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Aluminum is the most abundant metallic element in the earth's crust. Moreover, 

hydrolysis of the aluminum ion produces a moderately strong acidic environment 

so that it is not surprising that many of the properties of acid soils are con- 

trolled by the chemistry of aluminum. Indeed, aluminum bonding has been descri- 

bed as a unifying principle in soil science (Jackson 1963). In acid sulfate 

soils additional acidity is produced by the oxidation of sulfides to sulfuric 

acid, which may also react with many aluminum compounds in soil. The venerable 

topic of soil acidity has been examined recently in an excellent review by Cole- 

man and Thomas (1967). Thus, the present analysis will take a somewhat different 

path. First, we will consider the reactions of aluminum in aqueous solutions and 

then examine how these reactions may be modified in clay suspensions; then, the 

chemistry of aluminum in soils will be examined; and finally, we will consider the 

effects o f  aluminum on the physical properties of clays and soils. 

ALUMINUM CHEMISTRY IN AQUEOUS SOLUTIONS 

Hydrolysis 

Chemically, the hydrolysis of aluminum in aqueous solutions has been assumed to 

proceed via the first-stage hydrolysis reaction: 

( 1 )  
+ +  

~ 1 3 +  + H,O = A ~ O H ~  + H 

where water of hydration is omitted for convenience. Expressing ion activities 

as negative logarithms, the thermodynamic equilibrium constant for this reaction 

is given by: 

pK = pAlOH + pH - PA1 (2) 

where the valences of the ions are omitted for convenience. There have been nu- 

merous determinations of this hydrolysis constant (Sillen and Martell, 1964,1971) 

with most investigators agreeing that pK is approximately 5.0. However, many 

feel that this reaction does not exist or that other hydrolytic species must also 

be considered. 

A partial explanation for these different viewpoints is provided by work of 

Frink and Peech (1963), who showed that aqueous aluminum solutions become super- 

131 



saturated with respect to Al(OH)3 on dilution or addition of base. Hence, at low 

basicities, the first-stage hydrolysis reaction appears to be satisfactory (Frink 

and Peech, 1963a; Holmes et al. 1968; Raupach, 1963; Schofield and Taylor, 1954; 

Srinivasan and Rechnitz, 1968). At higher basicities numerous polynuclear species 
have been reported (Brosset et al. 1954; Fripiat et al. 1965; Matijevif et al. 

1961, 1964; Rausch and Bale 1964; Ruff and Tyree, 1958). These conflicting inter- 

pretations appear throughout the study of aluminum chemistry in solutions, clay 
suspensions, and in soils, and will become familiar topics as we proceed. 

Recently, the effect of basicity on the apparent mechanism of hydrolysis has 

been re-examined by analysis of potentiometric titration curves of dilute alumi- 
num salt solutions. Frink and Sawhney (1967) pointed out that these titration 

curves present two apparent anomalies. First, although the monomeric hydrolysis 

mechanism satisfactorily describes the changes in pH on dilution of aluminum 
salt solutions, no inflection point corresponding to the completion of first- 

stage hydrolysis is observed in titration curves. Second, the pH of an aluminum 

solution at 50% neutralization is not a constant, as is the case with other weak 

acids, but instead is a function of initial aluminum concentration. They proposed 

that the neutralization of an aluminum salt solution could be considered to proceed 
by stoichiometric precipitation of Al(OH)3 by added base, and that the pH was 

controlled by first-stage hydrolysis of the aluminum remaining in solution. Dis- 

crepancies between calculated and observed pH near the equivalence point were 
attributed to anion penetration of the solid phase Al(OH)3. 

Turner (1968a, 196%) has examined this proposal in considerable detail. His re- 
sults indicate that, while the conclusions reached by Frink and Sawhney (1967) 

were essentially correct for rapid titrations, other reaction products including 

polynuclear cations were formed during slow titrations. Turner and Ross (1969) 
examined the solid phase formed during the neutralization of AlCl3 solutions and 

found that its composition changed during the course of the titration and could 

not be represented by A1(OH)3. They concluded that the initial product formed 

during the neutralization of AlC13 solutions is a solid phase of variable compo- 

sition and that polynuclear hydroxyaluminum cations form slowly at the expense 

of the solid phase. 

Other evidence for the occurrence of monomeric hydrolysis has been provided recent- 

ly by measurements of dissociation field effect relaxation times in dilute 

aqueous aluminum chloride solutions by Holmes et al. (1968). Their observations 

agreed with earlier findings of Frink and Peech (1963a) that monomeric rather 
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than polymeric mechanisms best described these solutions. Srinivasan and Rech- 

nitz (1968) m6asured rates of formation of aluminum fluoride complexes and con- 

cluded that the simple monomeric mechanism provided the best fit to their expe- 

rimental data. Sullivan and Singley (1968) analyzed titration curves of  dilute 

aluminum perchlorate solutions and concluded that the major species present in 

10-3M and 10-4M solutions were Al3+, AlOH”, and Al(OH)3. 

Hem (1968) has examined the reaction products formed during serial titrations of 

aluminum salt solutions by a variety of techniques. He found crystalline gibbsite 

in solutions with OH/Al ratios between 2 and 3 after aging for as little as 10 
days. Particle diameters were of the order of 0.1 micron and Hem (1968) feels 

that these crystalline products may have been overlooked by earlier investigators. 

He further examined various proposed polymers by considering OH- to exist either 

in non-structural positions as in the monomer AlOHZ+ or in structural bridges in 

polymers. As a result of analyses of rates of reaction of these two kinds of hy- 

droxyls with acid, he concluded that at equilibrium all non-structural OH- is 

present as the monomer Al(OH)’+ and that all structural OH- is present as a poly- 

mer with formula Al(OH)3. Hence, he agreed with the proposals of Frink and Sawhney 

(1967) that polynuclear hydroxyalyminum cations could be ignored. However, 

Hem (1968) does caution that equilibrium is only slowly attained and metastable 

complex species may exist for some time so that the concept may have limited 

practical usefulness. 

Solid Phase and Polynuclear Species 

Although considerable progress has been made in understanding the neutralization 

of aluminum salt solutions, neither the composition of the solid phase nor the 

nature of the various metastable polynuclear hydroxyaluminum species that have 

been proposed is known with certainty. The solubility product of gibbsite, the 

thermodynamically stable phase of Al(OH)3, has been measured and found to corres- 

pond to pK = 33.5 (Frink and Peech, 1962). However, equilibrium is established 

very slowly, particularly in undersaturated solutions. Kittrick (1966) found 

pKsp = 34.0 for solutions aged for four years and concluded that his sample of 

gibbsite might be more crystalline than that of Frink and Peech (1962). Supersa- 

turated solutions had an ion product for Al(OH), corresponding to an apparent 

pKsp of 31.8 (Frink and Sawhney 1967) and seeding with gibbsite had little effect. 

Other precipitates of varying crystallinity and basicity have been reported by a 

number of workers (Hsu and Bates 1964). In their recent studies, Turner and Ross 

SP 
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(1969) found that the A1(OH)3 precipitated during neutralization contained varia- - 
ble amounts of C 1 -  depending on the C1 

of neutralization. Singh (1969) and Singh and Brydon (1969) have identified a 
crystalline basic aluminum sulfate, basaluminite, with formula A14(OH)loSO+. 
5H20 and pK = 117.3,  as a metastable phase formed during the neutralization of 

aluminum sulfate solutions. Ross and Turner (1971) have postulated that the 

rate of Al(OH)3 crystallization is inversely proportional to the tendency for 

anions to penetrate the solid phase. In their studies, the tendency for gibbsite 
to precipitate was greatest in the presence of C104 , less in the presence of 
NO3-, and least in the presence of Cl-. Although the exact mechanism for the 
crystallization of gibbsite is not resolved, these studies do suggest the role 

that various anions may play in the precipitation process. 

The nature of the various polynuclear hydroxyaluminum cations that have been pro- 

posed is even more uncertain than the composition of the solid phase. It is evi- 

dent that potentiometric methods alone are not always adequate to distinguish 

amongst the various species, since Brosset et al. (1954) showed that either a 

single species Al&(OH)?: or an infinite series of complexes would fit their 

neutralization data equally well. MatijeviE, et al. (1961, 1964) studied the 
coagulation of aqueous sols of silver halides and proposed the species A18(OH);:. 

