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EFFECT 0F TEPE 0F CLAY AND 
CATION SATURATION ON ION RATIOS 

IN EQUILIBRIUM SOLUTIONS OF 
HYDROGEN AND ALtThNUM SYTEÌvIS 

INTRODUCTION AND OBITECTIVES 

.tudies in the fields of soil chenilstry and plant 
mineral nutrition have much to do with the relationships 
existing between the chemical properties or the soil 
systeiu and the growth oT plants end their uptake of in- 
organic nutrients. Research work along these lines 
should be directed toward quantitative information about 

ion activities arid ion distributions in the soil medium 

inasmuch as this is of utmost importance in understand- 

in the complex ionic environment immediately surrounding 

the roots of the plant. Although much progress has been 

made in these studies during recent years, different view- 

points and methods of approach have been maintained by 

different workers. Furthermore, the complex nature of 

soi]. system2 often defies attempts at quantitative 
studies of this kind. To get around this difficulty, re- 
latively pure and well-defined clay minerals are used to 

much advantage in order to establish principles and 

mechanisms. 

Modern approaches to this problem are either con- 

cerned with the formulation of ion exchange equations 



to characterize the relation between ions adsorbed on the 

clay complex and those in soil solution, or related to the 

theriaodynamic interpretation of ion exchange phenomena. 

In recent years much interest has developed in the ratio 
of the activity of the hydrogen ions to the square root 

of the activity of calcium ions in dilute equilibrium 

solutions. This is the so-called "lime potential" of the 

system when expressed in logarithmic form. Such a ratio 
is related to the acidity of a system and probably the 

uptake of calcium by plants. 
Even thoußh the occurrenoe of exchangeable aluminum 

in acid clays or acid soils has long been recognized its 
importance in ion exchange and some physico-chemical 

reactions has been duly appreciated only in recent 

studies. Since exchangeable hydrogen and exchangeable 

aluminum are closely associated either in natural acid 

soils or prepared acid clays, studies related to ion 

exchange reactions should consider both cases. 

The study of ion ratios in clay systeme has not 

yet been well explored and developed. The effects of 

type of clay minerals, H-saturation vs. Al-saturation, 

and percentage base saturation on these ion ratios have 

not yet been determined. Experimental attempts to 

elucidate the ion ratios, to enlarge their applicabil- 
ities in clay and soil studies, and to determine how 



the ratios are affected by different factors would be of 

theoretical and practical interest to soil workers. 

With these viewpoints in mind this investigation 

was designed with objectives as follows: 

(1) To study the relationship between the pH value 

and calcium content of the equilibrium solutions and de- 

gree of base saturation of different clay minerals which 

contain exchangeable H or Al. 

(2) To determine how the hydrogen to calcium ion 

ratios in equilibrium solutions change with varying de- 

grees of base saturation of H- and Al-clays. 

(3) To explore the possibility of using these 

ion ratios and calcium release values to offer some 

explanations to the chemical properties of natural soils. 



REVIEW OF LITERATURE 

The Occurrence of Active Aluminum in Soil 

Early studies on active aiwninum in soils, exchange- 

able, soluble or otherwise, centered around its occurrence 

as related to sonic other soil factors and Al toxicity to 

plant growth. As far back as 1918, Hartwell and Pember 

(15) found active alwuinum in the soil to be responsible 

for the poor groth of barley and indicated that the 

practical advantage of liming and phosphating an acid soil 

was due to the precipitation of soluble aluminum quite as 

much as to supplying line as a reducer of acidity and 

phosphorus as a nutrient. Magistad (31), by dialyzing 

soils throujh a collodion bag, showed that aluminum was 

present in true solution. His data related the solubil- 

ity of aluminum in soil solution to soil pH values. 

Pierre and co-workers (28, 53, 54, 55) conducted a series 

of investigations. These were concerned with studies on 

the concentration of aluminum in the displaced soil 

solutions, minimum concentration of aluminum in culture 

solutions toxic to plant, relationship of nitrification 

and sulfur oxidation to the aluminum concentration of 

soil, and effects of phosphorus in reducing the detri- 

m.ental effects of soil acidity on plant growth. 

In the determination of exchangeable cations, a 
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certain amount of aluminum is quite often present in the 

soil extract. Different opinions have been held. as to 

the form in which this extractable aluminum may exist in 

soil. Paver and Marshall (52) have maintained that Al""' 

as well as Fe4 ions are directly exchanged for the 

cations of the added electrolyte and the subsequent hydro- 

lysis of the aluminum and iron salts gives rise to the 

observed acidity of the extract. In explaining factors 
influencing ionic exchange in soils, Schofield (58) 

pointed out that in acid soils coraplex ions of aluminum 

and iron must be taken into account. He further postu- 

lated that a soil sample, eleotrod.ialyzed or washed with 

dilute acid and then with pure water, might contain an 

appreciable proportion of H30' ions amongst the exchange- 

able ions, but, in general, complex ions of aluminum and 

ferne iron should be expected to predominate. Mukherjee 

t al. (48, 4.9) found that the amount of A1'"" and Fet 

ions displaced from clays decreased to an almost neglig- 
ible value with the progress of alternate neutral salt 
and acid leachings. Apparently there was a limit to the 

amount of Al'4 and Feb44 ions which could be replaced 

by repeated leaching of acid clay with a neutral salt 
solution of BaCl2. Based on these facts, they concluded 

that Al44' and Fe'4 ions situated at the exchange 

position were capable of being replaced by the cations of 



an added salt and were not brought Into solution by a 

secondary dissolution process. 

The 1oregoing approach is uulte difterent from that 

of sozie other investigators who consiciered that oxides or 

hydroxides of Al and Fe dissolved in the acid solution re- 
suiting from the rej.lacement of H ions in the soil by the 

added salts in the determination of exchangeable cations, 

rather than through direct exchange. Among those may be 

mentioned Magistad (31), Kelley and Brown (23), end 

Mattson (37). Kelley (22) made the coiunent that a 

definite decision could not be reached as to whether acid 

soils contained exchangeable trivalent cations (i.e., 
and Fe'4 ions), or some compound of these cations 

merely dissolved in salt solutions end that probably both 

solution and replacement were involved. 

During recent years renewal of interest in aluminu. 

studies in soil and clay systems has given very encourag- 

ing results which clarify to a large extent the dispute 

regarding the form or non-lattice aluminum in acid soils 

and clays. Through studies by potentio.rrietric and 

conductimetric titrations, and the measurement of heats of 

neutralization, Harward and Coleman (11, lB) were able to 

show that the predominant exchangeable ion in acid clays 

prepared by the usual procedures of dilute acid washing 

or eleotrodialysis was aluiuinwn rather than hydrogen. 
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They reported that A]. ions round in exchangeable Lorm could 

coiiie frein the breakdown of the clay lattice in the presence 

of free acid. The latter argument was verified by the 

results obtained with hectorite, a clay low in Al, which 

save a strong acid-type titration curve very similar to 

H-bentonite even after being leached with dilute acid 

(O.1N Hal). On the other hand, after hectorite was leach- 

ed with tlCl3, the pH-base saturation relationships 
resembled that of Al-bentonite. Low (30) tried to explain 

the initial inflection point or break in the potentio- 

metric and conductiznetric curves of bentonite by proposing 

the presence of exchangeable aluzninwn which was displaced 

from the crystal lattice by hydrogen. He confirmed this 

hypothesis by preparing H or Al bentonites from silver- 
saturated samples by adding HC1 or lCl3. The clays of 

known degree of H and A]. saturation were then titrated 
with NaOH. Slabaugh (64) noticed a significant contrast 

between electrodialyzed ana coluiined bentonite in the end- 

point of titration curves and in the heats of neutraliza- 

tion. He explained these differences on the busis of the 

existence of two H-ion energy levels. In the study of the 

catalytic hydrolysis of ethyl acetate anu inversion of 

sucrose by acid clays, MoAulif fe and Coleman (38) found 

that aged electrodialyzed clays and clay leached with 

0.05 N HG]. were almost completely tl-aatuxated, while 



clays leached with cold N HC]. were largely saturated with 

Ii-jons. 

Recent investigations have indicated the magnitudes 

of exchangeable or extractable aluminum present in natural 

soils. Lin and Yu (29) reported that the acidity or 

Kraanozein and Zheltozeni was due almost exclusively to ex- 

changeable aluminum, while the maximum content of exchange- 

able hydrogen accounted for only 4 per cent of the total 

exchange acidity. McLean et al. (39) found large amounts 

of aluminum extractable with 1. NNH4OAc at pH 4.8 in acid 

soils. 1uminum would definitely be the predominant ex- 

changeable cation if the extractable aluininuni were consider- 

ed as existing on exchange sites of the soil colloid. 

They further showed that both Ohio field soils and some 

standard clay minerals, after being eleotrodialyzed and 

resatu.rated, contained extractable aluminum which 

decreased with increasing base saturation. 

Fiskell et al. (13) found aluminum in the neutral 

N NH4OAc extract of some 1lorida soils and postulated that 

it was likel: exchangeable since at pH 7 the solubility of 

gibbsite or other aluminum hydroxide forms should be very 

slight in comparison to the values found. The amount of 

alu.ainum so obtained was appreciable compared to other 

eLohangeable cations. 



