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Abstract 

A model describes the effect of sorption, charge-determined selectivity and chemi
cal equilibria among aluminium species on the aluminium-clay interaction. The 
model fits the results of an experiment, involving adsorption of aluminium onto so
dium montmorillonite and explains apparently contradictory experimental results 
about aluminium-clay interaction described in the literature. 

Introduction 

In order to characterize the influence of aluminium on soil, insight in the mecha
nisms controlling the amount and type of aluminium species present in soils is re
quired. Interaction between clay minerals and aluminium ions influences alumini
um speciation (Chernov, 1947; Haward & Coleman, 1954; Ragland & Coleman, 
I960; Frink & Peech, 1963; Bruggenwert, 1972; Brown & Newman, 1973; Bloom et 
al., 1977; Hodges & Zelazny, 1983). To explain phenomena related to the interac
tion, special attention has been paid to the influence of clay on the degree of hydro
lysis of aluminium species. Ragland & Coleman (1960) equilibrated an aluminium 
montmorillonite (prepared with 1/3 mol/1 A1C13) with a 10~3 mol/1 A1C13 solution 
and observed adsorption of aluminium ions in excess of the cation exchange capaci
ty (CEC) and H ion production equivalent to this excess. They concluded that the 
hydrolysis of aluminium ions is increased by clay. Obviously, the clay acted as a ca
talyst for the precipitation of Al(OH)3(s). Usually adsorbed aluminium ions are 
only partially exchangeable upon extraction with neutral salts (Hsu & Rich, 1960; 
Nye et al., 1961; Coulter, 1969; Coleman & Thomas, 1967). This phenomenon was 
attributed to increased hydrolysis of adsorbed Al3+ ions upon addition of neutral 
salts, or to hydrolysis of exchanged Al3+ ions followed by readsorption of the hydro
lysis products. These processes could explain both the decrease of pH upon increas
ing salt level of a suspension of aluminium-clay, and the higher H/Al ratio in an 
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equilibrium solution of a clay suspension than in a 'stoichiometrically neutral' solu
tion of aluminium salts of the same molarity in aluminium (Kaddah & Coleman, 
1967). These authors, however, observed a decreasing H/Al ratio in the equilibri
um solution with increasing ionic strength, which could not be explained. Bloom et 
al. (1977) indicated that the calcium-clay surface promoted hydrolysis of Al3+ at 
partial coverage of exchange sites by aluminium. 

While many authors explained their experimental results on the basis of prefer
ential adsorption of hydrolysis products of Al3+ ions by clays, Frink (1960) and 
Frink & Peech (1963) presented a model based on adsorption of Al3+, AlOH2"1" and 
H+ ions according to their Boltzmann accumulation factor. Because Al3+ ions 
should be preferred to AlOH2"1" ions, these authors concluded that addition of clay 
suppresses the hydrolysis of aluminium ions. At pH 5 and at partial coverage of the 
montmorillonite with Al3+ ions Bruggenwert (1972) observed suppressed hydroly
sis of aluminium ions in a sodium-aluminium montmorillonite suspension but in
creased hydrolysis of aluminium ions in a calcium-aluminium montmorillonite sus
pension. Hodges & Zelazny (1983) added aluminium, with an OH/A1 ratio of 0.75-
2.0, to kaolinite. They measured suppressed hydrolysis at low loading rates and in
creased hydrolysis of the adsorbed and fixed species at high loading rates. The lat
ter authors propose an adsorption mechanism controlled by exchange sites with dif
ferent affinities. 

With respect to the pH value in an aluminium-clay system the following may be 
noted. In a stoichiometrically neutral (SN) aluminium salt solution (i.e. an alumini
um salt solution without any addition of free acid or alkali) the pH is, in the absence 
of precipitation, fully determined by the concentration level of total aluminium in 
solution. A decrease of this concentration leads to an increase of pH. When only 
Al3+ is removed by preferential adsorption on clay, the effect is thus simply an in
crease of pH. However, removal of aluminium from the solution by means of pre
cipitation produces protons and, at the simultaneous occurrence of both adsorption 
and precipitation, counteracts the pH increase caused by adsorption; this may 
eventually even lead to a pH decrease during aluminium removal from the solution. 

This paper presents a simple quantitative model based on adsorption in accord
ance with the charge of the species involved, precipitation of Al(OH)3(s) and chem
ical equilibrium between dissolved aluminium species. Removal of aluminium ions 
from solutions by the different processes is indicated as sorption. The model has 
been tested using experimental results on the influence of the aluminium/clay ratio 
on aluminium speciation and pH in a sodium-aluminium clay suspension. 

