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SURFACE ACIDITY OF SMECTITES IN 
RELATION TO HYDRATION, EXCHANGEABLE 

CATION, AND STRUCTURE* 
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(Received 31 May 1968) 

Abstract - Equilibrium studies on clay films exposed to N H 3 and H2 0 vapors demonstrate the effect of 
exchangeable cations on surface acidity and its relationship to hydration . At a relative humidity of 
98 per cent the order of acidity on the clay surface as indicated by protonation of NH3 was AI > Mg > 
Ca = Li > N a = K for Wyoming bentonite and AI > Mg > Li > Ca = Na = K for nontronite. At a 
relative humidity of 20 per cent . however. the order was AI = Mg > Ca> Li > Na > K for the 
bentonite and AI = Mg > Li > Ca > Na > K for nontronite. The largest change in proton donation 
properties due to hydration effects was in the calcium clays. For Ca-bentonite the N H4 + formation was 
16 me/l 00 g at 98 per cent and 80 me/l 00 g at 20 per cent relative humidity. In Ca-nontronite. the 
N H 4 + formation was 14 and 64 mel I 00 g for the wet and dry systems respectively. The differences in 
proton donation between the bentonite and nontronite clays are believed to be due to charge site 
location and its effects on ion hydration . The N H. + formed by the protonation process seemed to 
exist in different environments in the bentonite and nontronite as indicated in the i.r. absorption spectra. 

INTRODUCTION 

THE unusual acidity or proton-donating properties 
of clay films and suspensions have been observed 
by a number of workers (see ref. li st). The major 
proton donating process has been suggested to 
result from water molecules strongly polarized by 
exchangeable metal cations on the clay surface. It 
has been observed that the proton donation (or 
acidity) of this water is greater than would be ex­
pected upon consideration of the pK values of the 
same hydrated metal cations in water. The struc­
ture of the clay may have an indirect effect on this 
process if a special affinity for the protonated base 
exists as in the case of vermiculite for N H. + ion 
where the product of the reaction of N H 3 with the 
mineral i s being removed by fixation . In addition. 
the clay structure may affect the exchangeable 
cation and in turn its effect on surrounding water 
molecules in connection with the s ite of electric 
charge on the clay. Data obtained by Russe ll (1965) 
on N H 4 + formation from N H 3 on montmorillonite 
(Wyoming bentonite) and saponite suggests some 
effect of site of charge. 

F a rmer and Mortland (1966) found that when 
pyridine is adsorbed on a highly hydrated Mg­
montmorillonite, it is coordinated to the Mg ion 
large ly by bridging through directly coordinated 
water molecules. As this system is dehydrated, 

pyridinium ions are observed, suggesting an 
increase in acidity of the clay surface. Probably the 
polarizing effect of the exchangeable cation in­
creases as the number of coordinated water mole­
cules around it decreases by dehydration with the 
result that the remaining water molecules are better 
able to give up a proton to a base. The following 
work was designed to investigate in a quantitative 
manner the effect of hydration level , nature of the 
exchangeable cation, and the site of layer charge on 
the surface acidity of smectites. Special attention 
was given to observing proton donation under 
conditions of equilibrium and measurement of 
reactant and product concentration on the clay 
surface. 

METHODS 

Homoionic samples of the < 2f-t fraction of 
Wyoming bentonite (A.P.1. H-25), and nontronite 
(A.P.1. H-33 a) were prepared by washing the clay 
with appropriate salt solutions (I N) and removing 
the excess salts by repeated washings with water 
and methanol in a centrifuge. The ha lf unit cell 
formul ae for these two clays as determined from 
total chemical ana lysis are: 

bentonite 
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Thin clay films were prepared by evaporating water 
suspensions of the clay in aluminum dishes. The 
resulting films (2·5 mg/cm2

