
94-26

A surface chemical model of the 
bentonite-water interface and its 
implications for modelling the near 
field chemistry in a repository for 
spent fuel
Erich Wieland1, Hans Wanner1, Yngve Albinsson2, 
Paul Wersin3, Ola Karnland4

1    MBT Umwelttechnik AG, Zürich, Switzerland
2     Chalmers University of Technology,  

Gothenburg, Sweden
3    MBT Technología Ambiental, Cerdanyola, Spain
4    Clay Technology AB, Lund, Sweden
July 1994

TECHNICAL
REPORT

SVENSK KÄRNBRÄNSLEHANTERING AB
SWEDISH NUCLEAR FUEL AND WASTE MANAGEMENT CO

BOX  5864 S-102 40  STOCKHOLM 
TEL. 08-665 28 00   TELEX 13108 SKB S 
TELEFAX 08-661 57 19



A SURFACE CHEMICAL MODEL OF THE 
BENTONITE-WATER INTERFACE AND 
ITS IMPLICATIONS FOR MODELLING 
THE NEAR FIELD CHEMISTRY IN A 
REPOSITORY FOR SPENT FUEL 

Erich Wieland1, Hans Wanner1, Yngve Albinsson2, 
Paul Wersin3, Ola Karn/and" 

1 MBT Umwelttechnik AG, Zurich, Switzerland 
2 Chalmers University of Technology, Gothenburg, Sweden 
3 MBT Tecnologia Ambiental, Cerdanyola, Spain 
4 Clay Technology AB, Lund, Sweden 

July 1994 

This report concerns a study which was conducted for SKB. The conclusions 
and viewpoints presented in the report are those of the author(s) and do not 
necessarily coincide with those of the client. 

Information on SKB technical reports from1977-1978 (TR 121), 1979 
(TR 79-28), 1980 (TR 80-26), 1981 (TR 81-17), 1982 (TR 82-28), 1983 
(TR 83-77), 1984 (TR 85-01), 1985 (TR 85-20), 1986 (TR 86-31), 1987 
(TR 87-33), 1988 (TR 88-32), 1989 (TR 89-40), 1990 (TR 90-46), 1991 
(TR 91-64), 1992 (TR 92-46) and 1993 (TR 93-34) is available through SKB. 



Swedish Nuclear Fuel and Waste Management Co. (SKB) 

TECHNICAL REPORT 

A surf ace chemical model of the bentonite
water interface and its implications for 
modelling the near field chemistry in a 
repository for spent fuel 

Erich Wieland 1 ), Hans Wanner 1 ), Yngve Albinsson 2), 

Paul Wersin 3) and Ola Karnland 4) 

1) MBT Urnwelttechnik AG, Zilrich, Switzerland 
2) Chalmers University of Technology, Gothenburg, Sweden 
3) MBT Tecnologia Arnbiental, CENT, Cerdanyola, Spain 
4) Clay Technology AB, Lund, Sweden 

July 1994 

111111 
111111 
Environmental 

MBT Umwelttechnik AG 
Vulkanstrasse 11 0 CH - 8048 Zurich 



Abstract 

Understanding the surface chemical properties of montmorillonite in near-neutral and alkaline 

media is essential for establishing a chemical model of the bentonite/water interaction applicable 

for repository conditions. A pretreated and well-characterised Wyoming MX-80 bentonite has 

been used for investigating the acid/base characteritics of Na-montmorillonite. The CEC of Na

montmorillonite was determined to 108 meq/100 g for pretreated bentonite and to 85 meq/100 g 

for the bulk material. The BET surface area was (31.53±0.16) m2/g. 

Potentiometric titrations of montmorillonite suspensions at ionic strengths I = 0.005 M, 0.05 M 

and 0.5 M were conducted as batch-type experiments. Deprotonation of surface OH groups 

possibly exposed at the edge surface causes an overall negative charge (given by a negative 

value in the proton balance) on the surface of montmorillonite in the alkaline pH range. In this 

pH range, the protolysis degree of OH groups increases with increasing pH and ionic strength. 

The proton density on the surface of montmorillonite increases with decreasing pH in the acidic 

pH range (pH< 7.5). In this pH range, two simultaneously occurring surface reactions account 

for the observed proton density on montmorillonite: Protonation of edge OH groups and ion 

exchange of the major cations for H+ at the structural-charge sites. 