Some Lì]portnt Roles of Alum1nu in Soil 

Besides beine plant toxicant in acid soils when 

present at high concentrations, soluble aluminum plays 
some important roles In soil genesis, fixation of plant 
nutrients and ion exchange reactions. Rich and Obenshain 

(56) studied a Red-Yellow Podzolic soil in Virginia that 
contained a clay mineral with basal spacing of 14.7 
which appeared to have formed from illite. The spacing 

of this mineral collapsed only slightly by prolonged 

potassium treatment. However, if treatment with potassium 

chloride was combined with hydrochloric acid the spacing 
was altered to near 10 . Pretreatment with ammonium 

fluoride, which forme a complex with aluminum also in- 
creased the effectiveness of the 1<. treatment. They 

called the mineral dioctahedral vermiculite and concluded 

that the interlayer ions responsible for the non- 

collapsible spacing were aluminum. Klages and ahite (25) 

found a clay mineral with basal spacing of approximately 

14 . as a constituent of many Indiaxsoils. Many of its 
characteristics were shown to be similar to those reported 
for dioctahedral vermiculite by Rich and Obenshain (56). 
Some of its reactions to chemical treatments and differ- 

ential thermal analysis suggested positively charged, 

partially hydrated aluminum hydroxide rather than hydrated 
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exchangeable aluminum ions as the interlayer material. 

They reached the conclusion that during weathering of 

illite, aluirilnuin could replace potcissiuin between the clay 

plates and the mineral formed was chlorite-like in nature. 

Numerous papers have been published as to the 

effect of aluminum on phosphate fixation. Only recently 

has enouh attention been paid to the fixation of nutrient 

elements other than phosphorus, which could be related to 

the presence of alu.minuzn. Scott et al. (63) observed two 

effects of aluíninuiu on potassium fixation. In acid ben- 

tonite the exchangeable Al ions on the clay enhanced K 

flAation. In neutral systems, alwninuni precipitated as 

hydroxides had no effect, but decreased K fixation was 

observed when precipitation of Al was browht about by 

phosphate ions. This observation reminds one of the 

experimental results of Volk (69) who found that treatment 

of soils with colloidal alumina increased fixation of 

potassium, and that this fixation was reduced by treatment 

with 0.0001 N H3PO4. Scott et al. (63) also claimed that 

in the case of expanding lattice clay minerals the pre- 

sence of a precipitate between the lattice layers could 

reduce K fixation by mechanically inhibiting the 

contraction of the lattice or by blocking exchange sites. 

The latter view was shared by Stanford (65) who explained 

the inhibition of K fixation by exchangeable and precipitaì 
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Al. Recently, Rich (57) has suggested that potassium and 

ammonium f Lation by vermiculite is markedly reduced by 

treatment oí the clay fraction of this rn.ineral with a 

solution containing basic aluminum ions. According to 

him, the natural process of fixation of basic aluminum 

ions by vermiculite-like minerals in soils appears to 

reduce their potentially high K± and NH -fixing 

capacities. 

It has been suggested that exchangeable aluminum 

is important in studies concerned with ion equilibria in 

soil systems since exchange reactions occur in accordance 

with the complementary ion principle. The latter term 

signifies the exchangeability of an adsorbed cation as 

Influenced by complementary ions. Through his work on 

ion distributions in soil systems Harward (16) postulated 

that before cation exchange reactions could be adequately 

described, the role of Al as well as H had to be more 

fully investigated. Mehlich (42) found that the release 

of calcium was increased by incorporating aluminum and 

iron compounds with soils and clays. 

Preparation of Hydrogen Clays 

Conventional methods for preparing hydrogen clays 

in the laboratory consist of leaching with dilute acid 

or desaturation by electrodialysis. Under such 
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conditions hydrogen-alurnlnu.ra systems are formed as has been 

shown by iaver and Marshall (52), Marshall and Krinbill 

(33), Chatterjee and Paul (8), Mukherjee et al. (47, 4.9, 

50), and recently by Aldrich and Buchanan (1). Thus it 
seein proper that clays treated in this manner be called 
acid clays rather than hydrogen clays. Grin (14) has 

noted the importance attached to the ract that hydrogen 

clays are in reality hydrogen-alurninwu systezis. The 

railure to recognize this fact, he further reasons, has 

caused many erroneous conclusions to be reported and much 

confusion in interpreting results. 
To prepare truly hydrogen-saturated clay, Harward 

and Coleman (17) found that when bentonita, an unstable 

raontraorillonitic clay, was leached rapidly with N HC1, 

the rate of solution of Al from crystal edges might ziot be 

su.fficieiit to maintain in solution a H-Al ratio favoring 

Al adsorption, and a H-clay resulted. They further 
reported that if a clay suspension was colwnned through 

H-exchanger resin, the rate of H-ion transfer from resin 
to clay was rapid in eoarison with the liberation of A]. 

so that again a true H-clay was formed. H-bentonite so 

prepared showed strong acid properties. Scott et al. 
(63), working with Wyoming bentonite, found that his data 

substantiated the above results and concluded that the 

H-co1ared clay was primarily saturated with hydrogen as 
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evld.enoed by potentloEletrio and eonductimetrlc titration 
curves. 

In order to prepare H-clays Coleman and Mou1iffe 

(12) employed 200 symmetry concentrations oi' N ECl to 

leach saniples of halloysite and ranu1ar Utah bentonita, 

the time of contact being 20-30 minutes. More elaborate 

tecbnlqu3s were used to obtain H-saturated Utah and 

Wyom1n bentonitas of clay size. Sap1es of 2,,«clays 

were similarly treated with cold N HC1. Suspensions of 

the electrodialyzed clays were made 1 N with respect to 

HC1 to effect hydrogen saturation. The excess HC1 as well 

as other free electrolytes was renioved by treating with 

Aniberlite iB-2, until a negative Cl test vas obtained when 

a portion of the suspension was f1ocu1ited with NaNO3 and 

then AgNO3 was added to the supernatant. They also found 

that acid clays pre.iared by electrodialysis or by treat- 
nient with dilute ( about O.1N) niineral acid solutions were 

largely Al-saturated, and had little catalytic effect on 

ester hydrolysis and sucrose inversion. On the other hand, 

clays exhaustively treated with cold 1 N HC1 were largely 

11-saturated, and were effective in H-ion catalysis. 
Mathers et al. (36) stated that clays which had been 

treated with 3 per cant ECl were froiu 80 to 90 per cent 

H-saturated, but that these H-clays were not stable and 

changed spontaneously into Al-clays. They also pointed out 
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that cold dilute mineral acid dissolved only minor amounts 

of lattice ions from the clays, and that the cold 3 per 

cent HOi treatment had little effect other than to achieve 

H-saturation of the clays. 

Lai et al. (29) passed suspensions of Wyoming 

bentonite and a sample of illite through H-Amberlite IR-l20 

resin columns. They treated kaolinite with the resin by 

the batch process, since kaolinite coagulated under acid 

conditions. They claimed to have obtained similar titra- 
tion results with bentonite prepared by either batch 

treatment or column treatment. From the shape of poten- 

tiometric and conductoxnetrio titration curves for huta 
and kaolinite presented in their paper, it seems that clay 

suspensions treated in this manner are not completely 

hydrogen saturated or that H is strongly adsorbed. 

ictua1ly, they found positive aluminum tests in the i M 

BaCi2 extract of each of the fl-resin-treated clays. They 

tried to explain this by assuming the rapid migration of 

aluminum to the exchange altos at the broken bonds of the 

H-resin-treated clays. 
Working with a few specimens 01' bentonita, Aldrich 

and Buchanan (1) noticed the transitory nature of hydrogen- 

saturated clay preparations. Since lt was found that 
neither of the commonly used methods produced a H-clay as 

free of exchangeable aluininuni as anticipated or desired 
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when a variety of bentonite sources were treated, they re- 

commended a procedure by salt-acid treatment and H-resin 

columning. It consisted or first treating the clay in a 

salt-acid solution (2N with respect to NaC1 and. O.1N with 

respect to HC1), suspending the centrifugated clay in 

2N NaC1 and then decanting the supernatant liquid. This 

would permit the dissolution of non-lattice aluminum 

compounds in acid and their removal from the clay suspen- 

sion. Finally, after being washed chloride free sing 

microporous filter candles the clay suspensions were pass- 

ed through the hydrogen-'saturated resin column. 

Titration Curve of Clay Systeme 

Titration curves showing the relationship between 

pH and the amounts of base added to a clay system have 

been obtained in abundance as evidenced by the literature. 

sven though Bradfielcl (6) showed that the acid character 

of the clay was associated with the clay itself and not 

with the free acids in solution and that the reaction 

between acid colloidal clays and strong bases seemed to be 

an ordinary neutralization process, no theory adequate to 

explain all the complexities in such systems has yet been 

established. Since the true nature of acid clays and the 

transitory character of hydrogen clays hove been only 

recently well recognized, many of the titration curves 
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given in the literature were obtained with H-A]. clays pre- 

pared by either electrodialysis or dilute acid leaching. 