) could be readily 
stripped from the aluminum. The films were equili­
brated over NH40H solutions of varying concen­
trations and NH4 0H-salt solutions of various 
kinds designed to give varying partial pressures of 
water and ammonia. After at least 24 hr of equili­
bration. one portion of the film was removed from 
the container. weighed, then placed in concentrated 
H2S04 and micro-kjeldahl analysis made. Another 
portion of the same film was placed in a Beckman 
I R-7 spectrophotometer and the absorbance of the 
1430cm-1 (1'4) band of NH.+ determined. The 
amount of N H4 + on the film could then be deter­
mined by reference to a standard curve prepared 
from NH4 + -montmorillonite or nontronite. Film 
thickness varintion was compensated for by using 
i.r. absorption bands arising from the clay matrix 
itself as internal standards as suggested by Russell 
(1965). Amounts of water on the clay could be 
determined by subtracting the total amount of 
NH3 and NH.+ found by nitrogen analysis from the 
total amount of adsorbate found gravimetrically. 
The amount of NH3 on the films was found by 
subtracting the N H. + ion content found spectro­
scopically from the total nitrogen content. Using 
these techniques it was possible to measure the 
amounts of reactants and products of the following 
reaction at equilibrium: 

M(H 20)t "+ NH3 ~ M(H 2 0).r_1 OH+II-1 + NH4+ 
(I) 

where M represents an exchangeable metal ion. n 
the valence of the ion , and x the amount of water. 

DISCUSSION OF RESULTS 
Table 1 reports the amounts of N H4 + ion pro­

duced at equilibrium in homoionic clay films at two 

different relative humidities as well as the calculated 
equilibrium constants. The first most obvious 
characteristic of these data is the great effect of 
exchangeable cation on the formation of N H 4 + ion. 
Therefore, in accounting for the protonation reac­
tion observed. any explanation of the mechanism 
must include the exchangeable metal cation. A 
second observation is the significant effect of 
hydration on the protonation of NH3 in some 
systems. A third characteristic of these data is the 
significant effect of mineralogy on the N H. + ion 
formation. Thus the charge site location (octahedral 
vs. tetrahedral) is also a factor that must be 
considered in accounting for these results . 

Effect of hydration and exchangeable cations on 
proton-donor properties 

The effect of exchangeable cation on the proto­
nation process may be related to the hydrolysis 
properties of these cations in water. Each hydrated 
cation can act as an acid or proton donor and each 
hydrated cation has a hydrolysis constant or pK 
which describes its acidic properties and which 
reflect the properties of the cation vis-a-vis its 
associated water molecules . The acid properties of 
hydrated metal cations vary greatly and are sum­
marized by Hunt (1963). Mortland (1968) has 
shown the relationship between electronegativity 
of the exchangeable cations and the protonation of 
some bases on montmorillonite. It is thus not 
surprising to find that the exchangeable cation is a 
major factor in protonation of bases on the clay 
surface. What is surprising is the large variation in 
the proton donor properties of the clay surface and 
the great change in proton donation for some kinds 
of exchangeable cations in moist as compared with 
relatively dry systems. A general observation might 
be that the clay surface becomes more acidic as it 
is dehydrated. This is exemplified in Fig. I where 

Table I. Amounts of N H. + (me/ I 00 g) formed in bentonite a nd nontronite. over N H,-H20 
(0,7% NH.OH) solutions and the calculated equilibrium constants (Ke) 

Bentonite Nontronite 
Cation 

on Low H2 O ' High H20t Low H2 O ' High H20t 
clay NH4+ K. NH4+ K, NH4+ K. NH.+ Ke 

Li 23 2·5 x 10- 3 17 1·02 x 10-3 68 17·4 x 10- 2 34 3·96 x 10- 3 

Na 16 11·8 x 10- 3 10 4·30 X 10-3 49 10·8 x 10- 2 16 1·04 x 10- 3 

K 10 5·9 X 10-3 II 6·80 x 10-' 18 4·4 x 10- 2 16 5·91 x 10-3 

Ca 80 12·0 x 10- 2 16 4-40 x 10-3 62 2·8 x 10- 2 14 1·27 x 10- 3 

Mg 101 7·5 x 10- 2 74 2·09 x 10- 2 75 6·2 x 10- 2 64 3·04 X 10- 2 

Al 101 2·9 x 10-2 100 2·20 X 10-2 74 10·3 x 10- 2 72 3·07 X 10-2 

*H20 P/Po = 0·20. 
tH2 0 P/Po = 0·98 . 
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Fig. I. Relationship of N H. + produced to H 2 0 content of 
Ca-bentonite over N H,,· H2 0 solutions under conditions 

of equilibrium. 

the amount of N H4 + formed on Ca-bentonite is 
plotted versus the amount of water on the clay 
surface at equilibrium. 

