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MECHANISM OF SULFATE ADSORPTION BY KAOLINITE 
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Abstract-Sulfate adsorption on kaolinite was followed at 0.7 foLeq/ml to 99 foLeq/ml solution concentrations 
at 300c and at pH 6.0, and the amount of OH- ions released and the change in surface charge were 
determined. Sulfate was adsorbed at positive and neutral sites by displacing OH2 and OH- groups, 
respectively. Adsorption of sulfate occurred predominantly at positive sites at low (0.7 foLeq/ml to 0.9 foLeq/ 
ml) solution concentrations, whereas at higher solution concentrations, the proportion of the sulfate 
adsorbed at the neutral sites increased, varying from 51 % at 4.9 foLeq/ml to 68% at 99 foLeq/ml. The form 
of sulfate bonding was apparently governed by the level of the positive charge on the clay surface. Higher 
positive charge at low and intermediate levels of sulfate saturation resulted in the adsorption of sulfate 
as a divalent anion by forming a 6-member ring with surface Al. With a decrease in positive charge at 
higher levels of adsorption, the sulfate ion formed both monodentate and bidentate complexes. 
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INTRODUCTION 

It is well recognized that the adsorption of sulfate 
by soils and soil materials occurs by replacement of 
M-OH2 + or M-OH groups (Parfitt, 1978). In addition, 
several workers have reported that the adsorption of 
sulfate by clay minerals occurs by ligand exchange 
(Chang and Thomas, 1963; Chao et al., 1965; Aylmore 
et al. , 1967). Such investigations reported, however, 
have not clearly established the exact mechanism of 
sulfate binding to the clays, and the relationship be· 
tween the adsorbed sulfate and the change in surface 
charge is not clear. It is also not certain if the anion is 
adsorbed as a monodentate species or forms a binuclear 
bridging complex. 

In comparison, the adsorption of sulfate by hydrous 
metal oxides is well characterized. Hingston et at. (1972) 
proposed that for specific adsorption to occur, an anion 
must be capable of accepting or donating protons and 
that maximum adsorption occurs at pH = pI<.,.. With 
the adsorption of sulfate by gibbsite, the anion accepts 
a proton from the positive site (M-OH2 +) on the sur­
face, and the monovalent species HS04 - is adsorbed 
by displacing the resulting OH- ion without creating 
additional negati ve charges on the surface. On the other 
hand, Rajan (1977), in his work on sulfate adsorption 
by hydrous alumina, showed from the quantitative re­
lationships between the sulfate adsorbed, the ligands 
displaced, and the changes in surface charge, that sul­
fate is most probably adsorbed by bridging across two 
adjacent Al surface atoms to form a 6-member ring. 
Parfitt and Russell (1977) also showed that sulfate is 
adsorbed on goethite as a binuclear bridging complex. 

Several authors have shown that adsorbed anions 
affect the physico-chemical and engineering properties 
of soil clays (Mitchell, 1976; Sridharan et al., 1981 ; 
Sreepada Rao, 1982). For example, fluoride and phos-

phate form complexes with Fe and Al ions extracted 
from the clay mineral structure at low pH (Wiklander, 
1964). These compounds therefore act as cementing 
materials resulting in increased strength characteristics 
of the clay body. The adsorption of anions is known 
to bring about changes in surface charge (Bowden et 
al. , 1973). Thus, anion adsorption may cause either 
flocculation or dispersion of clay particles and may 
cause volume changes at the macrolevel. The perco­
lation of water through some soil materials decreases 
the anion content to an appreciable degree (Reisenauer, 
1967) and alters the material properties. A detailed 
knowledge of the mechanism of anion adsorption is 
therefore necessary to understand the properties and 
behavior of soils and soil materials. 

The present work investigated the possible mecha­
nisms of sulfate adsorption on kaolinite. Experimental 
investigations were carried out to determine the amount 
of sulfate adsorbed at different solution concentrations, 
the amount ofOH- ions released, and the variation of 
surface charge caused by sulfate adsorption. 