However, as Hahn and Stum (1969) point out, specific sorption on colloid surfaces 

may alter the distribution of species to the point where they feel it is impos- 

sible to draw conclusions regarding the nature of a specific polynuclear species 

in solution. From ultracentrifugation and acidity measurements, Aveston (1965) 

found that two species, Alz(OH);+ and A113(OH):: , provided the best fit to his 
experimental data. Light scatterihg measurements by Ruff and Tyree (1958), how- 

ever, showed that the average size of the aggregates decreased on dilution or 

with decreasing basicity. Fripiat et al. (1965) from infrared absorption spectra 
found evidence for the existence nf  a series of polymers of the form 

Al k O H ) 8 A 1 3 ] i 4 .  Their assignment of frequencies to various forms of OH- bonded 
to aluminum seems rather speculative, however. Rausch and Bale (1964) used small- 

angle X-ray scattering in 1M Al(N03)~ solutions to measure the size of clusters 

from the radius-of-gyration parameter. They reported their measurements were con- 

sistent with the presence of [A11304(OH)21r(H20)1~]+~, a species also said to be 

present in some solid phase basic salts. Turner (1968b) and Turner and Ross (1969) 

used the 8-hydroxyquinoline method developed by Okura er al. (1962) to measure 
monomeric aluminum ions in solution and concluded that the OH/Al ratio of the po- 

lynuclear ions was near 2.5.  This basicity is close to that reported by many pre- 

concentration in solution and the degree 
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vious workers and probably is a reasonable approximation of the apparent basicity 

of many polynuclear hydroxyaluminum species. However, it is evident that the exact 

size and charge of these species is not constant but is a function of experimen- 

tal conditions. Hence, considerable caution should be exercised in extrapolating 

from the results of one investigation to describe the aluminum species existing 

under different conditions in other investigations. Indeed, in view of the tran- 

sitory nature of these various hydroxyaluminum species, it is questionable whe- 

ther further efforts to identify particular ions are worthwhile. 

Summary 

It appears that the simple monomeric hydrolysis mechanism can be used to calcu- 

late the pH and aluminum ion activities of dilute solutions at low basicities. 

When base is added to these dilute solutions, a solid phase consisting of Al(OH)3 

with various degrees of anion substitution is formed, and at high,basicities 

significant amounts of metastable polynuclear hydroxyaluminum cations may be pre- 

sent in solution in addition to simpler monomeric species. In more concentrated 

aluminum salt solutions, which by virtue of their acidity are considerably under- 

saturated with respect to Al(OH),, relatively large amounts of base can be added 

before precipitation occurs. Under these conditions, higher concentrations of a 

variety of polynuclear hydroxyaiuminum species can be present in solution. 

ALLJMINUM CHEMISTRY I N  CLAY SUSPENSIONS 

Inasmuch as the chemistry of aluminum in aqueous solutions is not completely un- 

derstood, it is not surprising that the reactions of aluminum in clay suspensions 

are the subject of some confusion and controversy. Before pursuing this subject 

we should consider briefly the preparation of H- and Al-saturated clays since 
much early work was done with mixed clays and hence misinterpreted. Coleman and 

Thomas (1967)  have reviewed the history of the discovery that H-clays rapidly 

decompose to form partially Al-saturated clays. Barshad and Foscolos (1970)  stu- 

died this "interchange" reaction and found that the rate of replacement of H+ ,by 

Al3+ or Mg'+ in montmorillonite. vermiculite, and illite is directly proportional 

to surface charge density and MgO content. Riley and Arnold (1969)  examined kao- 

linite, montmorillonite, and seven soils, and showed that the amount of exchange- 

able Al3+ produced was controlled by the amount of exchangeable H+ present. In 

acid sulfate soils, decomposition of H-clays and their subsequent conversion to 

Al-clays would presumably be quite rapid. 
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Many methods for preparing pure H-clays have been proposed; the most recent uti- 

lizes extraction with a chelating agent followed by successive reactions with 

H-, OH- and H-resins (Barshad 1969). Less attention has been given to the prepa- 
ration of Al-clays. Most investigators have obtained satisfactory results by 

treating the clay with a concentrated aluminum salt solution and removing the 

excess electrolyte by washing with some solvent. There are indications, however, 

that considerable hydrolysis occurs during prolonged washing. This question will 

be examined in greater detail in subsequent sections. 

Hydrolysis 

Considering now the effect of clay on the simple monomeric hydrolysis reaction, 

Ragland and Coleman (1960) reported that aluminum salt solutions undergo increa- 

sed hydrolysis in clay suspensions when compared with aqueous solutions of the 

same pH. Frink and Peech (1963b) have disagreed with this choice of a reference 

solution, and concluded that hydrolysis is suppressed in clay suspensions when 

compared with a solution of the same total aluminum concentration. This disagree- 

ment may be largely semantic (Coleman and Thomas 1967); however, both studies show 

that the adsorption of hydrolytic species of aluminum on a clay surface does not 
alter the numerical value of the hydrolysis constant pK as shown in equation (2). 

Moreover, these two studies show that addition of base to an Al-clay has the same 

effect as addition of base to an aqueous aluminum salt solution: some form of 

Al(OH)3 is precipitated. 

Although theoretical considerations suggest that simple electrostatic adsorption 

of aluminum on a negatively charged surface 

of hydrolysis, adsorption by many clays appears to involve specific sorption 

reactions. Jackson (1963a,b) has proposed several mechanisms to describe the 

effectiveness of clays in promoting or enhancing the hydrolysis of aluminum. 

Kaddah and Coleman (1967 a,b) have recently examined the reactions of Al-satura- 

ted vermiculites in some detail. They showed that freshly prepared or aged Al- 

vermiculites contair. predominantly trivalent aluminum as anticipated. However, 

extractions with various salt solutions induce variable amounts of hydrolysis, 

depending on the nature of the replacing cation and its concentration. At high 

salt concentrations interplate diffusion is unrestricted and hydrolysis is little 

enhanced so that primarily trivalent aluminum is exchanged. At low salt concen- 

trations or in the presence of ions causing lattice closure, in-situ hydrolysis 

of surface adsorbed aluminum is greatly enhanced. According to Kaddah and Coleman 

has no effect on the mechanism 
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(1967 a,b) the hydrolysis product retained by the clay has a composition corres- 
ponding to A10H2+. Although it is not clear why this species should be specifi- 

cally sorbed, consideration of equation ( 1 )  indicates that indeed such sorption 
would result in enhanced hydrolysis. Recent work by Kissel, et al. (1971) and 

by Rich (1970) indicates a similar salt-induced hydrolysis may occur in mont- 
morillonite. Hence, prolonged washing of Al-saturated clays to remove excess 

electrolyte may well alter their prqperties significantly. Moreover, it is evi- 

dent that we need to know more about the energy status of various adsorbed hy- 

drolytic aluminum species. 

Exchange 

Measurements of the exchange of aluminum are complicated by hydrolysis, and, if 

base is added, by the precipitation of a solid phase. In this section, we will 

consider only the simple exchange reactions of Al3+ 

tation reactions for later discussion. Early studies of the exchange of H+ and 
Al3+ 
Gilbert and Laudelout (1965) found the affinity for exchange of hydrogen by 

montmorillonite was as follows: 

and H+, reserving precipi- 

ions were confounded by the difficulties of preparation of homoionic clays. 

Li+ < Na+ < H+ < K+ < NH+ < Rb+ < Cs+ 

although they considered the Position of H+ to be approximate owing to the ten- 

dency of the clay to decompose. Recently, Foscolos and Barshad (1969) have used 

new techniques in the Preparation of H-montmorillonite and report that the affi- 
nity for H+ exchange is below that for Na+, although the differences in affinity 

are not great. Thus, these studies indicate that hydrogen occupies its usual 

place in the selectivity sequence demonstrated for common strong-acid cation ex- 

changers (Helfferich 1962). However, since clays rapidly decompose when hydrogen- 
saturated, these findings are perhaps of limited practical importance. 

Foscolos (1968) has demonstrated that the position of Al3+ 

sequence of Wyoming bentonite (with CEC = 90 me/100 g) is: 

in the selectivity 

H+ < Na+ < Mg2+ < Ca'+ < 

For Otay montmorillonite with a higher charge density (CEC = 125 me/lOO g) the 

sequence is: 

K+ < ~ 1 3 +  . 

H+ < Na+ < Mg2+ < Ca'+ < ~ 1 3 +  < K+ . 

In Jeffersite vermiculite (CEC = 175 me/lOO g) the sequence is: 
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Foscolos (1968)  did not include K+ in the study of vermiculite to avoid the com- 

plications of lattice collapse; however, he states that K+ would be preferred 
over Al3+ by vermiculite. On the basis of these results, he concluded that as 

the surface charge density increases, univalent cations are preferentially ad- 

sorbed over ions of higher valence. 

In studies of Ca:Al exchange equilibria, Coulter and Talibudeen (1968)  found 

that Al3+ 

preference for Al3+ relative to Ca2+ was in the order: 

was preferred to Ca2+ by all soils and clays studied. Moreover, the 

vermiculite >> illite > montmorillonite. 