The advantage of this new model as compared with classical exchange models is 
that the phenomena reported in the literature, concerning aluminium-clay interac
tions, can be explained in a coherent way. The model bridges the apparent contro
versy between hypotheses concerning this interaction. 

General considerations 

The interaction between aluminium ions and clay minerals is influenced by adsorp
tion of Al3+ ions and their hydrolysis products on the one hand and by chemical pro
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cesses involving aluminium ions (hydrolysis, polymerization, precipitation) on the 
other hand. 

A key variable in describing the interaction of aluminium ions with clay minerals 
is the ion activity product (IAP): 

IAP = (Al3+) (OH")3 (1) 

where (k) indicates the activity of species k. 
In a SN aluminium salt solution IAP increases with decreasing aluminium concen
tration because the effect of a decrease of the total aluminium concentration on 
IAP is dominated by the increase of pH. In concentrated aluminium salt solutions 
(>0.1 mol/1) IAP is smaller than the solubility product of gibbsite, while at a low to
tal aluminium concentration (<10-3 mol/1) IAP surpasses the solubility product of a 
fresh Al(OH)3 precipitate (>10-33). Thus the paradox arises that due to dilution of 
an aluminium salt solution, Al(OH)3(s) will eventually precipitate. The reverse of 
this paradox is that, in principle, it is possible to dissolve Al(OH)3(s) by addition of 
a SN aluminium salt. Addition of a sodium montmorillonite to a SN aluminium salt 
solution leads to a redistribution of the aluminium ions over the solution and ad
sorption phase, resulting in a decrease of dissolved aluminium. If in both phases the 
aluminium solution is stoichiometricaly neutral, then: 

IAPa SN < IAPC SN (2) 

where IAPa SN is the ion activity product (Al3+)(OH-)3 of a SN aluminium salt solu
tion with the same aluminium concentration as in the adsorption phase and IAPe SN 

is the ion activity product for the equilibrium solution phase. 
The situation described in Eq. 2 will not occur in reality. The species involved will 

be adsorbed in accordance with their charge, leading to: 

(Al3+)a = (Al3+)e x ß3 (3a) 

(H+)a = (H+)e x B (3b) 

The subscripts a and e again indicate the adsorption phase and the equilibrium 
bulk solution phase, respectively. B is the Boltzmann factor, exp(-erp/kT). As a 
consequence of this selective adsorption the situation at equilibrium can be de
scribed by: 

IAPa = IAPe (4) 

This is so because the ion activity product in the adsorption phase equals: 

IAPa = (Al3+)e(S)3(OH-)p)"3 = (Al3+)e(OH-)3 (5) 

with B the mean value of B in the adsorption phase. Thus, although the activity of 
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both Al3+ and OH" near the exchanger deviates strongly from that in the bulk solu
tion, the IAP is the same because the terms including B cancel, at least if the ad
sorption is exclusively defined by electrostatic effects. 

The effect of the selective adsorption on the situation in both phases can be con
cluded from the combination of Eqs. 2 and 4: 

Eq. 6 indicates that compared with a SN aluminium salt solution with the same alu
minium concentration, the adsorption phase is proton depleted while the equilibri
um bulk solution is proton enriched. The magnitude of the H ion depletion and H 
ion enrichment and the related value for IAPa and IAPe is determined by: 
a. the selective adsorption which is a function of the symmetry of the system (total 
amount of cations per equivalent clay), nature of the cations (AI, Na, Ca, . . .) and 
the salt concentration in the equilibrium bulk solution. 
b. secondary chemical reactions among the aluminium species in the adsorption 
phase, as a reaction on the H ion depletion induced by the selective adsorption. As
suming that IAPa cannot exceed the solubility product, Ksp, of (fresh) aluminium 
hydroxide, it leads to: 

The total charge of sorbed aluminium decreases when part of this aluminium hydro
lyses (including the formation of Al(OH)3(s)). Since the CEC of the clay should be 
compensated by an equivalent sorption of cations (neglecting anion exclusion) this 
means that an 'extra' amount of cations will be sorbed that is equal to the amount of 
protons brought into the equilibrium bulk solution by the formation of Al(OH)3(s) 
and other hydrolysis products. This process continues until IAPe = IAPa (= K ). 