From the reactants and products expressed in 
Eq. (I), it is possible to calculate the equilibrium 
constants, K", from the expression: 

(2) 

Since the proportion of (OH) formed is stoichio­
metrically equal to the amount of (N H4 +) formed. 
the expression can be rewritten as: 

(3) 

While activities are the more rigorous values used 
in the calculation of equilibrium constants, concen­
trations are used here since activities were not 
measurable. 

Table 2 indicates the proportions of N H3 • N H4 +, 

and H2 0 on some of the Ca-bentonite films and the 

equilibrium constants (Ke) calculated from the 
concentration values. The equilibrium constants 
show a progressive increase from 4·4 X 10-3 in the 
wet. to 120 X to-3 in the dry systems. Table 1 also 
gives the Ke values for the dry and wet ends of the 
system for both bentonite and nontronite with 
different exchangeable cations. As in the case of 
Ca. the equilibrium constants in all the other 
systems are larger in the low water systems, though 
the magnitude of variation from the high water 
system depends on the nature of the interlayer 
cation and the type of clay mineral. Undoubtedly 
some of the differences in equilibrium constants 
between the high and low H2 0 systems may result 
from H2 0 present in the clay (particularly the high 
level) which is not in fact involved in the reaction 
as expressed in equation (1). Nevertheless. the 
results in Fig. 1, Table 1, and Table 2 conclusively 
show that the proton donor properties of the clays 
change with water content. These findings are 
interpreted to mean that the water remaining on the 
clay surface becomes more acidic as dehydration 
proceeds. Put another way, it might be said that the 
pK of the hydrated exchangeable cations decreases 
with dehydration. When a great deal of water is 
present, polarization forces of the exchangeable 
cations may be said to be distributed among a large 
number of water molecules and the pK of such a 
system might approach that of these ions in an 
aqueous solution. However, as water content is 
decreased, polarization forces become more 
concentrated on the fewer remaining water mole­
cules causing an increase in hydrolysis and so in 
their proton donating abilities. In fact, it may be 
reasonable to express the ionization of the aquo 
complexes as follows: 

M(H2 0L"u+ ( Kl, M(H20) (OH)<n-n+ + H+ (4) 
x-j 

and 
K, 

M(H 20)J.(H2 0)yn+ ( 'M(H20)X_l 

(OH) (H
2
0)y(n-W + H+ (5) 

Table 2. Proportion of H20. N H3 and N H. + on Ca-bentonite films at equil­
ibrium after exposure to varying vapor pressures of water and ammonia 

Percent H2 0 
on clay* 

40·7 
39·0 
31·1 
5·9 

mmole H2 0 
/I 00 g clay 

2·26 X 10" 
2·l7xI0" 
1·73 x 10" 
3·27x 102 

'Oven dry basis (I OYC). 

mmole NH3 mmole NH4+ Equilibrium 
/100 g clay / I 00 g clay constant K e 

26 
33 

108 
163 

16 
26 
51 
80 

4·4 X 10-3 

9·4 X 10-3 

13·9 X 10-3 

120 X 10-3 
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Where M is an exchangeable metal cation on the 
clay, x the amount of inner sphere coordinated 
water, y the amount of outer sphere coordinated 
water, and Kl and K2 the ionization constants for 
the two systems. Equation (4) would represent the 
drier system where only directly coordinated water 
remained while Eq. (5) represents the moist system 
where there is outer as well as inner sphere co­
ordinated water. From the preceding discussion 
one would conclude that Kl is greater than K2 and 
thus the drier system would be the more efficient 
proton donor. As dehydration proceeds, the amount 
of NHa on the clay surface increases as noted in 
Table 2 and thus it might be argued that increase in 
this reactant drives the f'~action to the right (Eq. I) 
with the resulting increase in NH4+ ion formation. 
This does not seem to be a reasonable explanation 
since in many cases the amount of change is much 
greater than that expected from mass action effects. 
Also it is difficult to understand why the basicity of 
NHa would be increased as the result of increased 
N Ha adsorption. 