This increase in the preference for trivalent over divalent cations was attribu- 

ted to increasing charge density in the series montmorillonite-illite-vermiculite, 

in agreement with considerations of electrical double layer theory, while fin- 

dings by Foscolos (1968)  seem in contradiction. Subsequently, Coulter (1969)  

found that for montmorillonite, Al3+ was strongly preferred over K+. In vermicu- 

lite and illite, not all K+ could be easily exchanged by Al, but, even if correc- 
tions were made for this "difficultly exchangeable K", these minerals showed pre- 

ference for K+ over Al . The relative preference of minerals for K+ versus Al3+ 
was in the order: 

3+ 

vermiculite, illite >> montmorillonite. 

These findings indicate that the exchange of aluminum with other ions is not yet 

well understood. Miller and Brown (1969)  measured activation energies of mixtures 

of NaCl and AlC13 and of clays and resins containing various amounts of Na+ and 

Al3+ . They concluded that competition between the two ions for developing sepa- 
rate and incompatible order in the water surrounding them may lead to antagonis- 

tic effects between these ions. Similar competition between hydroxyaluminum and 

Ca +' for exchange sites is suggested by work of Kozak and Huang (1971) .  These 

complications could likely affect measurements of exchange constants in clay 

systems. Corrections for hydrolysis may well be the largest uncertainty, since 

extraction with salt solutions enhances hydrolysis under some circumstances. 

Coulter (1969)  and Coulter and Talibudeen (1968)  assumed the presence of Al(0H): 

in order to interpret their results. Foscolos (1968)  reports that his values for 

exchange constants were corrected for the fact that adsorbed trivalent aluminum 

only exists below pH 3.0. The manner i n  which this correction was made, or its 

necessity, is not clear. These studies all suggest, however, that A l 3 +  is not 

as strongly sorbed as its valence would otherwise predict. 
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Titration Curves 

As with aqueous aluminum solutions, considerable useful information has been ob- 
tained from titration curves of aluminum- and hydrogen-saturated clays. A s  Jenny 

(1961) points out, however, interpretation of the data seems to lag behind its 

collection. Early studies were of course confounded by the difficulties of pre- 

paring homoionic clays. Subsequent studies indicated that H-clays titrated as 

strong acids, Al-clays as weak acids, and that mixtures showed two buffer ranges 

corresponding to the neutralization of H+ ions followed by Al3+ ions. 

A third buffer range in the potentiometric titration of acid clays was reported 

by Schwertmann and Jackson (1963, 1964), which they attributed to the formation 

of basic aluminum compounds. Coleman and Thomas (1967) conclude that this work 

as well as that of Coleman and Thomas (1964) and Coleman et al. (1964) suggests 

that hydroxyaluminum compounds existing as coatings or interlayers are responsi- 

ble for this third buffer range. 

Independently, Mitra et al. (1963) reported the presence of a third buffer range 

in the titration of acid montmorillonite and suggested that this third range may 

be due to broken bond hydroxyl groups, structural hydroxyl groups, or Lewis acid 

sites. Sawhney and ï-rink (1966) examined titration curves of acid montmorillonite 

and also found three buffer ranges. Since the third buffer range was increased 

by increasing severity of acid treatment, they suggested that the weak acid tit- 

rated in this range was a complex alumino-silicate resulting from the decomposi- 

tion of lattice edges. Recently, Mitra and Kapoor (1969) have reported four buffer 

ranges in the titration curves of acid montmorillonites. These are attributed to 
H+ ions, A13+ions, basic aluminum ions, and weak acid groups assumed to be hy- 

droxyl groups associated with aluminum at lattice edges. 

A somewhat different approach has been kaken by Turner et al. (1963) who assumed 

that two reactions occur when Ca(OH)2 is added to Al-saturated clays: 

2 Al-clay + 3 Ca2+ = 3 Ca-clay + 2 Al3+ 

Al3+ + 3 OH- = A1(OH)3 (4) 

( 3 )  

combining the Ca:Al ion exchange constant and the solubility product of 

Al(OH)3, they derived an equation to describe the relationship between the lime 

potential, pH-lpCa, and the percent base saturation. One difficulty with this ap- 

proach is that the ion product of A1(OH)3 does not appear to remain constant 

throughout the titration; hence allowance must be made for this variability if the 

prediction is to be precise (Turner and Clark 1965). Other variables, including 
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time of reaction, accompanying anions, and temperature, are also important 

(Singh 1967, 1972; Turner and Brydon 1965,1967). None of these workers have ob- 

served the variety of inflection points reported by others. 

Shainberg and Dawson (1967) examined a variety of titrants for acid montmorillo- 

nite, including NaOH and the sodium salts of boric, acetic, formic and nitrous 

acids. They demonstrated that Na2B407 is a strong enough base to titrate both 

exchangeable Hf and Al3+ , while NaOAc will titrate only exchangeable H+ since 
the equivalence point with Al3+ cannot be detected. Titration with NaOH neutrali- 

zes exchangeable Hf and Al3+ , as well as some protons attached to clay hydroxyl 
groups. Depending on the choice of the end point, a possible titer due to alumi- 

nate formation was also reported in the NaOH titration. Interestingly, they 

attribute about 14 me/100 g to hydroxyl groups in Wyoming bentonite, a value sur- 

prisingly close to the figure of 15-16 me/100 g found by Mitra and Kapoor (1969) 

for the fourth buffer range and attributed by them to Al-OH groups at lattice 

edges. 

Rich (1970) titrated various exchangers with NaOH, Ba(OH)2 and NazB407. He found 

that titration to pH 8.0 gave better estimates of acidity than did inflection 

points because of adsorption by the exchanger of partially neutralized hydroxy- 

aluminum species. He also observed, in agreement with Shainberg and Dawson (1967), 

that aluminate could be formed during titration with strong bases, leading to er- 

roneously high results. 

Thus, the soil acidity merry-go-round continues. Although it is not possible to 

reconcile all these conflicting observations, a tentative explanation will be 

attempted. Two groups of investigators (Schwertmann and Jackson 1963, 1964; 

Sawhney and Frink 1967) observed that the total potentiometric titratable acidity 

of acid clays in 1N NaCl decreased markedly on aging. They both observed three 
inflection points but disagreed on the interpretation of the third buffer range. 

Conductometric titrations (Mitra et al. 1963; Mitra and Kapoor 1969; Shainberg 

and Dawson 1967) do not show any decrease in titratable acidity on aging and sug- 

gest that the last buffer range in titration curves is due to lattice hydroxyls. 

Hence, it is proposed that the third buffer range reported by Schwertmann and 

Jackson (1963, 1964) and later studied by Frink and Sawhney (1967) is in fact 

due to lattice hydroxyls as suggested by Mitra et al. (1963), Mitra and Kapoor 

(1969), and by Shainberg and Dawson (1967). The decrease in titratable acidity 

observed in potentiometric titrations of aged clays may then be attributed to 

the effect of salt on the titration of aluminum in the intermediate buffer ranges. 



Sufficient evidence exists to indicate that salt may restrict the exchange of 

aluminum in both vermiculite (Kaddah and Coleman 1967 a,b) and montmorillonite 

(Rich 1970; Kissel et al. 1971). Restriction of exchange by salt apparently de- 

pends on various factors, such as time of equilibration, since it was not obser- 

ved by Mitra and Kapoor (1969) when salt was added in their relatively slow poten- 

tiometric titration of aged acid clays. Neither was this restricted exchange ob- 

served in titration of fresh or aged Al-saturated montmorillonite by Frink and 

Sawhney ( 1  967). 

Recent studies by Schwertmann (1969) of the physical and chemical properties of 

various acid clays suggest that aging of concentrated suspensions at elevated 

temperatures leads to significant aggregation, accompanied by a decrease in ex- 

changeable Hf and A l 3 +  and an increase in non-exchangeable polynuclear hydroxy- 

aluminum cations. Banin and Shaked (1969) aged dilute suspensions of H-montmorillo- 

nite at high temperatures and found them to remain well dispersed, with tactoids 

containing only one to two plates. They attribute this behavior to formation of 

some surface coating which prevents adherence o f  clay plates, while Schwertmann 

(1969) proposed that hydroxyaluminum polymers are responsible for the aggregation 

he observed. Both studies, however, indicated that Al-montmorillonites are well 

aggregated, with tactoids containing ten or more plates (Banin and Shaked 1969). 

The disparate effects of suspension concentration on the characteristics of aged 

clays suggests that the various effects of aging reported in potentiometric stu- 

dies can be attributed in part to differing methods of sample preparation and 

hence aggregation. 

