2.7-clay 
. (pH 3.5) 

Equilibrium 
concentration CC) 
'. mg' a.m./ml 

0.010 
0.030 
0.101 
0.121 
0.212 
0.485 

Amount 
adsorbed (x/m) 

g 0.M./I00g clay 

4.31 
8.26 

15.1 
23.8 
29.9 
29.8 

. C 
(x/m) 

0.00232 
0~00363 
0.00667 
0.00509 
0.00707 
0.0163 

APPENDIX TABLE 12. Adsorption of O.M.I on OH/Fe = 2.7-clay 
(pH 7.0) 

Equilibrium 
concentration (C) 

mg O.m./ml 

0.010 
0.051 
0.232 
0.293 
0.495 
0.667 

Amount 
adsorbed (x/m) 

g O.m.!100g clay 

3.29 
5.55 
6.59 

11.8 
12.2 
13.5 

c 
(x/m) 

0.00304 
0.00919 
0.0352 
0.0248 
0.0407 
0.0493 



APPENDIX TABLE 13. 

Equi1ibrium 
concentration (C) 

mg 0.m./m1 

0.020 
0.051 
0.081 
0.182 
0.414 
0.444 

APPENDIX TABLE 14. 

Equi1ibrium 
concentration (C) 

mg 0.m./m1 

0.010 
0.040 
0.071 
0.172 
0.394 
0.444 
0.828 

Adsorption of o.m.I 
(pH 3.8) 

Amount 
adsorbed (x/m) 

g 0.m./100g clay 

2.11 
4.05 
8.4 

Il.4 
Il.5 
15.9 

Adsorption of o.m.I 
(pH 3.0) 

Amount 
adsorbed (x/m) 

9 0.m./100g clay 

2.50 
4.55 
9.35 

12.5 
12.9 
15.0 
18.3 

on Al 3+ -clay 

C 
(x/m) 

0.00948 
0.0126 
0.0096 
0.0159 
0.0360 
0.0278 

C 
(x/m) 

0.0040 
0.00879 
0.00759 
0.0138 
0.0306 
0.0296 . 
0.0452 

A9 



APPENDIX TABLE 15. 

Equilibrium 
concentration (C) 

mg·O.M./ml . 

0.091 
0.152 
0.333 
0.444 
0.636 
0.859 
1.374 

Adsorption of O.M.I 
(pli 4.5).. . 

Amount 
adsorbed (x/m) 

9 O.m./l00g clay 

0.48 
1.49 
2.43 
4.67 
5.47 
5.74 
5.08 

on H-Na clay 

C 
(x/m) 

0.189 
0.102 
0.137 
0.0951 
0.116 
0.150 
0.270 

AI0 

APPENDIX TABLE 16. Adsorptio~ of o.m.I on Na~clay (pH 7.0) 

Equilibrium 
concentration (C) 

mg O.m./ml 

0.091 
0.192 
0.384 
0.556 
0.808 
1.273 
1.434 

Aruount 
adsorbed (x/m) 

9 0.m./l00g clay 

0.174 
0.348 
0.690 
0.870 
0.690 

0.870 

C 
(x/m) 

0.523 
0.552 
0.557 
0.639 
1.17 

1.65 