MATERIALS AND METHODS 

Materials 

Kaolinite from Gujarat state, India, was used in the 
studies. Its X-ray powder diffraction pattern indicated 
a c-axis spacing of 7.15 A. The aqueous cation-ex­
change capacity (CEC) of the kaolinite mineral, as de­
termined by the pH equilibrium method of Jackson 
(1958), was 3.3 meqll00 g. The specific surface area 
as evaluated by the single-point water-vapor adsorp­
tion method was 24.56 m2/g. Hydrometer analysis 
showed that about 30% of the sample fraction had 
particle size of < 2 /-Lm and that the remaining material 
ranged in size between fine and medium silt. The CEC 
and surface area values are close to those reported (van 
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Figure 1. Adsorption of sulfate on kaolinite as a function of 
solution concentration. 

Olphen and Fripiat, 1979) for a less well-crystallized 
kaolinite from Georgia, USA; however, a band at 3669 
cm- I in the infrared spectra of the sample indicated 
that the mineral is not extremely disordered. The bands 
at 2934 cm- I and 2855 cm- I , and at 798 cm- I and 780 
cm -I, respectively, suggest the presence of diaspore and 
quartz as impurities (Van der Marel and Beutelspacher, 
1976). The presence of diaspore was also revealed by 
a small peak in the XRD pattern of the sample at 
21.9D28 (CuKa radiation). 

Methods 

Adsorption of sulfate. Five grams of oven-dried ka­
olinite was equilibrated at 30DC with 50 ml of 0.1 N 
NaO solution for about 24 hr at pH 6.0. The coun­
terions Na+ and 0- retained gave a measure of the 
negative and positive charge on the surface, respec­
tively. The pH of the suspension was maintained by 
successive additions of dilute HCl over the 24-hr equil­
ibration period. At the end of the period, 50 ml of 
sodium sulfate solution was added such that the final 
sulfate concentration in the slurries was between 0.5 
and 1 00 ~eq/ml. The slurries were further allowed to 
stand for a period of 24 hr with intermittent shakings. 
The pH was maintained at 6.0 by successive acid ad­
ditions from a microburette. Finally, the slurries were 
filtered through weighed sintered-glass crucibles. The 
loaded crucibles were weighed, dried overnight at 80OC, 
and reweighed to obtain the weight of the entrapped 
sulfate solution. The filtrates were analyzed for sulfate 
content by precipitation with BaClz and subsequent 
gravimetric estimation. The amount of sulfate in the 
entrapped solutions were calculated from the experi­
mentally determined concentrations in the final solu­
tions. The amount of sulfate adsorbed was taken as the 
difference between the amount taken and that found 
in the filtrate on equilibration after making due cor­
rections for the sulfate present in the entrapped solu­
tion and for the amount of acid added to the suspen­
sion. 

All equilibrations were carried out in duplicate. The 
difference in the sulfate adsorption values between du­
plicate runs was about 4% for sulfate solution concen­
trations up to I ~eq/ml and :52% for higher solution 
concentrations. The averages of the values obtained 
from duplicate runs have been used. 

OH- release and surface charge. The OH- released on 
sulfate adsorption was estimated from the amount of 
acid required to maintain the pH of the slurry at 6.0 
during equilibration with the sulfate solution. The neg­
ative and positive charges ofthe kaolinite sample were 
determined by estimating the Na+ and Cl- ions retained 
by the clay mineral from NaCI and NaCl-NazS04 so­
lution mixtures, following a procedure outlined by Ra­
jan (1977). A 0.05 M Ca(N03h solution was used as 
the extractant. Na+ ions in the extract were determined 
by flame photometry. The chloride content was esti­
mated indirectly from the amount of silver consumed 
using atomic absorption spectroscopy. 

RESULTS AND DISCUSSION 

Adsorption isotherm 

Figure I depicts the amount of sulfate adsorbed as 
a function of sulfate concentration in solution. The 
amount of adsorbed sulfate increased with increasing 
solution concentration, typical of Freundlich-type be­
havior. The sulfate ion apparently was adsorbed by 
ligand exchange as well as by retention as a counter­
ion in the diffuse double layer. Rajan (1977), in his 
work on sulfate adsorption on hydrous alumina, ob­
served that the maximum contribution from the latter 
mode of adsorption amounted to 25 ~eq/g, which cor­
responds to about 3% of his observed maximum sulfate 
adsorbed. We also found in the present work that this 
contribution was small and within the limits of exper­
imental error; hence, it had little effect on the isotherm 
and was not considered. 