Solid Phase and Polynuclear Species 

A s  with aqueous aluminum salt solutions, a variety o f  solid phase aluminum com- 

pounds and partially neutralized hydroxyaluminum species have been reported in 

clay suspensions. The presence of clay offers an additional complication, how- 

ever, since both polynuclear species and solid phase compounds may be retained 

by expanding layer silicates, Qiving rise to hydroxyaluminum interlayers or 

"chloritized" clays. Moreover, as Turner (1967) has pointed out, the reaction pro- 

ducts obtained from neutralization of an Al-saturated clay are frequently diffe- 

rent from those obtained if the aluminum salt solution is partially neutralized 

before it is added to the clay. Investigations of the various solid phases and 

polynuclear species found in clay suspensions have proceeded along two lines. In 

one, the aim has been to prepare synthetic hydroxyaluminum interlayered clays 

with properties similar to those found in soils. The second aim has been to study 
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the neutralization of Al-saturated clays as an aid in understanding the reactions 

assumed to occur during the liming of acid soils. 

Rich (1968) has prepared an excellent review of the occurrence,formation, and 
properties of hydroxyl interlayers in layer silicates; consequently the present 

analysis will be limited to a brief summary and review of recent work. Aluminum 
interlayers may be formed in both vermiculites and montmorillonites by treating 

them with partially neutralized Al-salt solutions. The resulting clays have great- 

ly reduced cation exchange capacities, generally attributed to the blocking of 

exchange sites by sorption of hydroxyaluminum species or by precipitation of con- 
tinuous solid phases in interlayer positions. The adsorption of considerable 
amounts of Al(0H) by illite and kaolinite (Turner and Brydon 1967) indicates 

that sorption on external surfaces can also be quite pronounced. Indeed, Twene- 

boah et al. (1967) suggested that minerals in acid soils may be coated with alu- 

minum "outerlayers". In vermiculites, a structure with a 148 basal spacing is 

created, which resists collapse to 102 on K-saturation or heating. In montmoril - 

lonites, a similar structure is developed which resists expansion on Mg-satura- 

tion and glycerol solvation, as well as resisting collapse to 102 on K-saturati- 

on or heating. After aging in the laboratory, gibbsite and other forms of A1(OH)3 

are frequently found as separate phases, depleting some aluminum from interlayer 

positions. This process is apparently more rapid in montmorillonite than in ver- 
miculite suspensions (Brydon and Turner 1972). 

Many investigators have attempted to determine the O H / A 1  ratio of interlayer ma- 

terial by relating the observed changes in exchange capacity to aluminum absor- 

bed in or extracted from interlayer positions. According t o  Rich (1968), the 

outcome of these analyses indicates that the OH/Al ratio of even one interlayer 

may be variable since the degree of blocking of exchange sites varies with the 
amount of interlayer material. Sawhney (1968) found that the apparent O H / A 1  

ratio of interlayer aluminum in vermiculite was close to the OH/Al ratio of the 

particular aluminum salt solutions used in preparation of the interlayered ma- 

terial, but concluded that the choice of a specific polynuclear species based on 

charge alone was uncertain. Weismiller et al. (1967) suggested that gibbsite-like 

rings of structure [Al(OH)2(H202] 6 6 f  as proposed by Hsu and Bates (1964) would 
satisfy their observations of infrared adsorption spectra of montmorillonite con- 

taining interlayer material with OH/Al = 1.5. Little other direct evidence of the 

structure of interlayer material is available. 

Recent studies by Colombera et a1.(1971) show that the adsorption of hydroxyalu- 

minum species by illite can be described by Langmuir adsorption isotherms at 
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constant OH/A1 ratio. This behavior, as  well as other aspects of the adsorption 

reactions, indicated that the process is not one of exchange, but rather involves 

the formation of hydrogen bonds between the surface of illite and the hydroxy- 

aluminum species similar to those formed by the sorption of hydroxy cations on 

silica (Stumm and O’Melia 1968). In contrast to reports by Hsu (1968) that the 

surface of montmorillonite is non-homogenous in its affinity for hydroxyaluminum 

species, Colombera et al. (1971) believe the surface of illite to be homogeneous 

with respect to adsorption of hydroxyaluminum species. Hence, it appears that ear- 

lier theories of the constancy of charge or of OH/A1 ratio of interlayer material 

are probably in error. Moreover, the conclusions of Hahn and Stumm (1968) that 

the nature of solute species cannot be deduced from knowledge of sorbed species 

should certainly be kept in mind. 

Considering briefly the solid phases and polynuclear species formed during neu - 
tralization of Al-saturated clays, we find less attention is given to the forma- 

tion of interlayer material and more to the possible forms of A1(OH)3 precipita- 

ted as a separate phase. This is certainly due in part to observations that few 

interlayers are formed during neutralization of dilute Al-clay suspensions (Frink 

and Peech 1963b; Ragland and Coleman 1960; Turner 1967). Most other studies of the 

solubility and identification of aluminum hydroxide have been conducted with soils 

and will be described subsequently. 

Summary 

Although theoretical considerations suggest that electrostatic adsorption by 

clays of the hydrolysis products of aluminum should not alter the simple monome- 

ric mechanism, considerable evidence indicates that the presence of an indiffer- 

ent electrolyte such as NaCl may well alter the reaction. Under conditions where 

interplate diffusion is restricted, in-situ hydrolysis is enhanced and various 

hydrolytic species may be specifically sorbed by clays. 

When precautions are taken to prepare pure H-clays, H+ is found to occupy its 

usual place in the so-called lyotropic series. The exchange of Al” 

understood and is apparently influenced by differing charge densities of minerals, 

the nature of the counter ion and uncertainties in corrections for the hydrolysis 

of Al3+ itself. In general, Al3+ does not appear to be as strongly preferred in 

exchange reactions as its valence would suggest. 

Titration curves of H- and Al-saturated clays have been studied for many years, 

but interpretation of the data has lagged behind its collection. It was formerly 

assumed that H-clays titrate as strong acids, Al-clays as weak acids, and mixtures 

is less well 
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of the two exhibit two buffer ranges corresponding to the neutralization of H+ 

ions followed by Al3+ ions. Recent reports of three and four buffer ranges have 

shown that the reactions occurring during titration are considerably more com- 

plex. A l l  four buffer ranges are seldom resolved in a particular titration curve, 

so that interpretations are difficult. It is proposed that aluminum may give rise 

to two intermediate buffer ranges, while the fourth buffer range, recently repor- 

ted, may he due to lattice hydroxyl groups. 

Both solid phase and polynuclear aluminum species are adsorbed by expanding layer 

silicates and may produce hydroxyaluminum interlayers or artificially "chloriti- 

zed" clays. Cation-exchange capacity is reduced and lattice expansion or collapse 

is considerably restricted. While early investigators attempted to assign speci- 

fic structures and OH/A1 ratios to interlayer material, recent work suggests that 

its composition is continuously variable from simple monomeric aluminum through 

various polynuclear species culminating in the precipitation of Al(OH)3. 

ALUMINUM CHEMISTRY IN SOILS 

Having examined in some detail the reactions of aluminum in aqueous solutions 

and clay suspensions, we now inquire how these reactions relate to the chemical 

properties of acid soils in the field. In particular, we will examine factors 

controlling aluminum solubility in soil solutions, the reactions involved in 

neutralization of acid soils and the role of aluminum interlayers. 

Aluminum in Soil Solutions 

Lindsay et al. (1959) measured the solubility of aluminum in CaCl2 extracts 

of three samples of an acid soil, one amended with sulfur, one with lime, and 

an untreated check, and found the ion product pH-l/3pAl to remain nearly con- 

stant for any one sample as the concentration of CaCl2 varied from 0.001 to 0.1 ?. 
This constancy can he predicted from considerations of double layer theory, pro- 

vided the concentrations of Al3+ and H+ on the clay surface remain constant, 

and does not necessarily imply the presence in soil of solid phase Al(OH)3. In 
the three soils examined, pH-l/3pAl was 2.52 in the soil at pH 4.2, 2.66 in the 

soil at pH 4.8 and 2.86 in the soil at pH 5.3 Corresponding values of pH-l/3pAl 

for gibbsite vary from 2.67 (Kittrick 1966) to 2.83 (Frink and Peech 1962) depen- 

ding on the crystallinity of the product. Hence, these soils at pH 4 .8  and pR 5.3 

could he at equilibrium with gibbsite. Subsequent studies (Frink and Peech 1962) 

of the solubility of synthetic gibbsite in soil solutions showed that equilibrium 

was established very slowly, particularly in undersaturated solutions with values 

t 
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Of pH-l/3pAl less than 2.67-2.83. The highest value of pH-l/3pAl for soils super- 

saturated with respect to gibbsite was 3.59, which was reduced only to 3.30 

after equilibration with gibbsite for one month. Hence, it appears that forms of 

AI(OH)3 more soluble than gibbsite can persist in soils for considerable periods 

of time. 