Mineralogical effects on proton donation 
The reasons for the mineralogical effect on the 

proton donation process are not obvious. The site 
of charge was the main variable in the two smec­
tites used, being located in the octahedral layer of 
the Wyoming bentonite and in the tetrahedral layer 
of the Garfield, Washington, nontronite. Presum­
ably then the site of charge may have some influ­
ence. Shainberg and Kemper (1966) have pointed 
out some effects of charge site on the exchangeable 
cations and their hydration properties. This influ­
ence may be indirect through the interaction be­
tween the site and the exchangeable cation with 
resulting differences in the polarization effects on 
associated water molecules. The most obvious 
differences between the two kinds of smectites 
indicated in Table I is that at the dry end (20 per 
cent relative humidity) the Ca-bentonite is more 
acidic than the Ca-nontronite while the Li and Na­
bentonite is less acidic than the corresponding non­
tronite systems. These results for the Ca system 
agree with results of Russell (1965) where he com­
pared bentonite and saponite but differ with his 
results for the alkali metals. One difference in tech­
must be mentioned and that is that the work report­
ed here was approximately under equilibrium 
conditions with respect to vapor pressures of N Ha 
and H2 0 while Russell's (1965) method was to pass 
a stream of N Ha gas over the clay film for a ! hr. 
This latter technique would result in a system lower 
in H2 0 content than the driest used in this study. 
In fact, the technique of Russell would probably 
result in almost complete dehydration of the clay 
surface due to mass action effects of N Ha replacing 

H2 0 as solvating molecules around the exchange­
able metal cations. 

The K + /N H4 + fixation capacities estimated accor­
ding to the method of Alexiades and Jackson (1965) 
were 6 and 17 me/l 00 g for the bentonite and 
nontronite respectively. The cation exchange capa­
cities (Ca/Mg) were 92 and 85 me/IOO g for the 
bentonite and nontronite respectively. The uni­
formity of NH4+ formation at the high and low 
water vapor pressures in both K-bentonite and 
K-nontronite are reported in Table 1. Since the K+ 
saturation would prevent any NH4+ formation due 
to the fixation reaction at vermiculite-like sites, 
these levels of NH4 + formation may be attributed 
to weakly acidic hydroxyl groups probably at the 
mineral edges. The fact that Na-c1ays at high water 
levels have the same amount of NH4 + formation as 
the K-c1ays would indicate that the fixation sites as 
measured by the method of Alexiades and Jackson 
( I 965) are not operating. It is well known that de­
hydration as in the Alexiades and Jackson method 
is an important treatment in getting most smectites 
to "fix" K+ or NH4+. It is therefore suggested that 
under equilibrium conditions in the presence of 
NHa and H20, water molecules which have the 
same crystallographic radii as N H4 + may occupy 
the ditrigonal cavities at the clay surfaces, preven­
ting the "fixation" of NH4+. It is proposed that the 
difference in the N H4 + formation in the alkali metal 
and alkaline earth systems are due to difference in 
polarization effects on water as modified by the 
different mineral structures. Within the alkali metal 
group used in this work, the order of decreasing 
solvation energy Li > Na > K is in accord with 
their effects on proton donation by H2 0 to NHa in 
both bentonite and nontronite. This effect is espec­
ially evident in the drier systems. 

The ability of different ions to coordinate with 
H2 0 is dependent upon the electrostatic field around 
the central cation and upon the total dipole moment 
of the coordinated H20. However the total dipole 
moment of the H2 0 depends upon its permanent 
dipole moment P, and the induced moment P'. In 
turn the induced moment P' is determined by the 
strength of the inducing electrostatic field, E, and 
upon the electronic polarizability, a, of the H20: 

Total Moment = P+P' = P+aE (6) 

The electrostatic field, E, around the central cation 
may be affected to some degree by the force field 
exerted by the clay structure itself on the cation, 
and it is well known that the type of anion affects 
the energy of formation of some coordination com­
pounds. Thus the location of the charge in the clay 
structure may differentially influence the polar­
ization of the water, resulting in differences in 
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Fig. 2. Infrared spectra of Ca-bentonite (dashed line) and Ca-nontronite (solid line) 
equilibrated over N H3 • H2 0 solution (24% N H.OH). 

proton donating properties and accounting for the 
mineralogical effects noted in thi s work. 