Variation of surface charge 

The variation of the positive and negative charges 
as a function of sulfate adsorbed is presented in Figure 
2. The Na+ adsorption value of 28 ~eq/g for the un­
treated kaolinite corresponds to exchange of Na+ ions 
with the counterions at the kaolinite surface. The ob­
served plateau for the Na+ adsorption on kaolinite at 
different levels of sulfate uptake suggests that the clay 
mineral did not develop negative charge on sulfate 
adsorption. The untreated kaolinite had a positive 
charge (11+0) of 31.9 ~eq/g which decreased with in­
creasing sulfate adsorption to a value of 9.0 JLeq/g at 
the experimental sulfate adsorption maximum of21.3 
~eq/g. 

Mechanism of sulfate adsorption 
At the experimental pH (6.0) studied, the kaolinite 

edge carried positive sites, as suggested by the adsorp-
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Table 1. Ligand exchange data for sulfate adsorption on kaolinite. 

OH, released! Total ligands 
~' positive charge displaced (L) 

Col. 3 OH- released Sulfate adsorbed OH- released neutralized Col. 2 + Col. 3 
(S) (I'eq/g) v.eq/g) v.eq/g) !I'eq/g) Col.I sulfate adsorbed US 

1.5 0.3 2.7 3.0 1.80 0.20 2.0 
2.5 1.0 4.0 5.0 1.60 0.40 2.0 
4.9 2.5 7.1 9.6 1.45 0.51 1.96 
8.4 4.6 11.2 15.8 1.33 0.55 1.88 

14.4 8.6 17.8 26.4 1.24 0.60 1.83 
21.3 14.4 22.9 37.3 1.075 0.68 1.75 

I ~ = 
positive charge neutrahzed 

unit amount of sulfate adsorbed 

tion of Cl- ions by the untreated kaolinite, and prob­
ably neutral sites. The existence of negative centers is 
unlikely because the amount ofNa+ adsorbed did not 
exceed the aqueous CEC of the sample. 

If the sulfate accepted a proton from the positive site 
on the edge surface, as proposed by Hingston et al. 
(1972), the adsorption of sulfate can be represented as: 

The above reaction requires an equal number of equiv­
alents of the anion adsorbed and (1) the positive charge 
neutralized and (2) the OH- ions released. The value 
of the positive charge neutralized q +o - q\ (q+. = the 
positive charge on the sulfate-adsorbed sample) and 
the amounts of OH- ions released at different sulfate 
saturations are presented in Table 1. It is seen that the 
equivalents of sulfate adsorbed equal neither those of 
the positive charge neutralized nor of the OH- ions 
released. 

The adsorption of sulfate according to' the mecha­
nism proposed by Rajan (1977) may be represented 
by: 

" 
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Figure 2. Total ligands displaced (OH- + OH2) and varia­
tion of surface charge as a function of sulfate adsorbed on 
kaolinite. 

'-...I/~J ,- ---->.. '-...I/'"J AI ""'- + 504 .,--- AI +H20 /1 OH2 / 1 ""'- 504 

(2A) 

'-...I/"j' ,_ ~ '-...I/"} _ AI +S~ ~ AI +OH /1 ""'-OH / 1 ""'- S04 

(28) 

In the absence of the development ofa negative charge 
due to sulfate adsorption on the clay surface (Figure 
2), it is presumed that the neutralization of the negative 
charge left on the surface from reactions (2A) and (2B) 
proceeded by the participation of a neighboring AI ion 
resulting in ring formation. This reaction may be de­
picted as: 

If the neighboring Al was a neutral site, an OH- would 
have been released on charge neutralization. Kafkafi 
et al. (1967), proposed a similar ring formation mech­
anism for phosphate fixation by kaolinite. 

The values of the positive charge neutralized (q+o -

q+ .) per unit amount of sulfate adsorbed, defined as ~ 
at various anion saturations, are presented in Table 1. 
The ~ value decreased from 1.8 at 1.5 /Jeq of sulfate 
adsorbed to 1.075 at 21.3 /Jeq of sulfate adsorbed, sug­
gesting that at low concentrations sulfate was predom­
inantly adsorbed on the positive sites. With the satu­
ration of these sites, adsorption progressively occurred 
at the neutral sites. This relationship is also reflected 
in the increasing values of the ratio of OH- released 
to sulfate adsorbed (Table 1). 