A few excmples would su1fice to demonstrate this, for 

exariiples, Mehlieh (40, ¡f1), Marshall and Krinbill (33), 
Marshall (34), Mitra et al. (46), and Mukherjee et al. 
(48). Titration curves obtained in this ivanner show the 

initial inflection point or break, which has been attribut- 
ed to the presence of exchangeable aluininwn by Harward and 

Colenian (17), and Low (30). Actually, hydrogen clays 

should give titration cxrves without the initial inflection 
point as depicted by the results obtained with different 
bentonitas (1, 17, 63). dhether II-huta and H-kaolinite 

behave similarly reniains to be proved. Titration curves 

obtained by Lai et al. (27) with H-resin treated bentonite, 

illite and kaolinite indicated the presence of exchangeable 

aluminum. 

The Effect of the Type of Clay Mineral on the Release of 
Calcium Ions 

A number of factors have been demonstrated to 

contribute to the release of cations in general, and 

calcium ions in particular, from clays. Foremost among 

these may be mentioned the addition of electrolytes, type 

of clay minerals, and nature of complementary ions. 

Attention is now being directed toward the influence of 
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clay mineral type and degree or base saturation. Allaway 

(2), working with different types o colloids, found that 

the amount of adsorbed calcium released by an equivalent 

amount 01 HC1 increased as the percentage Ca-saturation 

increased. Aocordin to the amount of calcium replaced 

the colloids were arranged in the order: peat kaolinite7 

Wyoming bentonite and illite7 Mississippi bentonite. There 

was a marked difference in the replaceability of the calcium 

in the two bentonites, the release from Wyoming bentonite 

beinß approximately twice as great as that from Mississippi 

bentonita. Marshall (34.) applied his electrode membrane 

technique to the determination of ion activities in differ- 

ent clay systea$. Kaolinite was found to exhibit electro- 

chemical properties quite different from the montmoril- 

lonitic clays. "Ionization" of calcium adsorbed on 

kaolinite was much greater than for the montmorillonitic 

clays. For these clays the "fraction active" for sodium 

and calcium varied at different stages of neutralization. 

Webster and Harward (71), working with ion ratios 

in 0.0]. CaCl2 and water equilibrium solutions, on field 

soils, observed that the values 1/2p(Ca'Mg) in 0.31 M 

CaC12 solution were essentially constant as most of the 

samples fell within the narrow range of 1.12 - 1.14 

regardless of soil series or degree of base saturation. 

On the other hand, the values for l/2p(CaMg) for the 



H20 systeme ranged troni 1.36 to 1.94 depending on the soil 
series and degree of base saturation. The values 

1/2 p(Ca'Mg) were used to express on a logaritb.ralc scale 
the activities of Ca'Mg ions released to the solution 
phase. 

The differences in release of ca1ciu ions from 

clay minerals have been borne out by studies related to 

plant growth and nutrient uptake (2, 9, 43, 44, 4.5). Of 

particular interest are the results obtained by Mehlich 

and heed (45) who reported that the growth and mineral 

nutrient uptake were affected by the type of soil colloids 
and by the degree of base saturation. They found that, 
in general, maximum yields and calcium contents were obtain- 

ed at approximately 80 per cent of Ca saturation for the 

montmorillonitio clays while only 40 to 60 per cent Ca 

saturation was required for kaolinitic clays. As pointed 

out previously, iron and aluminum oxides were found to 

increase the release of Ca ions troni soil clays (42). 

Ion Ratios in EQuilibrium Solutions 

Recently, soil scientists have turned their atten- 
tion to the study of ion ratios in equilibrium solutions. 
Babcock et al. (5) defined the state of an individual ion 

species in a force field, such as in a soil system, from 

the standpoint of electro-chemical potential. They 
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suggested that individual ion activities are of limited 

value in soil chemistry, while the ratios of ion activ- 

ities would be of greater value since these quantities 

are involved in exchange reactions. s a matter of fact, 

the activity ratio of ions in dilute equilibrium solutions 

appears to be the only functions related to ion activities 

on which soil workers tend to agree at the present time. 

Marshall and tJpchurch (35) stated that for minute 

exchange the ratios of ions are related to the free energy 

change (4F) of the reactions. They have shown that the 

activity ratios of ions in the equilibrium extract are 

related to those on the colloid. Iii this connection, it is 

of interest to note that Lagerwerff (26) has found no 

distinction between absorbed and dissolved cations under 

true equilibrium. solutions as far as plant growth and 

nutrient uptake are concerned. Woodruff (73) determined 

the ratios of activities el' IC and Ca ions in dilute 

electrolyte solution and calculated free energy changes 

involved in the replacement of Ca by K in soils. He 

attempted to relate these changes to the K nutrition of 

the plant. 

Schofield (59) tried to describe the equilibrium 

between the exchangeable cations and those in solution by 

proposing his ratio law which is stated as follows: 
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?hen cations in a solution are in euilibriuni 
with a larger nurriber of exchangeable ions, a change 
in the concentration of the solution will not 
disturb the equilibrium if the concentration of 
the monovalent ions are changed in one ratio, 
those of all the divalent ions in the square of 
that ratio and those of all the trivalent ions in 
the cube of that ratio. 

On the above basis Schofield and Taylor (61) were able to 

determine the activities 01 aluminum, calcium, potassium 

and sodium in tarins of the hydroxides in suspensions of 

soil. This was done in chloride solutions of different 
concentrations by measuring the ratio of activity of the 

metal chloride to the activity or hydrochloric acid. 

¿chofield and Taylor (60) then determined the relation 
between pH and the activities of Ca ions In the ecuili- 
briuzn solution. They equilibrated soils in dilute CaC12 

solutions of different concentrations and from the 

measurement of pH and Ca ion activities, developed the 

equation: 

pH - 1/2 pCa 1/2 log Ca(OH)2 14.2 

where pCa is the negative oarithm of the aotvity of the 

Ca ion. from the above equation it is clear that the 

value of pH - 1/2 pCa is a simple function of the chemical 

potential of calcium hydroxide in the soil saxriple. Since 

the chemical identity measured for the equation, as they 

claimed, is an electrically neutral substance, it may be 

expressed without involving any of the ambiguities 
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associated with the measurement of individual ion acti- 
vities. They round that in all soils examined, the change 

in pH with electrolyte concentration corresponded to a 

nearly constant value for the activity ratio H// (Ca 4 Mg), 

which expressed in negative logarithmic form, became 

pH - 1/2 p(Ca ' Mg) and was termed the "lime potential" of 

a soil. 
It is of particular interest to note that the 

expression "lime potential" proposed by Schofield is 
nothing but a loL;aritìimic form of the expression presented 
by Marshall and Upohu.rch (35) and Woodruff (73). The sarna 

expression can be derived from the eçuations reported by 

Babcock et al. (5). Thus, these expressions are interre- 
lated to each other and all try to describe the ion 

distributions in a soil system. 

The concept of 1ime potential" has found some 

practical applications in the field of soil fertility. 
Aslyng (4) found the "lime potential" to be a soil 
characteristic if the exchangeble cations are mainly 

calcium. He tried to relate "lime potential" to "phos- 

phate potential" (1/2 pCa pH2PO4). At high "lime 

potentials" the phosphate concentration was reduced by 

precipitation of octo-calciuni phosphate. Both of the 

potentials were measured in a 0.01 M CaCl2 solution. 
Recently, Webster an Harward (71) made a stuciy on 
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hydrogen and caloiwn ion ratios in dilute equilibrium 
solutions as related to base saturation and soil pH. They 

observed linear relationships between pH - 1/2 p(Ca..Mg) 

of equilibrium solutions and per cent base saturation for 
the soils stuctied. They concluded that measurements of 

ion ratios in dilute equilibrium solution reflected the 

base status of soils. 

Influence of Partial Pressure of CO2 on Ionic Equilibrium 

It Is an established fact that pH values and the 

activities of Ca ions are strongly influenced by the 

partial pressure of carbon dioxide In the soil system. 

Vlhltney and Gardner (72) made a detailed study on the 

effect of carbon dioxide on soll reaction. They found that 
small changes in CO2 pressure caused comparative large 

changes in pH within the range of low CO2 pressure 
comparable to those normally present in the soil. They 

showed that maximum and minimum pH could be determined 

by equilibrating the soil either with air or with a stream 

of pure CU2. Whether single determinations or curves con- 

taming madmum and minimum pH values are to be used in 
ecpressing soil reaction, it is evidently necessary, they 

concluued, to make measurement under eoullibrium condi- 

t ions with controlled 002 pressure if the results are to be 

reproducible. 
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Yaa.lon (74) studied different factors and their 

interactions which aÍ'fect the solubility of CaCO3 in 

aqueous solutions in calcareous soils. He found that the 

solubility of CaCO3 increased logarithmically with a de-. 

crease in pH and was proportional to the cube root of CO2 

pressure. He derived equations and drew graphs showing 

the relationships of pli and partial pressure of CO2 to 

solubility of CaCO3, and of partial pressure of CO2 to pH. 