Model formulation 

The behaviour of aluminium in clay suspensions is simulated in a (selective adsorp
tion precipitation) model involving: 
a. Chemical equilibrium among Al3+, A10H2+, Al2(OH2)4+, Al2(OH3)3+ and 
A1(OH)3(S) if present. The equilibria are defined as follows: 

IAPa sN < IAPa — IAPe < IAPe SN (6) 

IAPa«/Csp (7) 

Kn = (A10H2+) (H+)/(Al3+) 
p/Cn = 5.0 (Schofield & Taylor, 1954; Kubota, 1956; Frink, 1960) 

(8) 

K22 = (Al2(OH)4+)(H+)2/(Al3+)2 

pK22 = 7.55 (Faucherre, 1954; Kenttämaa, 1955) 
(9) 

K23 = (A12(0H)3+)(H+)3/(A13+)2 

p/C23 = 10.3 (Brosset et al., 1954) 
(10) 
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= (Al3+) (OH")3 

pKsp =33.5 (Sillén & Martell, 1964) 
(11) 

Activity coefficients, f k ,  are calculated with the Debye-Hückel equation: 

-log/k = A z2k V//(l + ak B V/) (12) 

in which I indicates the ionic strength, A and B are constants for a given system, zk is 
the charge of the ion species k and ak is an ionic size parameter (Novozamsky et al., 
1981). The activity coefficient of the ions in the adsorption phase is taken as unity, 
b. Charge-determined adsorption of a species k with concentration C(k), and 
charge zk according to Boltzmann: 

c. CEC of the montmorillonite. It is assumed that the CEC of the sodium-clay does 
not change during addition of aluminium. 
d. Mass balances including: 
- total amounts of ions initially present in and added to the system (including H and 
OH ions). 
- distribution of the species over the adsorption phase and equilibrium bulk solu
tion, e.g. in case of sodium: 

in which Ve and Va indicate the volume of the equilibrium bulk solution and adsorp
tion phase, respectively. The latter is estimated according to: 

in which 5 is the specific surface area, taken as 780 m2/g for montmorillonite and 
dex an is the effective distance of exclusion of the anions in the diffuse double layer 
(de Haan, 1965; Bolt, 1981). 

Based on known amount of sodium clay, total amounts of sodium and aluminium 
added to the system (in case of sodium-aluminium clay systems) and total volume of 
the solution phase, the model provides the necessary information to calculate the 
B value, the pH and the activities and/or amounts of the species present in the ad
sorption phase and in the bulk solution. 

The pH is a good parameter to check the model; it can be measured simply and 
accurately and its value is very sensitive to a change of conditions in the system. 

Experimental 

A homoionic sodium montmorillonite (Wyoming Clay Spur, <2jum) in equilibrium 
with 0.3 mmol/1 NaCl was titrated at room temperature with a 0.1 mmol/1 A1C13 so-

C(k)a = C(k)exfl* (13) 

Na(tot) = KeC(Na)c + KaC(Na)a = C(Na)e(Vc + VdB) (14) 

(15) 
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lution, using a Radiometer X100 titrator. The pH was monitored with a Mettler mV 
recorder. After an equilibration time of 24 hours the suspension was centrifuged 
and the concentrations of sodium, chloride and aluminium in the supernatant were 
measured. Then the residue was shaken for 24 hours with 1 mol/1 KCl, centrifuged 
and the concentration of sodium and aluminium in the supernatant were deter
mined. The residue was extracted again, this time with 1 mol/1 KCl adjusted with 
HCl to pH 2.5. Titrations and subsequent analyses were also carried out for systems 
with increasing amounts of A1C13 added, namely ca. 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 
2.0, 2.5 and 3 me aluminium per me sodium clay. The titration where 3 me alumini
um per me sodium clay was added, was repeated with a solution of NaCl-AlCl3 at a 
salt level equivalent to 10"2 mol/1 CI". In this case only the pH was measured. 

Aluminium was determined spectrophotometrically, using eriochrome cyanine 
R, sodium was measured by flame photometry and chloride by Potentiometrie titra
tion with AgN03. 

Results and discussion 

Fig. 1 gives the experimental results and model calculations of the interaction of 
AlClj with sodium montmorillonite at a salt level of 3.0 x 10"4 mol/1 CI". In the first 
series of aluminium additions, up to 1 me aluminium per me clay, the desorption of 
sodium ions is almost equal to the aluminium adsorption, the latter expressed as tri
valent aluminium ions. Extraction with 1 mol/1 KCl exchanges 90 % or more of the 
adsorbed aluminium ions for potassium ions. The small remainder is extracted with 
acidified 1 mol/1 KCl (pH 2.5). These results indicate that, under the present ex
perimental conditions, the interaction between aluminium and sodium montmoril
lonite is dominated by the adsorption of Al3+ ions. 