The adsorption of sulfate as a binuclear bridging 
complex in accordance with reactions (2) and (3) re­
quires that each equivalent of adsorbed sulfate dis­
placed two equivalents of ligands. Assuming that the 
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amount ofaquo groups displaced was equivalent to the 
positive charge neutralized, the sum ofOH- and OH2 

groups released at each level of sulfate adsorbed was 
determined (Table I). The ratio of sum of ligands dis­
placed (OH- + OH2) to the sulfate adsorbed (LIS) 
should equal 2. Allowing a 5% variation in this value 
as experimental error, the ratio in Table I is fairly close 
to 2 for sulfate adsorption values as high as 8.4 j.Leq/g. 
At higher levels of sulfate uptake, the ratio tends to be 
<2. This variation of the LIS values with the sulfate 
saturation is also reflected in the plot of total ligands 
displaced vs. sulfate adsorbed (Figure 2) which showed 
a break in the linear relationship above 8.4 j.Leq of 
sulfate adsorbed. The initial segment has a slope of 
1.94, and the latter portion has a value of 1.64. The 
above trend suggests that a 1:2 stoichiometry definitely 
existed between the sulfate adsorbed and the ligands 
displaced up to intermediate levels of sulfate uptake. 
The LIS ratio for higher anion saturations suggests that 
the sulfate probably formed both monodentate and 
bidentate complexes with the surface Al atoms. The 
monodentate ligand was presumably the monovalent 
ion HSO 4 -, as kaolinite did not develop negative charge 
on sulfate adsorption. 

The above observations are in agreement with the 
model of Bowden et al. (1973, 1977) which predicts 
that at low anion saturation the higher positive charge 
of the surface favors the adsorption of divalent ions 
and that the decreased positive charge at the higher 
levels of anion adsorption results in an increased pref­
erence of the surface for monovalent ions. In his work 
on selenite adsorption on hydrous alumina, Rajan 
(1979) likewise observed that the preferential adsorp­
tion of multi- or monovalent ions takes place depend­
ing on the positive charge of the surface in concurrence 
with the model of Bowden et al. (1973, 1977). In ad­
dition, Rajan considered that at low surface saturations 
the decreased H+ activity near the positive surface as 
compared to that in the bulk solution favors the ex­
istence of divalent ions and hence their adsorption. 
The decrease in positive charge and consequently the 
decrease in surface potential at the higher levels of 
anion adsorption resulted in the H+ activity near the 
edge surface approaching that in the bulk solution. At 
the higher solution concentrations, this increase in the 
H+ activity near the edge face probably resulted in a 
fraction of the sulfate ions existing as HS04 - and their 
being adsorbed as monodentate ligands. 

CONCLUSIONS 

At low anion saturations, sulfate was adsorbed on 
kaolinite as a divalent ion and presumably formed a 
binuclear bridging complex, displacing two ligands in 
the process. At the higher solution concentrations, the 
surface also favored the adsorption of monovalent ions, 
and the sulfate formed both monodentate and biden-

Late complexes displacing one and two ligands, re­
spectively. Initially, sulfate ions were preferentially ad­
sorbed at the positive sites. With the neutralization of 
these sites, the proportion of the anions being adsorbed 
at neutral sites increased. 

REFERENCES 

Aylmore, L. A. G., Karim, M., and Quirk, J. P. (1967) Ad­
sorption and desorption of sulfate ions from soil constit­
uents: Soil Sci. 103, 10-15. 

Bowden, J. W., Posner, A. M., and Quirk, J. P. (1973) Gen­
eralized model for cation and anion adsorption on oxide 
surfaces: Nature 245,81-83. 

Bowden, J. W., Posner, A. M., and Quirk, J. P. (1977) Ionic 
adsorption on variable charge mineral surfaces. Theoretical 
charge development and titration curves: Aust. J. Soil Res. 
15, 121-136. 

Chang, M. L. and Thomas, G. W. (1963) A suggested mech­
anism for sulfate adsorption by soils: Soil Sci. Soc. Amer. 
Proc. 27, 281-283. 

Chao, T. T., Harward, M. E., and Fang, S. C. (1965) Ex­
change reactions between hydroxyl and sulfate ions in soils: 
Soil Sci. 99, 104-108. 