Recently, Richburg and Adams (1970) have suggested that the apparent increase in 

the solubility of A1(OH)3 with increasing soil pH is due to the inappropriate 

choice of the monomeric hydrolysis reaction, equation ( I ) ,  for calculating the 

activity of trivalent aluminum. They report that use of the hydrolysis reaction: 

6A13+ + 15H20 = Al6(OH)15'+ + 15H' (5) 

proposed by Brosset et a1.(1954), considerably reduced the apparent dependency 

of the calculated ion product of A~(oH)~ on soil pH. It should be noted, however, 

that this cannot be the sole criteria for testing the appropriateness of a pro- 

posed hydrolysis constant. Using their approach, for example, one could assign 

arbitrary values to the monomeric hydrolysis constant until the dependence of the 

ion product for A1(OH)3 on pH is minimized. However, such a revised constant would 

then not predict the observed changes in pH on dilution of aluminum salt soluti- 

ons .  Since the proposed mechanism, equation (5), does not meet this criteria either 

(Frink and Peech 1963a), it is doubtful if it should be assumed to describe Al3+ 

activity in soil extracts. Although Richburg and Adams (1970) imply that 

A16 (OH) 1 5  3+ 

tivity of Al3+ 

hydrolysis reactions were assumed to proceed simultaneously. This seems consi- 

stent with the findings of Turner and colleagues (Turner et a1.1968a, 1968b; 

Turner and Ross 1969)in their studies of titration curves of aluminum salt solu- 

tions, namely that polynuclear species may be present in addition to monomeric 

species, particularly at high degrees of neutralization. Thus, it appears possible 

that soil solutions supersaturated with respect to gibbsite, as were all soils 

examined by Richburg and Adams (19701,  could be considered to contain polynuclear 

as well as monomeric aluminum ions. It also seems likely that the particular spe- 

cies will vary from one s o i l  to another depending on past history as has been 

shown with aqueous aluminum salt solutions. 

A number of partially neutralized or basic aluminum salts have been reported to 

precipitate from aqueous solutions and clay suspensions. Singh and Brydon (1967, 

1969, 1970) have identified a crystalline basic aluminum sulfate, basaluminite, 

with formula A1~(OH)IuSOb . 5H20 and pK = 117.3. Well-crystallized aluminum 

is the sole hydrolysis product, they report that the calculated ac- 

was not altered significantly if both the monomeric and polymeric 

SP 
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sulfates have been found in acid sulfate soils (van Beers 1962) and may perhaps 

be basaluminite. Richburg and Adams (1970) examined the solubility product of 

basaluminite in a number of soils and found it to decrease from pK = 117 in soil 

at pH 4 . 4  to pK = 112 in soil at pH 5.6. They attributed this inconstancy to use  

of the monomeric hydrolysis mechanism; using the polymeric mechanism, the calcu- 

lated pK was reasonably constant at approximately pK = 123. Since this compound 

is apparently much less soluble than that studied by Singh and Brydon, the 

question of the appropriate hydrolysis mechanism is again raised. 

Soils may contain other solid phase aluminum compounds, but their role in control- 

ling the solubility of aluminum in soil solution is not clear. Discrete amorphous 

aluminum compounds similar to boehmite have been reported in some soils (de 

Villiers 1969). Copious precipitates of white aluminum hydroxide have been found 

in acid sulfate soils (van Beers 1962). Allophane, an amorphous gel containing 

silica and alumina in mole ratios between 0.5 and 1.3, is formed in many soils 

derived from volcanic ash (Coleman and Thomas 1967). Amorphous material was re- 

ported by Yuan (1969) to constitute as much as 65% of the clay fraction in a va- 

riety of soils, yet little is known of its solubility. 

Although aluminum forms many soluble complexes with the hydroxyl ion, it forms 

few other stable complexes with ions likely present in soil solutions. However, 

fluoride complexes of aluminum are quite stable (Sillén and Martell 1964, 1971) 

and must be considered if fluoride is present in soil extracts. Hem (1968) has 

shown, for example, that fluoride complexes with aluminum will predominate in ma- 

ny natural waters below pH 6.6 in the presence of as little as fluoride. 

Complexes with sulfate may also be important (Turner and Brydon 1965; Richburg 

and Adams 1970) and should be given more consideration in analyses of soil ex- 

tracts. Calculations of Hem (1968) indicate that such complexes would be parti- 

cularly important in acid sulfate soils. Although knowledge of the formation of 

complexes of aluminum with phosphate is fragmentary (Sillén and Martell 1964, 

1971), recent evidence suggests they could easily be important in strongly acid 

soils (Bohn and Peech 1969). 

Aluminum may also form complexes or chelates with soil organic matter. Schnitzer 

(1969) reports some provisional studies indicating that fulvic acid complexes of 

aluminum are more stable than complexes of divalent cations. Aluminum was repor- 

ted to occur as A10H2+ in complexes with metal to fulvic acid ratios of l:l,but 

as Al(OH): 

precipitated, suggesting an explanation of the movement of aluminum in podzols 

in 3:l and 6:l complexes. As more aluminum was added, the complex 

146 



to the B horizon (Schnitzer 1969). Huang and Keller (1972) found the solubility 

of aluminum-bearing minerals to be enhanced by a number of organic acids. They 

also believe aluminum may be transported during weathering in organic complexes 

but subsequently precipitated by anions such as OH-, PO$- or SiO,'-. Complexes 

between aluminum and humic acid have also been reported (Khan 1969). According 

to Greenland (1971), aluminum will react with fulvic acid at pH 4.0 or below 
and be adsorbed in the interlayers of montmorillonite. These bonds, called "cat- 

ion bridges" are rather weak and are readily broken by salt leaching. Aluminum 

sorbed by organic matter is believed to play an important role in soil structure 

and in the pH-dependent cation-exchange capacity of soils as described subse- 

quent ly. 

Neutralization of Acid Soils 

The rationale for much of what has been discussed so far is the hope that it will 

aid in understanding the reactions of soil when amended with lime. Although con- 

troversy still exists over the nature of the beneficial effects of liming, we 

will proceed to examine the reactions of aluminum in limed soils. 

One approach to the problem of predicting pH and solubility of aluminum as a re- 
sult of adding lime has been taken by Turner et a1.(1963) and was described brief- 

ly in a previous section. Clark and Nichol (1966) have shown that the value of 

the corrected lime potential follows that derived from the titration of Al-bento- 

nite with Ca(0H)z for diverse acid and neutral mineral and organic soils. However 

Bache (1970) feels that correcting the solubility product of Al(OH)3 does not 
correct a more basic problem, namely that equilibrium is not established in such 

titrations. He found that both pH-lpCa and pH-l/3pAl varied with time and solid- 
to-solution ratio and concluded that exchange isotherms must be measured to allow 

extrapolation to a point where no exchange of Al3+ 

A different approach to the neutralization reactions of acid soils assumes that 

at least three reactions occur when lime is added, and that these reactions cor- 

respond roughly to the various inflection points observed in the titration of 

acid clays. First, exchangeable hydrogen, if present, is neutralized; most soils 

contain little or no exchangeable hydrogen, however, unless free acid is present 

as is likely in acid sulfate soils (Dewan and Rich 1970). Next, exchangeable and 
non-exchangeable aluminum is neutralized over a pronounced buffer range. Although 

it is often assumed that this buffer range is centered at pH = 5.0, equivalent 
to the value pK = 5.0 for the first-stage hydrolysis constant of aluminum, the 

buffer range undoubtedly varies since even in aluminum salt solutions the pH of  

or Ca2+ occurs. 
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maximum buffer capacity is a function of total aluminum concentration (Frink and 

Sawhney 1967). The final stage of neutralization involves edge sites of minerals 

and weak acid groups of soil organic matter. The neutralization of soils in these 

latter buffer ranges, above about pH 5.5-6.0, creates additional cation-exchange 

capacity, commonly referred to as pH-dependent CEC. Since this pH-dependent CEC 

can be detected in titration curves, but is not exchangeable with neutral salts, 

it is also included in measurements of titratable acidity (Coleman and Thomas 

1967). 

The presence of pH-dependent CEC in soils has at least two important consequen- 

ces: it causes large differences in apparent lime requirements depending on the 

method of measurement, and also affects the availability of other cations.Methods 

of measurement of lime requirement have been ably reviewed by Coleman and 

Thomas (1967). Controversy still exists, however, as to whether soils should be 

limed to neutralize exchangeable A l 3 +  (Kamprath 1970; Reeve and Sumner 1970) or 

to raise the pH to nearer neutrality'). The subject of the effect of liming on 

the availability of other cations, particularly potassium, is also one of some 

controversy. Recent evidence (Thomas and Coleman 1959; Bartlett and YcIntosh 1969) 

suggests, however, that liming decreases potassium availability by increasing the 

CEC, thereby lowering the degree of potassium saturation of the exchange sites 

and, hence, its availability. Coleman and Thomas (1967) suggest that liming can 

also reduce CEC in the intermediate pH range of approximately 5.5 by precipita- 

ting aluminum and blocking exchange sites. This phenomenon has not been widely 

observed, however, in field studies. 