He concluded that the physio-cheniical equilibrium of pure 

CaCO3 was not appreciably aífected by the presence of soil 

minerals, and hence such equilibria were directly applicable 

to the soil-CaCO3 systenlß. 

Nichol and Turner (51) found that variations in 

partial pressure of CO2 had a pronounced effect on both pH 

and pH-1/2 pCa of non-calcareous near-neutral soils. It 

was suggested that if pH is deterrained at a known partial 

pressure of CO2, there is no way by which the pH value can 

be translated to some other partial pressure of CO2. 

Consequently, it is necessary to specify the PCO2 at which 

the measurements are made regardless of whether pH or 

pH-1/2 pCa is used to indicate the acidity of the soil. 

Cole (10) attempted to establish quantitatively the 

effect of carbon dioxide and soluble salts on the 

activities of hydrogen and calcium ions in the soil 

solutions of calcareous soils. He found that the ratio of 
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calcium ion activity to the scjuare of the hydrogen ion 

activity was inversely related io the partial pressure 

of CO2 in the system. Turner and Clark (67), working 

with oalcareous soils, showed the importance of partial 

pressure of 002 in expressing the relation between pH 

and activity of Ca ions for the system CaCO3-H20-CO2at 

equilibrium. An equation was presented to relate pH to 

the activity of Ca ions in solution and partial pressure 

of 002 in the system. 

iebster and Harward (71) reported on Ion ratios 

in dilute equilibrium solutions in relation to base 

saturation. They showed that increasing the partial 

pressure of 002 increased pli-1/2 p(Ca..Mg) of both CaC12 

and 1120 equilibrium solutions for unhirned soils and 

decreased it for heavily limed soils. Linear relation- 

ships were found for pH-1/2 p(Ca..Mg) vs. base saturation. 

The highest correlation was obtained for measurements 

of pH-1/2 p(Ca.Mg) for soils samples equilibrated in 

water and at the higher partial pressure of 

CO2 (P002 = 0.0108 atm.). They further concluded that 

more information is obtained from equilibrium oi soils in 

the H20-0O2 system than the 0.01 M CaC12-0O2 system. 
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E XPRIMNTAL 

Clay Mineral Used 

1. Utah Bentonite. Sand size aggregates of tho 

Utah bentonite were chosen for this study because of their 
desirable physical properties. Samples of the material 

were first treated with dilute HC]. to decompose carbon- 

ates and dispersed by titrating to pH 10.0 with i N 

Na2CO3 solution and stirring with a Bouyouoos electrical 
stirrer. The material was separated by wet sieving 

through 60 and 140 nsh screens to obtain sand size 

aggregates which had a diameter of 0.11-0.25 mm. This 

size fraction was used for the cation exchange studies. 

It has been shown previously and further verified here 

that the sand size tractions are aggregates of clay and 

give similar diffraction patterns. The clay fraction 

( 2A) of the bentonite, separated by centrifugation, was 

saved for characterization by X-ray diffraction. 
2. lute 35. Ililte 35 was mined at Fithian, 

Illinois. The material used here was purchased from 

Vard's Natural Science stab1iskuiient, Inc., Rochester, 

New York. It is dark gray with a bluish cast, being dense 

and hard. Its main impurities include sericite, quartz, 

plagioclase, pyrite, calcite and a trace 01' carbonaceous 

materials (3). Samples of the material were acidified 
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to pH 3.5 with 11Cl to decompose the carbonates. It was 

then dispersed in NS2CO3 solution of pH 10 (20) and the 

2gfraotion was separated by centrifugation (66). 

3. Kaolinite 4. This clay came from O'Neal pit, 
Macon, Georgia. The sample employed in this study was 

obtained from íard's Natural Science stablishinent, Inc.. 
It is white, fine-grained and massive. Impurities in 

this clay consist of quartz, sericite, titanite (leu- 

coxene), orthoclase and albite (3). After pulverizing 

and grinding the lumps the same procedure was followed 

for fractionation as for Illite 35. Three sizes 

2, 2-O.2A,' 0.2.A) of the clay fraction were obtained. 

Characterization of C1a Minerals 
by X-Ray Diffraction 

X-ray spectrograms of the three clays were obtained 

with a North Axnerioan Fhilips Co. diffraction spectrometer 

equipped with a Geiger-Mueller tube and a Brown recorder 

using Cu K radiation. The scanning speed was 10 2 

per minute for all samples. The 1/4 degree divergence 

and scatter slits combined with the 0.006" receiving slit 
were found to be most advantageous for optiniuni peak height 

and resolution. The choice of the rate meter settings and 

the time constant setting depended on the sample. 

The clay fraction of illite and kaolinite were 
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appropriately saturated with Ca or K and mounted on the 

tile according to the preferred orientation techniques 

described by Kinter and Diamond (24). X-ray diffraction 

patterns were then measured from these oriented specimens. 

Powder patterns were obtained for sand aggregates of Utah 

bentonite and its 2 y fraction after they were oven-dried 

at 700 C. and mounted in an aluminum sample holder. 

Diffraction patterns of glycerol solvated and Ca-saturated 

oriented specimens of 2 p fraction of Utah bentonite and 

2-0.2 y and c2y fractions of kaolinite 4. were aleo 

obtained. 

Determination of Cation Exchange 
Capacity of Clay Minerals 

Cation exchange capacity of the clay minerals was 

determined by leaching with neutral normal ainraonium 

acetate following the procedure of Schollenberger and 

Simon (62). This value was used as the basis for adjust- 

ing H or Al-olay to different degrees of base saturation. 

Preparation of H- ariu Al-Clays 

For hydrogen saturation of sand-size aggregates 

of the bentonite, an amount of material corresponding to 

0.5 me. of exchange capacity was weighed into a 20 ml 

sintered glass crucible and leached with 50 ml of 1 N 11Cl. 

It vas then washed with deionized water until free of 



chloride. The leaching and washings were done under 

suction. Aluijnum saturation of the bentonite sand-size 

fraction was accomplished by washing with 100 ml. of 

0.1 N AlCi3. Ninety-five per cent ethyl alcohol was used 

to remove free electrolytes. The H-Utah bentonite prepar- 

ed in this manner was found to be about 91 per cent 

hydrogen saturated as measured by the two end-point titra- 

tion raethod (36). Illite 35 ( 2 )i) and kaolinite 4 

(2-O.2jx) were similarly treated for H- and Al-saturation 

and washed free of chloride ions using 95 per cent ethyl 

alcohol excejt that 0.5 gin of ash-free analytical filter 

pulp (Schleicher und Jchuell no. 289) was incorporated 

with the clay in the Buchner funnel in order to facilitate 

leaching and washing. The filter pulp was shown to have 

essentially no cation exchange capacity. The freshly 

prepared H- and Al-saturated clays were used immediately 

for eçuilibration studies. 

Ion Ratio Deterr4nations 

1. Eguilibration of Clay Samples. 

Freshly prepared H- or Al-clay sanpies were 

transferred into 125 ml Erlenmeyer flasks in triplicate 

and adjusted to 0, 20, 40, 60, 80, lOO, and 120 per cent 

Ca saturation by adding different amounts of standard 

Ca(OH)2. The volume of each sample was 45 ini. The 
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suspensions were then shaken for one hour to ensure 

completeness of reaction. For equilibration in dilute 

CaC12 solution rive ml of 0.100 M CaC12 solution were 

pipetted into each flask so that the clay samples with 

different per cent Ca saturation were thus equilibrated in 

0.01 M Cad2 solution. Equilibration In water was obtain- 

ed without adding CaC12, the final volume or clay suspen- 

sions being 50 ml. The suspensions were then shaken and 

bubbled with compressed air for 30 minutes. The compress- 

ed air analyzed approximately 0.0003 atmosphere partial 

pressure of CO2. The apparatus used In the shaking and 

equilibration of clay suspensions with compressed air was 

the same as described by .ebster (70). 

The solution and solid phase of Utah bentonite 

aggregates were separated by filtration. Jor illite 35 and 

kaolinite 4 the clays were much dispersed and had to be 

centrifuged at over 12,000 rpm on a SS-i Servall Superspeed 

angle centrifuge for 15-20 mInutes. Following centrifuga- 

tion the supernatant liquid was filtered through a No. 5 

Whatman filter paper. 

2. H Measurement of the uuil1brium Solution. 

The clear equilibrium solution, through which 

compressed air had been bubbled for twenty minutes, was 

used for pH measurement. In this manner the 'suspensIon 

effect" resulting from the possible liquid junction 
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potential (21) was prevented. A Beckman model G pH meter 

equipped with a snail calomel-glass electrode assembly, 

was employed ror this work. The pH meter was standardized 

against buffer solution of pH and 7 thmediately prior to 

determining pH of the solutions and after every sixth read- 

ing. An effort was made to adjust the buffer solutions to 

the same temperature as the filtrate which, as a result of 

bubbling, was usually cooler than room temperature. The 

pH value was recorded when no needle deflection was noticed 

on successive readings. 