Hingston, F. J., Posner,A. M., andQuirk,J. P. (1972) Anion 
adsorption by goethite and gibbsite I. The role of proton 
in determining adsorption envelope: J. Soil Sci. 23, 177-
192. 

Jackson, M. L. (1958) Soil Chemical Analysis: Prentice Hall, 
London, 498 pp. 

Kafkafi, D., Posner, A. M., and Quirk, J. P. (1967) De­
sorption of phosphate by kaolinite: Soil Sci. Soc. Amer. 
Proc. 31, 348-353. 

Mitchell, J. K. (1976) Fundamentals of Soil Behavior: Wi­
ley, New York, 422 pp. 

Parfitt, R. L. and Russell, J. D. (1977) Adsorption on hy­
drous oxides. IV. Mechanisms of adsorption of various ions 
on goethite: Soil Sci. 28, 297-305. 

Parfitt, R. L. (1978) Anion adsorption by soils and soil 
materials: Adv. Agron. 30, 1-50. 

Rajan, S. S. (1977) Sulfate adsorbed on hydrous alumina, 
ligands displaced and changes in surface charge: Soil Sci. 
Soc. Amer. J. 42, 39-44. 

Rajan, S. S. (1979) Adsorption of anions on hydrous alu­
mina: J. Soil Sci. 30, 709-718. 

Reisenauer, H. M. (1967) Availability assays for the sec­
ondary and micro-nutrient anions: in Soil Testing and Plant 
Analysis. I. Soil Testing. Matthias Stelly, ed., Soil Sci. Soc. 
Amer., Madison, Wisconsin, 71-102. 

Sreepada Rao, A. (1982) Physico-chemical properties and 
engineering behavior of anion adsorbed clays: Ph.D. thesis, 
Indian Institute of Science, Banga10re, India, 359 pp. 

Sridharan, A., Nagaraj, T. S., and Sivapullaiah, P. V. (1981) 
Heaving of soil due to acid contamination: in Proc. 10th 
Int. Can! Soil Mechanics and Foundation Engineering. 
Stockholm, 1981. Vol. 2, A. A. Balkema, ed., Publication 
Committee 10th ICSMFE, Rotterdam, 383-386. 

Van der Marel, H. W. and Beutelspacher, H. (1976) Atlas 
of Infrared Spectroscopy of Clay Minerals and their Ad­
mixtures: Elsevier, New York, 396 pp. 

van Olphen, H. and Fripiat, J. J., eds. (1979) Data Hand­
bookfor Clay Materials and Other Non-metallic Minerals: 
Pergamon Press, New York, 346 pp. 

Wiklander, L. (1964) Cation and anion exchange phenom­
ena: in Chemistry of the Soil. F. E. Bear, ed., Reinhold, 
New York, 163-205. 

(Received 10 August 1983; accepted 12 March 1984) 

https://doi.org/10.1346/CCMN.1984.0320510 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320510