At aluminium additions over 1 me per me clay the adsorption of aluminium (ex
pressed as trivalent ions) exceeds the CEC. This 'superequivalent' aluminium ad
sorption is not accompanied by CI" adsorption (experimental data not given here); 
obviously the adsorbed species shift towards the formation of aluminium hydroxide 
polymers. Extraction with 1 mol/1 KCl exchanges an amount of aluminium equal to 
the CEC, when expressed as trivalent ions. The non-exchangeable aluminium can 
be extracted with acidified 1 mol/1 KCl (pH 2.5), although more than one extraction 
would be necessary for complete recovery of the aluminium after high aluminium 
additions. 

These phenomena are in agreement with the selective adsorption precipitation 
model. A development of a difference between the IAPa and the IAPe as a conse
quence of the distribution of the added aluminium ions, is counteracted by the 
charge-determined selectivity which maintains IAPa = IAPe. This results in a high 
aluminium concentration in the adsorption phase which is H ion depleted (i.e. the 
C(H+)/C(Al3+) ratio is lower than in a SN aluminium salt solution with the same 
aluminium concentration) and in a low aluminium concentration in the equilibrium 
bulk solution which is H ion enriched. 

At low aluminium additions, the aluminium concentration in the equilibrium 
bulk solution remains very low. So the amount of protons produced because of ad
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Fig. 1. Titration of sodium montmorillonite suspension with A1C13 at a total Cr concentration of 0.3 
mmol/1. Lines: computed with the selective adsorption precipitation model. Marked points: experi
mental results (aluminium expressed as Al3+). 
a: total aluminium (ad)sorbed (equals b + d); squares: aluminium added minus aluminium in solution 
phase before extraction with KCl solution. 
b: total exchangeable aluminium (including e); circles: aluminium exchanged with 1 mol/1 KCl. 
c: sodium adsorbed; dots: sodium exchanged with 1 mol/1 KCl. 
d: Al(OH)3(s); triangles: aluminium extracted with acidified 1 mol/1 KCl (pH 2.5). 
e: adsorbed aluminium hydroxides (Al(OH)2+ + A12(OH) j+ + Al2(OH )2+ ) .  

sorption, necessary to keep IAPA = IAPE, is also small. Upon further addition of 
AICI3 the amount of aluminium staying in the equilibrium bulk solution will in
crease. Consequently the production of protons, necessary to maintain IAPA = 
IAPE also increases. The depletion of H ions in the adsorption phase with its high 
aluminium concentration favours high IAP values and may lead to the formation of 
AL(OH)3(s), with IAPA being reflected by the solubility product, K%p, of fresh 
A1(OH)3(S). Formation of AL(OH)3(s) continues until sufficient H ions have been 
produced and distributed over both phases, resulting in IAPE = Ksp = IAPA. The 
formation of AL(OH)3(s) from adsorbed aluminium will be compensated by a sec
ondary adsorption reaction which again is charge-determined, i.e. AL3+ adsorption 
is preferred. This sequence of events leads to the measured 'superequivalent' sorp
tion of aluminium ions with the exchangeable aluminium equal to the CEC. 

Also the speciation of the adsorbed aluminium ions and sodium ions as a function 
of aluminium added has been calculated with the model; results are also given in 
Fig. 1. The calculated total amounts of aluminium sorbed (expressed as trivalent 
ions) are close to the measured amounts. The calculated sodium adsorption is 
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Fig. 2. Titration curves of sodium montmorillonite with A1C13. a: CI concentration 0.3 mmol/1; b: CI 
concentration 10 mmol/1. (Lines computed with the model.) 

somewhat higher than the measured values at low addition of aluminium. The same 
holds true for the calculated exchangeable aluminium ions, which are up to 10 % 
higher than the measured amounts of aluminium exchanged at extraction with 1 
mol/1 KCl. At high aluminium additions the model predicts more precipitation of 
Al(OH)3(s) than the amount of aluminium extracted with 1 mol/1 KCl (pH 2.5). As 
mentioned before, this acidified KCl solution probably did not extract all the 
A1(OH)3(S) present. 

Fig. 2 gives the measured pH as a function of A1C13 added to sodium montmoril
lonite at a total CI" concentration of 0.3 and 10 mmol/1, respectively. Application of 
the model for the same titration, taking the volume of the adsorption phase equal to 
1 cm3 per g clay, is presented by the full drawn lines. The calculated results are close 
to the measured ones. This strongly supports the applicability of the model. (The 
present version of the computer program used for the model calculations had some 
stability problems at low amounts of aluminium added, which explains the lack of 
data in that area.) 