3. DetermInation of Calcium Concentration in the 
E.uilibriwn 3olution. 

(a) Chemical Method. The concentration of 

calciwn in the equilibrium solutions was estimated with 

disodium ethylenediaminetetracetate using Erioch.rorae black 

T as the indicator (68). 

L1 
(b) Radioactive Method. For water equilibra- 

tion, the calcium content in the solution was too low to 

be deteriuinable by versenate tibrution. The standard 

Ca(OH)2 solution was, therefore, tagged with Ca45C12. A 

trace of chloride which was equivalent to 6.3 x l0 N was 

L1 The author is indebted to Dr. S. C. Fang, ssoeiate 
Chemist, Department of Agricultural Chemistry, Oregon 
State College, for his guidance In the determination 
of radioactive calcium. 
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thus present in the solution. The erfect or this small 

amount of chloride was considered negligible. The clay 

suspensions were siíailarly ecui1ibreted as aforementioned. 

One ini of the filtrate was pipetted onto a one-inch stain- 

less steel planchet, which contained one drop of 0.1 N HAc 

in order to prevent the formation of calcium carbonate in 

the planchet upon absorbing CO2 from air. The solution in 

the planchets was evaporated to dryness in a ventilated 

oven at 700 C. and radioactivities were determined in the 

usual manner with a Tracer Lab autoscaler and a G-M thin 

mica window counter (1.8 mg/cm2). The concentration of 

calcium was estmatsd from the relative dilution of tha 

radioactive isotope. Reproducible and comparable results 

'iere obtained by radioactive counting and versenate 

titration in the case of Al-illite which released enough 

Ca ions into the solution phase to be determinable by both 

methods. 

4. CalculatIon or pH-1/2 pCa 

In the present study the activity of calcium 

ions was calculated, in a manner similar to chofie1d and 

Taylor (60), from tha measured concentration on the basis 

of the second approximation to the i)ebye-Huckel equation 

in the forma 

- logf 
2.0 VI 

- l.l.5/f' 
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where 1' Is the activity coefficient of the calcium ion and 

I Is the ionic strength of tue solution. schofIeld and 

Taylor (60) mentioned that the error involved in adopting 

an arbitrary value of 1.5 for the constant appearing in the 

denominator was negligible. 

The ionic strength cf the clay equilibrium solution 

was calculated usine the formula (32) 

.1 4 
(C1Z21.. C22.2 e C3Z3 4 

where I is the ionic strength, G, C2, C3.... are the con- 

centrations of the various Ions in gram ionic weihts per 

liter, while Z1, Z2, Z ----- 8ÏC the valences o the 

respective ions. The ions included both the cations and 

anions in solution. 

In the Cad2 extraction the chloride concentration 

was oon9idered as beine that of the GaOl2 solution, i.e., 

2 x 0.01 0.02M. For the water equilibration the anions 

in solution were assumed to be mostly bicarbonate with a 

valence of one and having twice the concentration of the 

calcium ions. 
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RESULTS AND DISCtSION 

The results pertaining to the characterization of 

clay minerals are first discussed. 3ince the pH values 

of the equilibrium solution were measured for calculating 

the ion ratios, pH-base saturation relationships are 

evaluated and compared with some of the titration curves 

in the literature. Finally, in this discussion attention 

is directed toward the calcium content and the ratio of 

activity o1 hydrogen ion to the square root of activity 

of calcium ion in equilibrium solutions. 

Characterization of Clay Minerals 

1. X-Ray Diffraction Analysis of Clay Minerals 

Utah bentonite: 

Diffraction patterns obtained from oriented Ca- 

saturated samples of the 2-0.2 )i fraction of Utah 
o 

bentonite yielded a first order basal reflection of 15.2 A. 

Upon K saturation this reflection tended to collapse to 

approximate 12.0 and upon heating at 55000. the K 

saturated saraple, the 12.6 reflection in turn collapsed 

to approximate 10.3 L Glycerol solvation of the Ca 

/ Appreciation is expressed to Mr. Arthur Theisen, 
Research Fellow, Department of Soils, for assistance 
in the interpretation of the X-ray diffraction 
analysis of olay minerals. 
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o 
saturated samples yielded a 17.7 A reflection. On the 

basis or this behavior lt can be concluded that Utah 

bentonite behaves as a typical montiaorillonite. 

The powder pattern of the sand-size bentonite 
o 

(Figure 1) yielded a 15.5A basal reflection which corre- 

lated very closely with the rirst order basal reflection 

observed in the oriented 2 - O.2j.t clay samples. Thus 

it seems evident that the sana-size fraction of Utah 

bentonite consists essentially of' aggregated clay 

particles. Harward (16) chose the sanie material to repre- 

sent the 2:1 type clay in his cation exchange studies. 

The powder pattern 01 the 2» Utah bentonite 
o 

(Figure 1) showed a 13.6 A basal reflection as well as a 

4.5 reflection for which the lattice indices were not 

determined. No explanation can be offered to account for 

the difference in the first order basal reflection between 

the powder patterns of the sand-size aggregates and the 

2 fraction from the information at hand. 

Illite 35 

The dirfraction pattern of the Ca saturated sample 

of 2 fraction of illite 35 revealed the first 3 orders 

of a 10 illite basal reflection. The behavior of this 

clay following K saturation, K saturation plus heat and 

glycerol solution, did not change. No evidence of 

Impurities was therefore discernible unless the 3rd order 
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UTAH BENTONITE SAND AGGREGATES (POWDER PATTERN) 

FULL SCALE EQUIVALENT 
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UTAH BENTONITE (<2i POWDER PATTERN) 
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Figure 1. X-ray diffraction patterns of Utah bentonite 
and lute 35 uslnj Cu radiation. 
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illite basal reflection masked the 3.35 . quartz (ill) 

reflection. 

Kaolinite 4. 

The diffraction patterns of the Ca saturated 

(Figure 2), K saturated, K saturated plus heat and solvat- 

ed samples of the less than 2 p fraction of kaolinite 4 

were all characteristic of a kaolinite material with the 

exception of an impurity showing an intense 15 refleo- 

tion with Ca saturation. Following K saturation the 

15 peak collapsed to approximately 11.9 . The solvation 
o 

treatment increased the basal reflection from 15 A to 

approximately 16.7 L Those treatments identified the 

impurity as montmorillonite like. Traces 01' quartz were 

also detected. 

When the 2 ji material was fractionated into a 

2-.2 pt and a 0.2 p components, less impurity was found in 

the 2-.2 » fraction (Figure 2). This larger size fraction 

was therefore selected for use throughout the remainder of 

the chemical investigations. 
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FLure 2. X-ray dilTraction patterns of Ca-saturated 
(a) 2-O.2i and (b) 2i and (e) K satumted 
O.2).1 size fractions of kaolinite 4 using 

Ci 1(4- radiation. 
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2. Exchange Capaclty of Clay Minerals 

The exchange capacity of the three clay minerals was 

determined by ammonium saturation and replacement of the 

adsorbed amrnoniwîi with 0.1 N HC1, filter-pulp being added 

to facilitate leaching and washing. The values obtained 

were: Utah bentonite sand size aggregates 1.3 me, 

huts 35 25.5 n and kaolinite 4 (2-0.2,») 9.9 mc per 

100 gm of oven-dry material. Utah bentonite sand size 

aggregates, after being aluininuzn saturated, ave a value 

of 69.5 inc per 100 gin. The exchange capacities of illite 

35 and kaolinite 4, as listed in 4.I report (3), are 25 

and 12 nie per 100 gin respectively. The difference in the 

values observed here for kaolinite 4 might be explained 

on the basis of the exclusion of the <0.2 y fraction from 

the present determination, which was found to contain 

impurities of 2:1 type minerals by X-ray diffraction 

analysis. The observed exchange capacities of illite 35 

and kaolinite 4 (2_0.2)1) are of the order of magnitude 

to be expected of these mineral groups. The exchange 

capacity of Utah bentonite sand size aggregates is 

considered low as compared to the value 0±' 120.8 mc per 

loo gm obtained by Harward (16) with the sanie material. 

Since different batches of samples were used there is no 

way to account for such variance. It is assumed that 

this is probably a reflection of variation within the 
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Titration Curves 
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Figures 3, ¿I-, and 5 present pH versus degree of Ca 

saturation ot the three H- and Al-clay minerals in water 

and 0.01 M CaC12 equilibrium. solutions. Since here the 

pH value o the clear solution which has reached ecuili- 

brium with compressed air has been determined these 

curves are not the same as the potentiometric titration 

curves usually observed in the literature. On the other 

hand, since these systezas do not involve ambiguities of 

pH of suspensions, they racy be more meaningful, in the 

usual sense. It can be seen that in all cases the curve 

starts to rise more proiainently around 60-80 per cent Ca 

saturation, although the shape of the titration curves 

of Al-clays indicate much higher buifer1n capacity. 

The slight initial inflection of Al-clays equilibrated 

in water may represent the saa1l amount of hydrogen ions 

which happen to be in equilibrium with and. adsorbed on 

the Al-clays. 