Because of the importance of pH-dependent CEC in soils, considerable effort has 

been devoted to its description and measurement. Since clays containing synthe- 

tic aluminum interlayers exhibit pH-dependent CEC (de Villiers and Jackson 

1967b) the pH-dependent CEC of soils is often attributed in large part to alu- 

minum interlayers or sesquioxide coatings on clay surfaces (de Villiers and 

Jackson 1967a; Rich 1968). Soil organic matter also contributes to pH-dependent 

CEC (Coleman and Thomas 1967) and its contribution frequently may be large. In 

addition, an association of hydroxyaluminum with organic matter is often implied, 

which compounds the problem of separating the various components of pH-dependent 

CEC. 

+) Lime Requirement of Soils-Inactivate Toxic Substances or Favorable pH Range? 
E.O.McLean, E.J.Kamprath. Ltrs. to the Editor. Soil Sci.Soc.Amer.Proc. 
34: 363-364. 
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McLean and his colleagues have studied pH-dependent CEC in some detail; McLean 

and Owen (1969) found from multiple regression analysis that in a wide variety 

of soils, organic matter contributed about 20% of the CEC at pH 2.5, but more than 

45% at pH 8.0. They also reported that organic exchange sites unable to sorb K+ 

from K C 1  were inactivated by non-exchangeable aluminum. Liming appeared to reac- 

tivate these sites, presumably by deprotonation of hydroxyaluminum, in agreement 

with earlier results by Bhumbla and McLean (1965). Fiskell (1970) measured pH-de- 

pendent CEC in surface and subsurface horizons of varying organic matter and clay 

content and concluded that apparent pH-dependent CEC was mainly due to hydroxyy- 

aluminum in interlayers and to that associated with organic matter. 

Sawhney et al. (1970) proposed that contributions to pH-dependent CEC from orga- 

nic matter and aluminum interlayers could be distinguished by measuring the re- 

versibility of changes in CEC with pH. The increase in CEC from release of pro- 

tons of weakly-dissociated organic matter should be eliminated by simply decrea- 

sing the pH again. Since raising the pH presumably would irreversibly precipi- 

tate aluminum interlayers or sesquioxide coatings, the increase in pH-dependent 

CEC from this source would be permanent. Most of the pH-dependent CEC in a number 

of spodosols from the Northeast was reversible and hence was attributed to 

weakly acidic organic matter groups. Unfortunately, aluminum bound to organic 

sites might also react in similar fashion, so the contribution of aluminum-orga- 

nic matter complexes to PH-dependent CEC is not resolved by this technique. Saw- 
hney, et al. (1970) did find, however, in agreement with other earlier studies, 

that the pH-dependent CEC was reasonably well correlated with amounts of alumi- 

num extracted with NaOAc at PH 4.8. Subsequently, Sawhney and Norrish (1971) sho- 
wed that kaolinite, halloysite, imogolite and allophane can contribute signifi- 

cantly to reversible pH-dependent CEC when present in soils. Irreversible com- 
ponents of pH-dependent CEC were shown to be very small in soils of tropical re- 

gions. 

Pionke and Corey (1967) have defined "non-exchangeable acidic aluminum" as the 

difference between Al extracted by pH 4.8 E NHhOAc and that extracted by 1E K C 1 .  

This "non-exchangeable acidic aluminum" reached a maximum in soils at about pH 

5.0 and decreased in more acid or alkaline soils. Since this non-exchangeable 

acidic aluminum was correlated better with soil organic matter than with pH or 

clay content, they proposed it was complexed by soil organic matter according to 

the scheme: 
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where OM represents organic matter and X the clay component. Although the pro- 

posed reaction seems reasonable, the coincidence of the observed maximum in so-  

lubility with the pH of the extracting solution makes it possible that this is 

an artifact, i.e., the solubility of aluminum in soils more aci.d than the ex- 

tractant might be reduced while the solubility in less acid soils would be in- 

creased. 

Subsequently, Pionke et a1.(1968) compared the ability of various soil proper- 

ties to predict lime requirement, and ranked them in the order: pH-dependent 

sites on organic matter > non-exchangeable acidic aluminum > exchangeable Al3+ 

- > pH-dependent sites on clays. The regression relationship obtained accounted 

for nearly 90% of the observed variability in lime requirement as measured by 

neutralization with CaCO3 to pH 6.0 in 1N KC1. 

In oxisols, Reeve.and Sumner (1971) have found little relationship between pH 

and exchangeable A13+3, a finding contrary to much earlier work. They propose that 

the scheme presented by Pionke and Corey (1967) be modified as follows: 

4 t  
Exch Al+&k[(CEC - AEC) - Exch bases] 

where net CEC (the CEC l ess  anion exchange capacity, AEC) and exchangeable bases 

control exchangeable Al3+ in equilibrium with hydroxyaluminum species and com- 

plexes with organic matter. 

Thus, these various schemes suggest that exchangeable A l 3 +  exists in relatively 

small amounts in soils but is in equilibrium with a relatively large p o o l  of non- 

exchangeable aluminum. Early studies attributed much of this non-exchangeable 

aluminum to aluminum interlayers and oxide coatings. Present evidence, however, 

indicates that organic matter complexes are also important. Coleman and Thomas 
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(1967) suggested that "neutralization of organic matter in acid soils may be no 

more a titration of a weak acid than is neutralization of clay", and subsequent 

studies indicate they may well be correct. 

Aluminum Interlayers 

Aluminum interlayers are found in expanding layer silicates in a wide variety 

of soils and sediments, yet the optimum conditions favoring their formation, even 

under laboratory conditions, are not known completely. Moreover, aluminum inter- 

layers found in soils are in general more resistant to heat treatment and chemi- 

cal extractants than synthetic laboratory samples. Rich (1968) is of the opinion 

that formation of  aluminum interlayers in soils is favored by: active weathering 

to provide aluminum, moderate pH (4.6-5.8), low organic matter content and fre- 

quent wetting and drying. In tidal sediments in California, Lynn and whittig 

(1966) found that under reducing conditions chlorite containing ferrous iron 

apparently was formed. Other studies (Rich 1968) indicate that magnesium may be 

an important component of interlayers in marine sediments. 

According to Jackson (1963a) in acid soils aluminum interlayers form via the 

weathering sequence: 

mica+vermiculite#14A intergrade. 

The interlayer material may then degrade through the sequence: 

14A intergrademAl-chlorite-kaolinite. 

Considerable evidence exists that these reaction sequences are indeed reasonable 

(Rich 1968). Less is known, however, of the reversibility of weathering sequen- 

ces. Lynn and Whittig (1966) found undrained sediments contained montmorillonite, 

chlorite, mica and kaolinite. Sediments drained for six years developed typical 

cat-clay characteristics, yet the clay minerals were unaltered. After 60 years of 
drainage, however, all crystalline minerals showed deterioration and diffuse X-ray 

diffraction patterns. Chlorite had decreased the most and apparently had been 

converted to montmorillonite (or a high charge mica), hence reversing the weathe- 

ring process. Frink (1969) reported that chloritized vermiculite transported from 

a watershed of acid soils into a neutral lake environment was apparently stripped 

of aluminum interlayers and partially converted to illite. Efforts to demonstra- 

te dechloritization by comparison of paired wooded and cultivated soils were not 

successful. 

+) Frink C.R.  1968. Aluminum interlayers in wooded and cultivated soils. 

+) 

Agron. Abstr. p.151. 
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As with clays containing synthetic aluminum interlayers, the cation-exchange 

capacity of soils is reduced by aluminum interlayers. Although these interlayers 

are often thought to be to be the source of pH-dependent CEC, we have seen that 

organic matter in soils also plays an important role. Changes in exchange capa- 

city on extraction with reagents which remove aluminum have been used to measure 

the extent of interlayer formation (Frink 1965) ;  however, it is likely that some 

of the increase found is merely a manifestation of pH-dependent CEC. 

Aluminum interlayers also affect the fixation of K+, NHL, , Cs , and Rb' by layer 

silicates. The interlayer material tends to prop open layer silicates and reduce 

K+ fixation by preventing layer collapse in vermiculite and soil clays containing 

vermiculite (Rich 1968). Selectivity of minerals for K-size ions is also altered 

since they may enter partially opened mica layers without causing collapse (Rich 

1968) .  Although most mechanisms proposed to explain the selectivity for K+ in 

minerals (Sawhney 1972) suggest that aluminum interlayers should decrease selec- 

tivity for K+, Kozak and Huang (1971) report enhanced selectivity in interlayered 

vermiculite and K-depleted biotite. They propose that, in addition to the "prop- 

ping effect" on K+ fixation, aluminum interlayers increase the apparent K/Ca 

selectivity by interfering with calcium exchange. 