The model also describes phenomena of aluminium-clay interaction as reported 
in the literature. According to the model, the magnitude of the proton depletion 
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and A1(OH)3(S) formation in the adsorption phase and the proton enrichment of 
the equilibrium bulk solution during the addition of aluminium to the clay is a func
tion of the aluminium/clay ratio and the Boltzmann adsorption factor B. The latter 
depends on the electrolyte level and the type of competing cations. Measurable 
amounts of Al(OH)3(s) will be formed when substantial amounts of aluminium re
main in the equilibrium bulk solution. In case of sodium-aluminium montmorillo-
nite at a low electrolyte level, the competition of sodium is very little and therefore 
the aluminium concentration is extremely low at aluminium additions lower than 1 
me per me clay. So under these circumstances little or no Al(OH)3(s) is formed. At 
a higher electrolyte concentration or in the presence of a cation adsorbed more 
strongly than sodium, for example calcium, the formation of non-exchangeable alu
minium (Al(OH)3(s)) already occurs at smaller aluminium additions (Bloom et al., 
1977). So the amount of irreversibly (ad)sorbed aluminium depends on the alumi
nium/clay ratio, electrolyte level, type of competing cations and other conditions 
during the addition of aluminium to the clay. Irreversible (ad)sorption can also be 
induced by extraction procedures. Replacement of the equilibrium bulk solution 
enriched in H ions, by extraction with a neutral salt solution at low electrolyte level 
and establishing of a new equilibrium, leads to increased formation of Al(OH)3(s). 
So repeated extraction and removal of the equilibrium bulk solution induces forma
tion of non-exchangeable aluminium. The process in fact involves titration of ad
sorbed Al3+ with neutral salt. This process is more effective the lower the salt level 
and the lower the charge of the competing cations since these two factors enhance 
the proton enrichment of the extractant (Bruggenwert, 1972). This also explains 
the decrease in H/Al ratio with increasing ionic strength in the extracts of M-Al clay 
as observed by Kaddah & Coleman (1967). 

Upon addition of a neutral salt to an aluminium clay suspension, the Boltzmann 
factor will decrease which results in a decrease in the difference between the alumi
nium concentration in the adsorption phase and in the equilibrium bulk solution. In 
combination with the selective adsorption (IAPa = IAPe) this effect increases the 
pH in the adsorption phase and simultaneously decreases the pH in the equilibrium 
bulk solution: the salt effect. 

The discussion concerning the influence of the clay on the degree of hydrolysis of 
aluminium ions deserves some extra attention. The change of the degree of hydro
lysis during the titration of a clay with aluminium is shown by the experimental re
sults of Table 1. At the first aluminium additions the pH in the system is high and, 
consequently, the mean charge per aluminium atom in the equilibrium bulk solu
tion is low. The mean charge per aluminium atom in the adsorption phase, howev
er, is high. At increasing aluminium additions the pH decreases and the mean 
charge per aluminium atom in the equilibrium bulk solution increases, while that in 
the sorption phase decreases. Thus the model reconciles the theory of preferential 
adsorption of Al3+ resulting in suppressed hydrolysis (Frink & Peech, 1963) with 
the theory of increased hydrolysis (Ragland & Coleman, 1960; and others) without 
the need to invoke two types of adsorption sites on the clay mineral (Hodges & Ze-
lazny, 1983). 
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Table 1. Mean charge per aluminium atom in adsorption phase and equilibrium bulk solution, respec-
tively. 

Al added pH Mean charge per Al atom 
(me/me clay) 

sorbed in solution 

0.24 6.4 3.0 2.0 
0.48 6.0 2.6 2.1 
0.72 5.77 2.8 2.1 
0.96 5.11 - 2.4 
1.19 4.57 2.7 2.7 
1.43 4.46 2.5 2.8 
2.39 4.36 2.3 2.8 
2.87 4.37 2.0 2.8 

Conclusions 

The model presented involves the effect of adsorption, charge-determined selectiv
ity and chemical equilibria among aluminium species and satisfactorily describes 
the aluminium speciation in an aluminium clay system. Phenomena such as the salt 
effect, partially irreversible (ad)sorption and the shift in the degree of hydrolysis of 
aluminium ions upon addition of aluminium ions to clay can be described in a coher
ent way. The model resolves the apparent discrepancy in the literature between 
supporters of 'increased' and 'suppressed' hydrolysis following the addition of a so
lution of aluminium salt to a clay system. 
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