With water as th ecuilibratin medium the end- 

point of the H-bentonite titration curve (Figure 3) 

corresponded to sli;htly higher per cent Ca saturation 

than was needed by the same weight of 4U-bentonite. 

Nearly similar endpoints vere found in the oase of 
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Figure 3. Relationship between pH end per cent Ca 
saturation of H- arid Al-Utah bentoriite sand 
size aggregates in water and 0.01 M Cad2 
equilibriuni solutions. 
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H- and Al-illite as shown in th6 top diagaia of igure 4. 

Under the same conditions Al-kaolinite (Figure 5) reached 

the endpoint at less per cent Ca saturation thon 

H-kaolinite. As far as the general trend is concerned the 

results obtained here are in line with those or sorne other 

workers (17, 30). Using NaOH as the titrating base 

Harward and Coleman (17) noticed a difference in endpoints 

between H- and Al-resins with H-resin requiring higher 

amount of base. They speculated that either the Al-resin 

was not coii1ete1y neutralized by NaOH, hydrous aluminum 

oxide countered some or the exchange spots, or hydrous 

aluminum oxide provided steno hindrance to coniplete 

ionic exchange. They also reported that the titration 

endpoint for H-bentonite corresponded to a larger amount 

of NaOH per unit weight than that for Al-bentonite. The 

smaller difference observed here in the endpoints between 

H- and Al-clays might be attributed to the fact that 

different techniques had been used in obtaining these 

curves. 

The general shape of the titration curves for 

Al-clays equilibrated in water bear some similarities to 

those described in the literature. The striking feature 

Is the presence of initial inflection in the curves 

followed by a region of buffering at higher pH values. 

This fact might be taken as evidence that many of the 
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Figure 4. Relationship between pH and per cent Ca 
saturation or H- and Al-illite 35 in water 
and 0.01 M CaC12 equilibrium solutions. 



Io 

8 

6 

pH 

4 

2 

Io 

s 

6 

pH 

4 

2 

20 40 60 80 lOO 120 

43 

20 40 60 80 lOO 120 
0/ Ca SATURATION 

Figure 5. Relationship between pff and per cent Ca 
saturation of H- and Al-kaolinite 4. (2 - 0.2 )1) 

in water and. 0.01 M CaCl2 eçjuilibriuin solutions. 
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titrati:)n curves appearing in the literature were obtained 

with the Al-olay or H-Al-clay as the startin; material 

rather than the H-clay as supposed. 

Al-bentonite and Al-Illite gave higher pH values 

than the corresponding H-clays below 80 per cent Ca 

saturation in both water and 0.0]. M CaC12 equilibrium 

solutions. At 80 per cent Ca saturation the pH values 

were very close to each other. For kaolinite this 

tendency continued to hi,her than 80 per cent Ca 

saturation. At 100 and l2 per cent Ca saturation the re- 

verse was true, I.e., Al-clays had lower pH values than 

H-clays. only exception to this observation was 

Al-kaolinite equilibrated in water at 100 per cent Ca 

saturation which yielded a higher pH than the H-clay. 

These data again deiaonstrate the higher buffering 

capacity of Al-clay coared to H-clay. 

Equilibration of H- and Al-clays in 0.01 M CaC12 

solution produced lower pH values at different Ca levels 

than in water. For the H-clays it appears that HC1, 

whose concentration was maintained almost constant by 

the equilibrium between the dilute salt solution and the 

clay, was being titrated. In the Al-clays the titration 

curve is similar to that of AlCi3. Harwerd and Coleman 

(.17) observed similar differences in the titrations of 

N HC1-leached and 0.1 N HC1-leached bentonitas in the 
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presence and absence of N KC1. 

It is of interest to note the similarities between 

the potentiometrie titration curves 1'or bentonite, illite 

and. kaolinite in both water and 0.0]. M CaC12 equilibrium 

solutions of the H- and Al-systein. According to Harward 

and Coleman (17) H-bentonite has strong aoid properties. 

Whether H-illite and H-kaolinite behave as a strong acid 

is open to juestion. How the slight in3purities observed 

in kaolinite 1 influence the pli-base saturation relation- 

ships remßins to be deterri1ned. In view of the shape of 

the titration curves presented here, lt seenis that even 

though some more elaborate procedures have been devised 

for preparing H-clays (1, 12) leaching with N HG]. Is 

still a plausible and convenient method. 

H-saturated clays equilibrated in water at 

0.0003 atm. P0 had pH values of 4.68, 4.21 and 3.50 

for bentonite, illite and kaolinite, respectively. 

Similar values were obtained for Al-clays with the 

exception of Al-kaolinite which gave a value of 4.98. 

In 0.01 M CaCl2 equilibrium solution the pH values were 

2.19, 2.47 and 2.18 for H-clays, and 3.58, 3.83 and 4.00 

for Al-clays following the same order of clay as above. 

These data again suggest a strong acid character for 

illite and kaolinite. Previous studies have generally 

indicated weak acid properties for these clays. 
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Calcium Release 

The activity of oalcium ions in the equilibrium 

solutions was cicu1ated on the basis of the second 

approximation of the Debye-Huckal equation. From the Ca 

ion activities and pH determinations, H/ /T ratios in 
the log form of pH-1/2 pCa were obtained. The results 

are tabulated in Tables i through 6. 

1. ater uiiibrium Solution. The activities 

of Ca ions released to water equilibrium solutions in re- 

lation to levels of Ca saturation are depicted in Figure 

6. Afl inspection or the figure indicates that the re- 

lationship existing between calcium release and degree of 

Ga saturation varies with the type and cationic nature 

of the clays. 

tl-bentonite released more Ca ions than H-bentonite 

below 80 per cent Ca saturation. The activities of Ca 

ions in solution were 0.20, 0.27 and 1.26 i io5 moles/liter 

The difference is much easier to observe by amplifying 

part of the graphs in Figure 6 to the scale of Figure 7. 

This is in agreement with the complementary ion principle. 

At high degrees of Ca saturation the reverse was true, 

i.e., H-clay released muore calcium ions. It is felt 

relevant to mention that, as previously stated, 

Al-bentonita also showed lower pH values at higher 

Ca-saturation. Since hydrous aluminum oxide may form at 
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Table 1. Ion ratios in water equilibrium solution as 
related to per cent calcium saturation of 
Utah bentonite sand size aggregates which 
were initially saturated with H or Al 
(means of 3 deternilnations). 

%Ca : : 

Satn, : jH Aa_x_l5_ : : H-_lL2p_C 

H- system 

0 4.68 
20 4.75 0.20 2.85 1.90 
40 4.68 0.27 2.78 1.90 
60 4.85 1.26 2.45 2.40 
80 7.13 9.00 2.02 5.11 

100 8.58 29.05 1.77 6.82 
120 9.16 61.14 1.61 7.55 

A.l - system 

0 4.70 --- 
20 5.63 1.25 2.45 3.18 
40 5.75 2.36 2.31 3.44 
60 6.10 3.95 2.20 3.90 
80 7.31 7.73 2.06 5.24. 

100 7.95 13.41 1.94 6.01 
120 8.51 26.27 1.79 6.72 

* moles/liter 
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Table 2. Ion ratios in water equilibrium solution as 
related to per cent calcium saturation of 
illite 35 which was initially saturated 
with H or A]. (means of 3 determinations), 

Satn. H:ACa X 1O _:_lL2 Ca:jH - /2 Ca 

H - system 

O 4.21 --- --- 
20 4.31 0.51 2.65 1.66 
40 4.37 1.2]. 2.46 1.91 
60 4.98 2.87 2.27 2.72 
80 7.43 9.22 2.02 5.1+1 

100 8.00 23.30 1,82 6.18 
120 8.51 27.56 1.78 6.73 

Al - system 

0 4.20 --- 
20 4.95 26.65 1.79 3.16 
40 5.26 28.32 1.77 3.4.9 

60 5.40 36.92 1.71 3.69 
80 6.89 42.60 1.69 5.20 

100 7.40 49.22 1.65 5.75 
120 7.88 53.49 1.6/+ 6.24 

* moles/liter 
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Table 3. Ion ratlos in water eaujlibriuin solution as 
related to per cent calcium saturation of 
kaolinite 4 which was initially saturated 
with H or Al (means of 3 determinations). 

%Ca 
Satn.: JH ACa x 1O _:_lL2 a_:p : J2 a_ 

H - system 

O 3.50 --- 
20 3.59 4.11 2.19 1.49 
40 3,59 4.93 2.15 1.58 
60 3.84 6.93 2.08 1.82 
80 4.23 8.22 2.04 2.63 

100 7.56 14.92 1.91 5.39 
120 8.73 30.25 1.76 7.04 

A]. - aystem 

O 4.98 --- 
20 5.50 2.7]. 2.28 3.22 
40 5.54. 4.26 2.19 3.35 
60 5.60 5.87 2.12 3.52 
80 6.40 10.41 1.99 4.4]. 