Summary 

The solubility of aluminum in some acid soils appears to be controlled by the so- 

lubility of gibbsite. However, soils at higher pH appear to be supersaturated 

with respect to gibbsite. Such soils may contain more soluble forms of Al(OH)3 

or, perhaps, soluble polynuclear species. Soluble complexes of aluminum with 

phosphate, sulfate, fluoride, and organic matter may also be present in soils. 

Other solid phase aluminum compounds are found in soils, but their role in con- 

trolling aluminum solubility is uncertain. 

The neutralization of acid soils is believed to involve at least three reactions: 

first, neutralization of exchangeable hydrogen, present only in very acid soils; 

second, neutralization of exchangeable and non-exchangeable aluminum; and third, 

neutralization of a rather vague collection of acids including edge sites of mi- 

nerals and organic matter. This latter range corresponds roughly to pH-dependent 

CEC which in turn influences lime requirement and the availability of other 

cations. Studies of pH-dependent CEC in soils suggest that relatively small 

amounts of exchangeable aluminum occur in equilibrium with a relatively large 

pool of non-exchangeable acidic aluminum. Earlier studies associated this latter 

category with interlayer aluminum; present evidence indicates that complexes 

with organic matter should also be considered. 
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Aluminum interlayers reduce soil CEC and reduce the ability of vermiculites to 

fix K+ and other ions of similar size and charge. Optimum conditions for their 

formation are moderate pH, low organic matter content, and frequent wetting and 

drying. Once formed, they may weather ultimately to kaolinite or, if environmental 

conditions change, as in draining of acid sulfate soils, they may revert to pre- 

cursors in the weathering sequence. 

ALUMINUM AND SOIL PHYSICAL PROPERTIES 

In view of the extensive studies of the chemistry of aluminum in soils, it is 

somewhat surprising that little is known of the effect of  aluminum on the physi- 

cal properties of soils. We will begin by examining some of the effects of alu- 

minum on physical properties of clays and then examine physical properties of 

acid soils in the field. 

Observations of Al-saturated montmorillonite by Banin and Shaked (1969) and 

Schwertmann (1969) indicate that such clays are well aggregated, with tactoids 

containing ten or more plates. Davey and Low (1971) observed that a mixed Na-Al 

montmorillonite became viscous and gelation commenced in 2% suspensions, while 

the same behavior was not noted in pure Na-saturated clays until the suspension 

concentration reached 4 % .  The tensile strength of montmorillonite was found to 

increase as the valence of the saturating cation increased; however, Dowdy and 

Larson (1971) felt Some of the tensile strength of Al-montmorillonite was due to 

the formation of hydrous oxides. Kidder and Reed (1972) found that macroscopic 

swelling of montmorillonite was greatly reduced by introduction of synthetic 

aluminum interlayers. Similarly, Tamura (1957) had reported that removal of alumi- 

num interlayers from a soil montmorillonite permitted it to swell on glycerol 

solvation. Quigley (1969) pointed out that adsorbed aluminum causes problems in 

soil mechanics research, since the usual chemical pretreatments to prepare "clean" 

clays may remove adsorbed aluminum, making engineering test data unreliable in 

the field. Quigley (1969) felt that adsorbed aluminum particularly affected the 

measurements of Attenberg plastics limits. Thus, all of these reports suggest 

that aluminum may act to hold clay particles together and presumably should have 

some effect on soil structure. 

Iron oxides have long been thought to be the primary agent cementing clay parti- 

cles together providing the various kinds of structure observed in field soils. 

However, recent evidence suggests that aluminum may be more important than iron 

in many soils. Flach et al. (1969) suggest t o o  much importance may have been 
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ascribed to iron, due to its obvious coloration and ease of extraction, and that 

aluminum cementing agents should be examined more thoroughly. Deshpande et al. 
(1968) have reviewed earlier work and have also conducted extensive studies of the 

relationship between changes in the physical structure of red soils and amounts 

of iron, aluminum, silica and organic matter removed by various extractants. They 

concluded that most of the free iron oxides in such soils exist as discrete par- 

ticles with little effect on soil physical properties, and that aluminum, along 

with minor amounts of iron and silica, plays the major role in cementation of 

soil particles into structural units. Saini et a1.(1966) examined aggregate 

stability in the B-horizon of spodosols and found a better correlation of stabi- 

lity with aluminum oxides than with iron oxides. Reeder et al. (1967) presented 

evidence suggesting that aluminum is involved in creating structural stability 

in solonetzic soils when the pH is lowered. 

Other studies have not shown aluminum to be involved in formation of some soil 

structures. Grossman and Carlisle (1969), for example, have reviewed available 

information on fragipan formation and concluded that aluminum is not the principle 

cementing agent in these pans. Aluminum interlayers might be expected to reduce 

measured clay contents of soils unless drastic dispersants are used prior to 

mechanical analysis. However, studies in this laboratory of the clay contents of 

interlayered soils described by Frink (1965) have failed to show any difference 

between clay content determined before or after extraction with sodium citrate. 
Similarly, Dixon et a1.(1968) compared particle sizes determined after the con- 

ventional sodium metaphosphate dispersion and those found following a more dras- 

tic treatment with c i t r a t e -d i th ion i t e -b i ca rbona te .  Even though some of the soils 

studied contained very stable aluminum interlayers, particle sizes by the two 

methods were nearly identical. Hence, aluminum is apparently not a universal ce- 

menting agent in all soils. These studies do emphasize, however, that continued 

attention should be given to the role of aluminum in soil aggregation as sugges- 

ted some time ago by Jackson (1963a, 1963 b). 

While it is quite likely that organic matter plays a most important role in the 

structure of clay soils (Boekel 1963), aluminum-organic combinations may also 

play some part. According to Edwards and Bremner (1967), microaggregate formation 

in soils involves the binding of organic matter by clay through linkage with po- 

lyvalent metals on exchange sites. Parfitt and Greenland (1970) found that soil 

polysaccharides were little adsorbed by Na- or Ca-montmorillonite but strongly 

adsorbed by Al-montmorillonite. However, Martin and Richards (1969) showed that 

iron and aluminum salts greatly reduced the influence of various polysaccharides 
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on soil aggregation and hydraulic conductivity. This may be due in part to increa- 

sed bonding among individual polysaccharide molecules, since the effect was 

much less if the soil was treated first with the polysaccharide and then with 

the metal. Despite considerable accumulated information on the nature of soil 

polysaccharides (Swincer et al. 1969) and on the nature of clay-organic complex- 

es (Mortland 1970) ,  the role of aluminum in binding organic matter to soil is 

largely unknown. 

Since acid soils are generally amended with lime to improve fertility, we should 

consider the effect of liming on soil structure. Emerson and Dettmann (1960), 

from a review of earlier work and studies of their own, concluded that liming 

decreases attractive forces between clay particles, presumably by neutralizing 

trivalent aluminum, and hence tends to reduce the stability of soil crumbs. How- 

ever, liming and especially the presence of free CaC03 provides enough soluble 

Caz+ to maintain flocculation and help keep drainage waters clear. In acid sul- 

fate s o i l s ,  flocculation of silt in drainage water by soluble aluminum has a simi- 

lar effect; however, the tremendous accumulation of silt rapidly fills the canals, 

making frequent dredging necessary (Moormann 1963). Large amounts of Ca(0H)z (se- 

veral percent by weight) are sometimes added to soil to reduce swelling and shrin- 

king and improve its mechanical properties for roads and other structures. Most 

earlier studies ,of lime soil stabilization assumed that the reaction involved 

dissolution of existing clay minerals and the formation of new calcium silicate 

and calcium aluminum hydrates (Grim 1962). Recent work by Pettry and Rich (1971) 

shows that clay minerals are not completely dissolved, since an acid extraction 

restored the original X-ray diffraction patterns. Apparently, CaC03 is a major 

reaction product, along with some soil-Ca(0H)z reaction products found lining 

the interior walls of soil voids and as intergranular bridges. These reactions 

would not be expected, however, as a result of normal liming of agricultural 

soils. 

Summary 

Aluminum reacts with clays and causes increased aggregation, viscosity, and 

tensile strength and reduces macroscopic swelling. Although iron has long been 

thought to be the principal cementing agent in soils, present evidence indicates 

that aluminum is of major importance in creating structural stability in red 

soils and spodosols. The nature of the cementing agent in fragipans is not known, . 

but it does not appear to be aluminum. Although aluminum interlayers are common 

in many acid soils, they are not stable enough to prevent dispersion of soils 

for mechanical analyses. While clay-organic matter complexes may be responsible 
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for structural stability in many soils, the role of aluminum in binding organic 

matter to clay is not yet clear. Liming of acid soils has heen shown to reduce 

structural stability of soil crumbs, perhaps by neutralizing exchangeable alu- 

minum. 