418 Rao and Sridharan Clays and Clay Minerals 

PellOMe-Mcop6nHl! cy JIl>IPaTa KaOJIHHHTOM HCCJle~OBaJIaCI> ~1I KOHl(eHTp3nHH paCTBopa MelK.nY 0,7 /l3KB/ 
MJI H 99 /l3KB/ MJI npH 30·C H pH = 6,0; 61>lJlH onpe~eJIeHI>I KOJIH'!eCTBO BDI~eJIeHHI>IX HOHOB OH- H H3-
MeHeHHlI nOBepxHOCTHoro 3apll~a. CYJIl>lPaT ~COp6HPOBaJICli Ha nOJIO)KHTeJII>HDIX H Heii:TpaJII>HI>IX MeCTax 
nYTeM BI>ITecHeHHlI rpynn OH2 H OH-, COOTBeTCTBeHHO. A~cop6l(Hli cYJII>IPaTa npOHCXO~JIa B fJlaBHOii: 
Mepe Ha nOJIO)KHTeJlI>HbIX MeCTax npH HH3KHX KOHl(eHTpaI(HliX paCTBopa (0,7 /l3KB/MJI ~o 0,9 /l3KB/MJI), 
TOf~a KaK npH 60Jll>illHX KOHl(eHTpanHlIX, nponOPnHlI cYJlI>IPaTa ~COp6HpOBaHHOro Ha Heii:TpaJIl>HblX MeCTax 
yaeJlH'!HBaJIaCb, npHHHMa1l3Ha'!eHHlI OT 51 % ~1I4,9 /l3KB/MJI ~o 68% )VI1I99 .u3KB/MJI. THn CB1I3H cYJlblPaTa 
3aBHceJI, BepOliTHO, OT ypoBHlI nOJlO)KHTeJlbHOfO 3apl!~a Ha nOBepXHOCTH fJlHHb!. IiOJlbillHii: nOJIO)KHTeJIbHblii: 
3ap~ npH HH3KHX H npOMe)KyrO'!HblX YPOBHlIX HaCblll(eHHlI cYJIblPaTOM npHBO.D:HJI K ~COp6nHH cYJIbIPaTa 
B BH~e .D:ByxBaJIeHTHoro aHHOHa nyreM IPoPMHPOBaHHlI 6-'!JIeHOBOfO KOJIbl(a C nOBepXHOCTHblMH aTOMaMH 
AI. IIpH YMeHbilleHHH nOJlO)KHTeJIbHOfO 3apll~a Ha 60JlbillHX YPOBHlIX a~cop6l(HH, HOH cYJll>IPaTa 06paJo­
BblBaJI MOHo3y6'!aTble H ,IIlIyx3y6'1aTble KOMnJIeKCbl. [E.G.] 

Resiimee-Die Su1fatadsorption an Kao1init wurde von 0 ,7 /lA.quivalentJml bis 99 /lA.quivalent/ ml Ui­
sungskonzentration bei 30·C und pH 6,0 verfo1gt, wobei die Menge der freigesetzten OH--Ionen und die 
Veranderung der Oberftachenlagen bestimmt wurde. Das Sulfat wurde an positiven und neutra1en Platzen 
adsorbiert, wobei es OH2- und OH--Gruppen ersetzte. Die Sulfatadsorption erfolgte bei niedrigen Ui­
sungskonzentrationen (0,7 /lA.quivalentlml bis 0,9 .uA.quivalentlml) vor altern an den positiven Platzen, 
wiihrend bei hoheren Uisungskonzentrationen der Anteil des Sulfats, das an neutralen Platzen adsorbiert 
wird, zunahm, wobei er von 51% bei 4,9 /lA.quivalentlml bis 68% bei 99 /lA.quivalentlml variierte. Die 
Art der Sulfatbindung wurde offensichtlich durch die Hohe der positiven Lagen auf der Tonoberftache 
reguliert. Eine hohere positive Ladung flihrte bei niedriger oder mittelmiilliger Sulfatsattigung zu der 
Adsorption von Sulfat in Form eines divalenten Anions, wobei ein 6-er Ring mit dem Oberftachen-AI 
gebildet wurde. Wenn die positive Ladung bei hOherem Adsorptionsgrad abnahm, dann bildete das 
Sulfation sowohl einziihnige als auch zweiziihnige Komplexe. [V.W .] 

Resume-On a suivi l'adsorption sulfate sur la kaolinite a des concentrations de solution de 0 ,7 /leq/ ml 
a 99 /leq/ml a 30·C et au pH 6,0, et on a determine la quantite d'ions OH- relaches et Ie changement de 
charge de surface. La sulfate a ete adsorbee a des sites positifs et neutres par deplacement de groupes 
OH2 et OH-, respectivement. L'adsorption de sulfate s'est passee de fac<on predominante a des sites 
positifs a des concentrations de solution basses (0,7 /leg/ml a 0 ,9 /leq/ml), tandis qu'a de plus hautes 
concentrations de solution, la proportion de sulfate adsorbee aux sites neutres a augmente, variant de 
51% a 4,9 .ueq/ml a 68% a 99 /leq/ml. La forme de liaison de sulfate etait apparemment gouvernee par 
Ie niveau de la charge positive sur la surface de l'argile. Vne plus haute charge positive a des niveaux de 
saturation de sulfate bas et intermediaires a resulte en l'adsorption de sulfate en tant qu'anion divalent 
par la formation d'un anneau a 6 membres avec l'AI de surface. Lors d'une diminution de charge positive 
a des niveaux d'adsorption plus eleves l'ion sulfate a forme a la fois des complexes monodentates et 
bidentates. [D.J.] 
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