100 8.19 19.21 1.86 6.34. 
120 8.52 32.03 1.75 6.78 

* moles/liter 
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high pH in the Al-clay system, the possibility that Ca 

ions may be adsorbed or occuluded by the precipitate 

thus 1eavin lesser amount in the solution phase should 

not be overlooked. The fact that complementary ion effect 

did not hold at higher Ca saturation may likely find some 

explanation on the basis of the Intervention of the 

formation of hydrous aluminum oxide as neutrality was 

approached or exceeded in the titration of Al-bentonite. 

For both H- and Al-bentonite there was an abrupt increase 

in the activities of Ca ions above SO per cent Ca 

saturation. Siniila.r tendency of the release curve was 

obtained by Harward (16), and Harward and Mehlieh (19) 

with the saiue material, although in those eases initial 

saturation as to H or Al was not defined. 

Al-illite behaved differently from others in that 

it released the highest amount of Ca ions at any given 

per cent base saturation. The activity of Ca ions in 

solution increased almost in linear proportion above 40 

per cent Ca- saturation. H-illite exhibited an S-shaped 

release curve showing a sharp increase in Ca ion activity 

above 60 per cent Ca saturation. Complementary ion 

effect is here best demonstrated by comparIng calcium 

release of H- and A.1-illite. At every per cent Ca 

saturation Al-illite released much more Ca than the 

H-illite system. 
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The relative difference in calcium release between 

H- and Al-kaolinite was smaller in comparison to the 

other two clays. The two release curves were close to 

each other (bottom diagram of Figure 6). H-kaolinite re- 
leased slightly more calciu. ions into the solution than 

Al-bentonite below 60 per cent Ca saturation whereas above 

this limit the situati 'n was reversed. Calcium release 
from H- and Al-kaolinite below 80 per cent Ca saturation 
was amplified and depicted in the bottom diagram of 

Figure 7. Release of calcium ions troia both H- and 

Al-kaolinite increased more prominently above 60 per cent 

Ca saturation. The anomalous behavior of H-kaolinite at 
lower Ca levels causes some speculations. Insofar as 

Brown (7) has shown that only small amount of admixture 

(5 per cent) of montniorillonite was necessary to dominate 

the chemical properties of the kaolinite clay minerals, 

the raontmorillonite-like irnpurties identified in 

kaolinite 4 iniht bring forth some Interference. This 

statement is somewhat augmented in view of the similar- 
ities between the calcium release curves of bentonite and 

kaolinite as shown in Figure 6. Another factor to be 

considered is whether the cationic status of H- or Al-clay 

is maintained, or there is possibility for reversion 

from H-clay to Al-clay during the equilibration process. 

Based on the fact that the difference in titration curves 
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is clearly manifested between H- and Al-kaolinite (Fiß- 

tire 5) and, furthermore, that kaolinite is generally 

considered a more stable clay mineral, the latter 

possibility is rather slim, but nevertheless, not exclud- 

ed. Work needs to be done to clari1'y these points. 

It is considered desirable to compare the effect 

of the type of clay minerals on the release of Ca ions. 

Such comparison is better made below neutrality from the 

standpoint of similarity to liming practices. lso, the 

intervening factor of hydrous alu.minwn oxide is lessened 

at lower pH values. t 40 and 60 per cent Ca saturation 

the release of calcium ions from the three H-clays 

followed the decreasin; order: kaolinite7 illite7 benton- 

ite. At 80 per cent Ca saturation the three release 

values were quite similar. For al-clay systems the order 

was: illite7kaolinite7bentonite at any given Ca 

saturation. In general, this is in line with some of the 

availability studies (2, 9, 43, 45) involving plant 

growth and uptake of Ca ions from different clay minerals. 

The activity of calciu.ni ions was converted to 

1/2 pCa. This value decreased gradually with degree of 

Ca saturation. The magnitude of such change is shown in 

column 4 of Table i through 3. It is apparent that with 

the exception of Al-illite there is a break in the 

change of 1/2 pCa values at 80 per cent Ca saturation, 
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Table 4. Ion ratios in 0.0]. M CaCÌ2 equilibrium solu- 
tion as related to per cent calcium satura- 
tion 01 Utah bentonite sand size aggregates 
which were initially saturated with H or 
A]. (means of 3 deterni.thations). 

Bath. yH x 10 : H_-jL2pa_ 
H - system 

0 2.19 3.88 1.21 0.98 
20 2.33 4.25 1.19 1.14 
40 2.52 4.67 1.17 1.35 
60 3.14 5.10 1.15 1.99 
80 4.98 5.28 1.14 3.84 

100 7.72 5.49 1.14 6.58 
120 8.88 5.51 1.13 7.75 

Al - system 

0 3,58 4.90 1.15 2.43 
20 3.92 4.93 1.15 2.77 
40 4.17 5.24 1.14 3.03 
60 4.49 5.31 1.14 3.35 
80 5.10 5.33 1.14 3.96 

100 7.24 5.36 1.14 6.10 
120 8.16 5.42 1.13 7.03 

* moles/liter 
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Table 5. Ion ratios in 0,01 M GaC12 equilibrium 
solution as related to per cent calcium 
saturation of iflite 35 which was initially 
saturated with H or Al (means of 3 

determinations). 

T 
Satn. : a_x1Q a_:p - J2 

H - system 

o 2.47 4.27 1.18 1.29 
20 2.69 4.66 1.17 1.52 
¿fo 3.00 4.91 1.15 1.85 
60 3.73 5.14 1.14 2.59 
80 5.14 5.19 1.14 4.00 

100 7.27 5.21 1.14 6.13 
120 7.56 6.21 1.14 6.42 

Al - sjetem 

0 3.83 4.97 115 2.68 
20 4.03 5.12 1.15 2.88 
40 4.22 5.21 1.14 3.08 
60 4.67 5.26 1.14 3.53 
80 5.18 5.41 1.13 4.05 

100 6.68 5.34 1.13 5.55 
120 7.17 

------- 

5.39 1.13 

a ------------ 
6.04 

* moles/liter 
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Table 6. Ion ratios in 0.01 M Cad2 equilibrium 
solution as related to per cent calcium 
saturation of kaolinite 4 which was 
initially saturated with H or Al 
(means of 3 deterLainations). 

* T 
Satn. z pH _Aa_xlQ?_ : a_:pj - Ja 

H - system 

0 2.18 3.64 1.22 0.96 
20 2.30 3.98 1.20 1.10 
40 2.51 4.42 1.18 1.33 
60 2.87 4.81 1.16 1.71 
80 4.00 5.10 1.15 2.85 

100 7.79 5.15 1.14 6.65 
120 9.20 5.24 1.14 8.06 

Al - system 

0 4.00 5.01 1.15 2.85 
20 4.19 5.05 1.15 3.04 
40 4.35 5.06 1.15 3.20 
60 4.,4 5.06 1.15 3.39 
80 5.9 5.11 1.15 4.34 

100 7.07 5.5 1.15 5.92 
120 8.46 5.27 1.14 7.32 

* moles/liter 
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which corresponds to the sudden increase in Ca ion activitr 

at and above this limit for these clay systelnß. 

2. 0.01 M CaC12 Equilibrium Solution. The cor- 

responding results in 0.01 M CaC12 equilibrium soluton 

were tabulated in Table 4. through 6 and shown in Figure 8. 

From the figure lt is clear that the activity of Ca ions 

was higher in al-clay systems than H-clay systems with the 

exception of bentonite above 80 per cent Ca saturation. 

The release 01' calcium ions from H-clays increased gradual- 

ly up to 80 per cent Ca saturation whereas generally similar 

amounts of Ca ions were recovered in the solution phase 

from Al-clays regardless of Ca saturation. The difference 

between H- and Al-clays was in no case as large as that 

between clay systems equilibrated in water. Furthermore, 

the difference narrowed with increase in Ca saturation. 

.t 80 per cent Ca saturation these values carne close 

together. The variations observed here were in agreement 

with the complementary ion effect. 

It is of interest to note that similar values of 

1/2 pCa were obtained with Al-clays at varying degrees 

of Ca level while differences occurred in the case of 

H-clays. Values of 1/2 pCa are shown in the fourth 

column of Table 4 through 6. During the course of ion 

ratio studies on field soils ebster and Harward (71) 

observed that the values 1/2 p(Ca Mg) in 0.01 M CaC12 



equilibrium solution were essentially constant regardless 

of degree of base saturation. It is inferred from the 

present study that the soils which iebster and Harward 

(71) worked with should be predoiainantly Al saturated. 

Other workers (13, 29, 39) have observed that aluminum 

may be one of the prinoipal exchangeable cations in 

natural soils. 

Ion Ratios in Equilibrium Solutions 

Linear relationships have been found to exist 

between pH - 1/2 p(Ca+Mg) and base saturation in some 

western Oregon soils equilibrated in water or 0.01 M 

CaCÌ2 and at two different levels of CO2 (71) . It seems 

desirable to investigate the difference for these rela- 

tionships in standard clay systems in relation to degree 

of base saturation. The results so obtained are shown 

'r&phica11y in iigures 9, 10, and. 11 while numerical 

values are listed in the last column of Tables 1 through 6. 