Environment of N H4 + ion in bentonite and non­
tronite 

There is some indication from this work that the 
N H4 + ions reside largely in different environments 
in the bentonite as compared with the nontronite . 
This is shown in Fig. 2 where infrared spectra of 
Ca-bentonite (dashed line) and Ca-nontronite (solid 
line) are shown after adsorption of N H3 . The de­
formation band (V4) of the N H 4 + ion formed occurs 
at 1424 cm- 1 in the nontronite and at 1450 cm- I in 
the bentonite. Concomitantly, some N H stretching 
vibrations of NH4 + occur at 2870 and 3080 em-I in 
the bentonite and a single band at 3280 cm-I in the 
nontronite. The amount of water on these samples 
is roughly the same as indicated by the deformation 
band at 1635 em-I, although there is some contri­
bution from the l'4 vibration of adsorbed N H~ here . 
These spectra indicate that the N H. + ion in the 
nontronite is relatively unperturbed , while in 
the case of the bentonite it is strongly perturbed by 
hydrogen bonding with H20 . These results suggest 
that the N H4 + in the nontronite may occupy the 
cavities created by the hexagonal network of oxy­
gen atoms on the surface of the clay structure, in 
close proximity to the tetrahedral charge site in 
which case they might not have an opportunity to 
hydrogen bond with H20. On the other hand. in the 

bentonite where the charge site is more di stantly 
located in the octahedral layer. the NH4+ ions may 
be located mainly on the surface of the clay struc­
ture where they can interact with adjoining water 
molecules in hydrogen bonding. 

Addendum . Since the submission and approval of this 
manuscript , Dr. V. C. Farmer of Macaulay Institute for 
Soil Research in Aberdeen provided us with a small 
quantity of saponite. With this tetrahedrally charged 
mineral, it was possible to compare quantities of NH. + 
formed with the nontronite data reported in the preceding 
manuscript. The amounts of NH.+ formed by Li+- and 
Na+ - saponite under identical conditions to those of 
nontronite at the low H 20 environment (Table I) were 
only 10-15 me/! 00 g and thus considerably lower than 
nontronite. This suggests that the proposal made that 
charge site location of itself is responsible for differences 
noted between bentonite and nontronite may not be valid. 
Another possibility may be that the differences in the 
ditrigonal arrangement of the oxygen atoms at the mineral 
surfaces differentially affect the reactions discussed h ere. 
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Resume- Des etudes d'equilibre de pellicules d'argile exposees a des vapeurs de NH3 et H 20 de­
montrent I'effet de cations echangcables sur I'acidite de surface et son rapport avec I'hydratation. A 
une humidite relative de 98%, I'ordre d'acidite sur la surface d'argile tel qu'il etait donne par la pro­
tonisation de NH3 etait Al > Mg> Ca = Li > Na = K pour la bentonite du Wyoming et AI> Mg > 
Li > Ca = Na = K pour la nontronite. Cependant a une humidite relative de 20%, I'ordre etait Ie 
suivant: AI > Mg> Ca > Li > Na > K pour la bentonite et Al = Mg > Li > Ca > Na > K pour 
la nontronite. C'est pour les argiles a calcium que I'on a note les plus grands changements dans les 
proprietes d'abandon de protons par suite d'hydratation. Pour la Ca-bentonite, la formativn NHt 
etait de 16 me/I OOg a 98% et de 80 me/I 00 g a 20% d'humidite relative. Pour la Ca-nontr;:mite, la 
formation NHt etait de 14 et de 64me/IOOg pour les systemes sec et humide respectivement. Les 
differences d'abandon de protons entre les argiles de bentonite et de nontronite semblent etre dues a 
I'emplacement de la charge et de ses effets sur l'hydratation des ions. Le NHt forme par Ie processus 
de protonisation semblait exister dans des milieux differents dans la bentonite et la nontronite comme 
indique dans les spectres d'absorbtion infrarouges. 