SUMMARY AND CONCLUSIONS 

The simple monomeric hydrolysis mechanism provides a satisfactory description of 
the pH and aluminum ion activity of dilute aqueous aluminum salt solutions at 

low basicities. When base is added, a solid phase of Al(OH)3 is formed with vary- 

ing degrees of anion substitution. At high basicities, significant amounts of 

various metastable polynuclear hydroxyaluminum cations may be present in solution. 

Present evidence indicates that the monomeric hydrolysis mechanism is still ope- 
rative in such solutions, since there is no unequivocal proof of the superiority 

of any particular polymeric mechanism. 

Theoretical considerations and experimental data show that the monomeric hydro- 

lysis mechanism is not altered by simple electrostatic adsorption of hydrolysis 

products on clay surfaces. However, where diffusion is restricted by lattice col- 

lapse, in-situ hydrolysis is enhanced and various hydrolytic products may be 

specifically sorbed by clays. Studies of the exchange of aluminum are complicated 
by corrections for hydrolysis, but Al3+ does not seem to be as strongly preferred 

in exchange reactions as its valence might otherwise suggest. This behavior must 

also be attributed to specific sorption effects which are poorly understood. 

The neutralization of acid clays involves several reactions: first, neutraliza- 

tion of exchangeable hydrogen; second, neutralization of aluminum, which may 
include both exchangeable and non-exchangeable forms; and third, neutralization 

of lattice hydroxyl groups. Titration curves may reveal three or four buffer 
ranges depending on how well these various reactions are resolved. 

Both solid phase and soluble aluminum species may be adsorbed by expanding 
layer silicates, producing hydroxyaluminum interlayers. As a result, cation- 

exchange capacity is reduced and lattice expansion and collapse is considerably 

restricted. Interlayers also reduce the ability of vermiculite to fix K+ and 

other ions of  similar size and charge. While early investigators attempted to 

assign specific structures and OH/A1 ratios to interlayer material, recent work 

suggests that the composition is continuously variable from simple monomeric 

aluminum through various polynuclear species culminating in the precipitation 

of Al(OH),. In soils, optimum conditions for the formation of aluminum interlayers 
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are moderate pH, low organic matter content, and frequent wetting and drying. 

The solubility of aluminum in some acid soils appears to be controlled by 

the solubility of gibbsite. However, soils at higher pH appear to be supersatu- 

rated with respect to gibbsite. Such soils may contain more soluble forms of 

Al(OH)3, or polynuclear species of aluminum may be present. Soluble complexes 

of aluminum with phosphate, sulfate, fluoride, and organic matter may also be 

present in soils under some circumstances. 

The neutralization reactions of acid soils are similar to those of acid clays but 
also include reactions of soil organic matter. The third or final neutralization 

range in soils corresponds roughly to pH-dependent CEC which in turn influences 

lime requirement and the availability of other cations. Studies of the pH-depen- 

dent CEC of soils suggest that relatively small amounts of exchangeable aluminum 

occur in equilibrium with a relatively large pool  of non-exchangeable acidic alu- 

minum. Earlier studies associated this latter category largely with interlayer 

aluminum, but recent work indicates that complexes with organic matter must also 

be considered. 

Aluminum reacts with clays, causing increased aggregation, viscosity, and tensile 

strength but reduces macroscopic swelling. Although iron has long been thought 

to be the principal cementing agent in soils, it now appears that aluminum is of 

major importance in creating structural stability in red soils and spodosols. 

The nature of the cementing agent in Eragipans is not known, but it does not 
appear to be aluminum. Although aluminum interlayers are common in many acid soils, 

they are not stable enough to prevent dispersion of soils during mechanical ana- 

lyses. While clay-organic matter complexes are responsible for structural stabi- 

lity in many soils, the role of aluminum in binding organic matter to clay is not 

yet clear. Liming of acid s o i l s  reduces the structural stability of soil crumbs, 

perhaps by neutralizing exchangeable aluminum. 

Despite occasional pessimism that studies of aluminum chemistry in aqueous solu- 

tions can lead to an understanding of the reactions of acid soils in the field, 

the record indicates that considerable progress has been made. Promising areas 

for further research include studies of the hydration status of aluminum ions 

adsorbed on clay surfaces, investigations of the nature of soluble aluminum spe- 

cies in supersaturated solutions with the aim of simplifying the present be- 

wildering array of proposed polynuclear species, and an examination of the 

complexes of aluminum with inorganic and organic ligands present in soils. 
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Summary 

Th i s  introductory l ec ture  reviews and summarizes recent  achievements in aluminum 
chemistry in r e l a t i o n  t o  soil a c i d i t y .  Subsequently are considered the  aluminum 
react ions in aqueous solutions, i n  clay suspensions and i n  soils. The explanation 
of aluminum behaviour is d i f f i c u l t  because of uncer ta in t i e s  about both the  nature 
o f  t h e  solid phase and monomeric and polynuclear dissolved spec ie s .  Aluminwn 

in t e rac t ions  w i th  clay minerals,  organic matter and metaloid ions f u r t h e r  com- 
pZicate t h i s  p i c ture .  A Z 2  t he  same considerable progress has been made i n  d i s t i n -  

guishing various o f  t he  aluminum species  and i n  recognizing t h e i r  very important 

r o l e  in soil react ion,  ca t ion  exchange react ions and s t a b i l i z a t i o n  of s o i l  s t ruc -  

t u re ,  e spec ia l l y  i n  acid soils. 

Résumé 

Ce t t e  i n t roduc to i re  passe en revue e t  résume l e s  r é s u l t a t s  récents  de l a  chimie 

d'aluminwn par rapport 2 l ' a c i d i t é  du sol. Consécutiuement ont  été t r a i t é e s  Zes 

réact ions d ' a l w n i n m  dans l e s  so lu t ions  aqueuses, dans l es  suspensions argi leuses  
e t  das Zes sols mgmes. L ' i n t e ~ r é t a t i o n  de Za condui te de l ' a l w n i n m  e s t  difficile 
à cause des i n c e r t i t u d e s  autour du caractère de l a  phase solide e t  des espèces 
d i s so lues  moflomériques e t  po Lynucléaires. E n  p lus  7, ' i n t e r p r é t a t i o n  e s t  compliquée 

par l e s  i n t e rac t ions  d'aluminium avec l e s  minéraux d ' a r g i l e s ,  l a  matière organique 
e t  Zes ions métal loides .  Néanmoins on a réussi à déterminer p lus i eurs  d 'espèces  

d'aluminium e t  leurs  inf luence sur l a  r éac t ion  du sol, l'échange de cat ions e t  
La s t a b i l i s a t i o n  de la s t ruc ture ,  sur tou t  dans l e s  sols acides .  

Resumen 

Esta ponencia da una resem de las r e s u l t a s  rec i en te s  en l a  quimica de aluminio 
relacionado a l  acidez  de suelo.  Se ha tratado consecutivamente l a s  reacciones de 
aluminio en soluciones acuosas, en suspeneiones arcillosas y en sue los .  E s  m y  

d i f i c i l  e l  i n t e rpre tar  del  comportmiento d e l  alwninio debido a l a s  incertidumbres 
r e l a t i v o  a l  caracter de l a  fase sol-ida y de las  especies  d i s u e l t a s  monoméricas 

y pol inuclearias .  Cuego se complica eZ concept0 por las reaceiones de a 2 m i n i o  
antes  de minerales a r c i l l o s a s ,  materia organica y iones metaloides.  Sin embargo 

s e  ha uvarmado en medida progresiva en determinando especies  de aluminio y reco- 

nosciendo SU i n f l u e n c i a  en l a  reacción d e l  suelo, l o s  procesos de intercambio 

de cat iones y l a  s t a b i l i s a c i d n  de l a  e s t ruc tura ,  sobre todo  en los suelos 

ácidos.  
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Zusammen f assunyC 

Diese Einleitung i s t  eine Zusmenfassung der l e t z t e n  Entwicklungen i m  Gebiet 
der Aluminiwnchemie i n  Beziehung zur Bodensäure. Nacheinander werden behandelt 
d ie  Alwniniwnreaktionen in WasserZösungen, i n  Tonsuspensionen und i n  Böden. Die 
Erklärung des Alwniniwnbenehmens wird erschwert durch Unsicherheiten ì&er das 
Naturell der f e s t e n  Phase und der  aufgelösten monomerischen und polynukleären 
Aluminiwnarten. Weiterhin wird das Bild kompliziert durch d i e  Wechselwirkung 
zwischen AZminiwn und To&neraZien, organischen Substanzen und metalloiden 10- 
nen. Trotzdem hat man wichtige Fortschri t te  gemacht namentlich i n  der  Determina- 
t i on  uon versehiedenen Aluminiwnarten und i m  besseren Kenntnis derer  spezi f ischen 
Wirkungen auf die Bodensäure, Kationen-Austauschkapazität und S t a b i l i t ä t  der 

Bodens t ruk  tur .  
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