1. Water as quilibrium Medium. A close examina- 

tion of these tables indicates that the function pH - 

1/2 pCa vs. Ca saturation is dependent on two factors: 

pH and 1/2 pCa, both of which vary with Ca levels as 

previously mentioned. The magnitude of chan(Te of 

1/2 pCa with degree of Ca saturation was much smaller than 

that of pH values. It is to be expected, therefore, that 
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pH is the dominant factor in determining the shape of the 

curves relatin the function pH - 1/2 pCa to Ca saturation 

in different clay systems. As a corollary, these latter 

curves should follow the general trends of the correspond- 

inc', titration curves. The similarities are borne out by 

coxrìparin the appropriate curves in Figures 3, 4, and 5, 

and 9, 10, and li. This observation had not been expected 

before the experiment was planned and started. 

These curves showed an appreciable increase in the 

function pH - 1/2 pCa around 60-80 per cent Ca saturation 

of the clay systems. Al-clays again manifested a buffer- 

Ing action in the extent of variation of this function 

with Ca levels. Below 80 per cent Ca saturation both 

Al-bentonite and Al-illite yielded higher values than the 

respective H-clays whereas at the 80 per cent Ca level 

very close values were obtained. In the case of kaolinite 

the function pli - 1/2 pCa of Al-clay was also higher corn- 

pared to the H-clay but this maintained above 100 per cent 

Ca saturation. No simple linear relationships were found 

for the Ion ratios vs. base saturation for these standard 

clays as contristed to the natural soil studied by 

Webstei and Harward (71). However, it is apparent that 

the functions obtained in the Al-systems were closer to a 

linear relationship than the H-systems. Assuming that the 

natural soils were predominantly Al-saturated, then their 
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Figure lO. Relationship between pH - 1/2 pCa and per cent 
Ca saturation o1 H- and Al-illite 35 in water 
and 0.01 M CeCi2 equilibrium solutions. 
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observations might be accounted for in part. It is clear, 

however, that the function is not a true linear relation- 

ship. 

Since the value of pH - 1/2 pCa is considerea a 

siiriple fu.nctlon of chemical potential of calcium hydrox- 

ide in a solution (60), it may be concluded that compie- 

mentary ion effect is better interpreted in terms of the 

ratio of activity of hydrogen ions to the square root of 

activity of calcium ions than the activity of calcium ion 

alone which has been discussed in detail in the preceding 

section. 

is to the effect of clay mineral types on the 

function of pH - 1/2 pCa it is of significance to observe 

that in general H-bentonite and H-illite yield higher 

values than H-kaolinite below 80 per cent Ca saturation. 

This is attributed to the higher activity of hydrogen ions 

which was measured in the H-kaolinite (Tables i through 3) 

at comparable Ca levels. Whether H-kaolinite behaves as 

a strong acid is again open to question. Much less 

difference existed among the values obtained for the three 

Al-clays ecjuilibrated in water (Tables i through 3). This 

is surprising in view o1 the findings by other workers 

(2, 9, 44, 45) that calcium ions adsorbed on kaolinite have 

a high availability for plant growth and uptake. It is 

felt that the information relating to the biological 



significance of the relative value of pH - 1/2 pCa in 

different standard clay systes is rejuire(J to clarify 

some of the incompatible results. 

2. 0.01 M Cad2 as Equilibrium Medium. Jith 

0.01 M CaC12 as the equilibrating solution the difference 

in calcium release in the range of very low calcium con- 

centrations observed in water eQuilibration was masked du 

to the large common ion effect. This was evident from the 

fact that only slight and gradual ohanpes occurred in the 

value of 1/2 pCa for H-clays with varying Ca saturations 

and. nearly constant value for Al-clays. As a result the 

ion ratio-Ca saturation curves of H- and Al-clays (Figures 

9, 10, and 11) in 0.01 M Cadi2 equilibrium solution almost 

coincided with the respective titration curves. The only 

difference was the displacement of the ion ratio-Ca 

saturation curve to a lower position, the magnitude of 

which reiresented the value 01' 1/2 pCa in each case. If 

this is the case it is difficult to visualize the advantage 

of usina the function pH - 1/2 pCa to express the acidity 

of a systeu equii1brated in 0.01 M CaCÌ2 in place of the 

usual pH value. It might point to the advantage, however, 

of measuring pH in a salt solution. 

What has been stated about the characteristics of 

titration curves in the previous section also applies to 

the present case. A1-c1ays showed smaller variation of 
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the vi1ue H - 1/2 pCa with degree of Ca saturation 

compared to H-clays, indicating higher bulTering action. 

Below 80 per cent Ca saturation hi'her values were observed 

with Al-bentonite ana. Al-illite than the corresponding 

H-clays. But at this critical point the difference was 

barely discernible. With Al-kaolinite the trend of higher 

ion ratio extended to about 90 per cent Ca saturation. 

Since the value of pH - 1/2 pCa is functionally related 

to the cheniical potential of calcium hydroxide the above 

observations are considered in harmony with the complement- 

ary ion effect. The crossing or the curves at higher Ca 

saturations was due to the higher pH values of H-clays 

in comparison with the Al-clays. 



SUMMARY AND CONCLUSIONS 

The present investigation was designed to study 

(1) the relationship between the pH value and calcium 

content 01 the equilibrium solutions and degree of Ca 

saturation 01' different clay nilnerals containing exchange- 

able H or iU, (2) the change of the hydrogen to calcium 

ion ratios in equilibrium solutions with varying degrees 

of Ca saturation of H- and Al-clays, and (3) the use of 

these ion ratios and calcium release values to offer 

some explanations to the chemical properties 01' soils. 

Titration curves relating pH and degree of Ca 

saturation of the H- and Al-clays started to rise more 

prominently around 60-80 per cent Ca saturation, although 

the shape 01' the titration curves of Al-clays indicated 

much higher buffer capacity. The slight initial inflec- 

tion of Al-clays equilibrated in water was interpreted as 

indicative of small amount of hydrogen Ions adsorbed on 

the Al-clays. The end point of titration curves of 

H-clays corresponded to slightly higher per cent Ca 

saturation than was needed by the same weight of the 

respective Al-olay when both were equïlibrated in water. 

Al-bentonite and Al-illite gave hither pH values than the 

corresponding H-clays below 80 per cent Ca saturation 

in both water and 0.OlM Ca012 equilibrium solution. For 



kaolinite the tendency continued to higher than 80 per 

cent Ca saturation. At higher Ca saturation Al-clays had 

lower pH values than H-clays. 

The general shape of the titration curves obtained 

here with Al-clays equilibrated in water beais some 

similarities to those described in the literature. The 

striking feature is the presence of initial inflection in 

the curves followed by a region of buffering at higher pH 

values. This fact might be taken as evidence that many 

of the titrition curves appearing in the literature were 

obtained with the Al-clay or H-Al-clay as the starting 

material rather than the H-clay as supposed. 

The relationship existing between the calciuni re- 

lease and degree of Ca saturation varied with the type and 

cationic nature of the clay. In water Al-bentonita re- 

leased more calcium ions than if-bentonite below 80 per cent 

Ca saturation. At higher degrees of Ca saturation 

H-bentonite released more calciuni ions. At every per 

cent Ca saturation Al-illite released much more Ca ions 

into solution than the H-illite system. The difference 

in calciwn release between H- and Al-kaolinite was smaller 

in comparison to the other two clays. At 40 and 60 per 

cent Ca saturation the release of calcium from the three 

H-clays followed the decreasing order: kaolinite7illite7 

bentonita. At 80 per cent Ca saturation the release 
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values were quite similar. For Al-clay systems tho order 

was: illite kaolinite bentonite. 

In 0.0).M CaCÌ2 ec.uilibrium solution the activity or 

calcium ions was higher in Al-clay systems than H-clays 

with the exception or bentonite above 80 per cent Ca 

saturation. The release of calcium ions from H-clays in- 

creased gradually up to 80 per cent Ca saturation whereas 

generally similar amounts of calcium ions were recovered 

in the solution phase from l-olays regardless of satura- 

tion. The difference between H- and Al-clays was in no 

case as large as that between clay systems ecjuilibrated 

in water. 

The value 1/2 pCa, os a measure of the activity of 

oalciuin ions in solution, decreased radua1ly with the 

degree of Ca saturation for systems equilibrated in 

water. In 0.01M Cad2 solution similar values of 

1/2 pCa were obtained with Al-clays at varying degrees 

of Ca level while differences occurred in the case of 

H-clays. 

pH was the dominant factor in determining the 

shape of the curves relating the function of pH-1/2 pCa 

to Ca saturation in different clay systems. With 

0.OlM CaCl2 as the equilibrating solution only slight 

and gradual change occurred in the value of 1/2 pCa for 
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H-clays with varying degrees of Ca saturation and nearly 

constant values for Al-clays. As a corollary, the 

curves relating pH-1/2 pCa vs. Ca saturation followed 

the general trends of the corresponding titration curves. 

Since the value of pH-1/2 pca is considered a 

simple function of chemical potential of calcium hydroxide 

in a solution it may be concluded that complementary ion 

effect is better interpreted in terms of ion ratios than 

the activity of Ca ions alone. 
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