Kurzreferat-Gleichgewichtsstudien an dunnen Tonschichten, die NH3 oder H2 0 Dampfen aus­
gesetzt waren, zeigen den Einftuss von austauschbaren Kationen auf die OberftachenazidiHit und 
deren Beziehung zur Hydratation. Bei einer relativen Feuchtigkeit von 98% war die, durch die Pro­
tonisierung des N H3 angedeutete, Reihenfolge der Aziditiit auf der Tonoberftache Al > Mg > Ca = 
Li > Na = K fi.ir Wyoming Bentonit und Al > Mg > Li > Ca = Na = K fi.ir Nontronit. Bei einer 
relativen Feuchtigkeit von 20% hingegen war die Reihenfolge Al = Mg > Ca > Li > Na > K fi.ir 
den Bentonit und Al = Mg > Li > Ca > Na > K fiir Nontronit. Die weitgehendste Veranderung in 
den Protonabgabeneigenschaften infolge von Hydratationswirkungen trat bei den Calciumtonen auf. 
Beim Ca-Bentonit betrug die NH4 + Bildung 16 me/100 g bei 98% gegeniiber 80 me/IOO g bei 20% 
relativer Feuchtigkeit. Beim Ca-Nontronit war die NHt Bildung !4 und 64 mel! 00 g fi.ir das feuchte 
bzw. trockene System. Die Unterschiede in der Protonenabgabe bei Bentonit und Nontronit Tonen 
scheint mit dem Sitz der Ladung und dessen Einftuss auf die Ionenhydratation zusammenzuhangen. 
Wie aus den Infratot Absorptionsspektren ersichtlich trat das durch den Protonisierungsprozess 
entstandene N Ht im Bentonit und im Nontronit in voneinander verschiedenen U mgebungen auf. 

PellOMe--l1ccne,llOBaHHe paBHOBCCHJI, npe.zmpHHJlToe Ha fJIHHHCTbIX DJIeHKaX nO.L\aepfHYTbIX 
napaM NHa H H20, .L\eMOHCTpHpyeT B03.L\eAcTBHe 06MeHHBaeMbIX KaTHOHOB Ha nOBepxHOCTHYIO 
KHCJIOTHOC1D H Ha OTHomeHHe ee K fH,lIpaTaUHH. npH OTHOCHTeJIbHOA BJIalKHOCTH 98% nOpJl.L\OK 
KHCJIOTHOCTH Ha noaepXHOCTH fJIHHbI, KaK :}TO YKa3blBaeTCJI npoToHOTaUHeA NH 3, 6bIJI CJIe.L\YIOIllHM: 
Al>Mg>Ca=Li>Na=K ,lIJIJI BHOMHHfCKOfO 6eHToHHTa H AI>Mg>Li>Ca=Na=K .L\JIJI 
HOHTpoHHTa. O.l\HaKO npH OTHOCHTCJlbHOA BJIIllKHOCTH 20%, nOpJl,llOK 6bIJI Al = Mg > Ca> Li > 
Na> K JI1IlI 6eHTOHHTa H Al = Mg > Li> Ca> Na> K .l\JIJI HOHTpoHHTa. Haa60JIbmee H3MeHeHHe 
B npoTO.l\OHOPHOA cnoc06HocTH nOJI B03.l\eACTBHeM fH.l\paTaUHH npoH30mJIO B KaJIbUHeBbIX 
fJIHHax. ):{JIJI Ca-6eHTOHHTi cjJOpMHpoBaHHe NH COCTaBHJIO 16,113/100 f npH 98% H 80 ,113/100 f 
npH 20% OTHOCHTeJIbHOA BJIalKHOCTH. B Ca-HOHTPOHHTe, cjJOPMHpOBaHHe NH COCTaBHJIO 14 
H 64 ,113/100 f .lIJIJI BJIalKHoA H cyxoA CHCTeMhl COOTBCTCTBeHHO. Pa3H~a MellC)ly 6eHTOHHTOM H 
HOHTPOHHTOM KacaTCJIbHO npOTO.l\OHapHOA CDoc06HOCTH JlBJIJlCTCJI aepoJITHo Cie.l\CTBHeM 
MeCTOnOJIOlKCHHJI 3apJl.lla H 3IjIct>eKTOM 3TOTO Ha HOHHYIO fH,l\paTaUHIO. NH 06pa30BaHHbIA 
npoueccoM npoTOHOTaQHH aePOJITHo HMeeTCJI B Pa3HbIX oKpYlKalO1QHX nop0.l\ax B 6eHTOHHTe H 
HOHTpoHHTe, XaK :no YKa3blBaeTCJI B cnexTpax HHci>paKpacHoro nOTJIOllleHHJI. 
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