The experimental results are interpreted in terms of a two-site model with structural-charge 

surface sites (X layer sites) and variable-charge surface sites (edge OH groups) as the reactive 

surface functionalities. The total population of the surface sites are estimated to TOT-OH = 

2.84x1Q-5 mol/g, TOT-X = 2.2x10-5 mol/g. The intrinsic acidity constants for the OH groups 

are determined to pKia~t = (5.4 ± 0.1) and pK\at = (6.7 ± 0.1), respectively, using the 

configuration of the diffuse double layer model (DDLM). The thermodynamic constant for the 

Na/H exchange at structural-charge sites is estimated to logK ~ = (4.6 ± 0.2). 

Experimental data of the potentiometric titration of montmorillonite which are reported in the 

open literature can be interpreted within the scope of the presented two-site model for 

montmorillonite by implementing a third type of surface sites, denoted as Y layer sites. The 

characteristic parameters for the second type of layer sites (Y layer sites) are: TOT-Y = 

l.06xI0-3 mol/g for pretreated Wyoming MX-80 bentonite and 8.3x10-4 mol/g for raw 

Wyoming MX-80 bentonite, respectively, and logK ~ = 3.0. 

Ca-Na-exchange isotherms were measured on pretreated Wyoming MX-80 bentonite. The 

thermodynamic exchange constant was estimated to logK ~ = (0.43 ± 0.17). 



The near field chemistry under repository conditions is predicted based on the proposed three

site bentonite model. Model computations indicate that the edge OH groups of montmorillonite 

excert a strong control on the buffer capacity in highly compacted bentonite. Model calculations 

predict a pH value of 7.3 and and an alkalinity of l.92xIQ-2 eq/dm3 in the porewater of highly 

compacted bentonite. 

Long-term predictions of the near field chemistry are presented on the basis of the mixing tank 

model. The evolution of the chemical composition of bentonite porewater and the relative 

proportion of exchangeable cations on montmorillonite are established for Allard and Aspo 

groundwaters in contact with compacted bentonite. The model suggests that pH and alkalinity 

of the porewater are controlled by the buffering capacity of the edge surface sites and calcite 

dissolution. In contact with Allard groundwater, the pH values of the porewater in compacted 

bentonite range from pH = 7 .1 - 8 .4 depending on the stage of conversion of N a-bentonite to 

Ca-bentonite. The corresponding pH range for Aspo groundwater is pH = 6.0 - 6.5. The 

transformation of Na-bentonite to Ca-bentonite strongly depends on the amount of calcite 

present in bentonite and the chemical composition of the groundwater. Once the carbonate pool 

is depleted, the conversion of Na-bentonite to Ca-bentonite proceeds at a much lower rate. 



Abstract (Swedish) 

Forstaelse for de ytkemiska egenskapema hos montmorillonite i neutrala och alkalina media 

ar nodvandigt vid utvecklingen av en kemisk modell for bentonit/vatten interaktioner for 

tillampningar vid fdrvarsforhallanden. En fdrbehandlad och viilkaraktariserad Wyoming MX-

80 bentonit har anvants for undersokning av syra/bas egenskaper hos en Na-montmorillonit. 

CEC hos Na-montmorillonit bestamdes till 108 meq/100 g hos fdrbehandlad bentonit och 85 

meq/100 g hos bulk materialet. BET arean var (31.53±0.16) m2/g. 

Montmorillonitlosningar med jonstyrkoma I = 0.005 M, 0.05 M och 0.5 M titrerades 

potentiometriskt i batch experiment. Deprotoneringen av yt OH-grupper vid kant ytan skapar 

en negativ laddning (negativt varde i proton balansen) pa montmorillonitens yta i det alkalina 

pH-omradet. Protolysgraden av OH-gruppema okar med okande pH ochjonstyrka i detta pH

omrade. Proton tatheten pa montmorillonit ytan okar med sjunkande pH i det sura pH-omradet 

(pH> 7.5). I detta omrade ar det tva samtidiga ytreaktioner som paverkar den observerade 

protontatheten pa montmorilloniten: Protonering av kant OH-grupper och jonbyte mellan 

katjoner och H+ pa strukturladdningspositionema. 

Experiment resultaten tolkas som en tva-positions modell med strukturladdnings ytpositioner 

(X layer sites) och variabel-laddnings kantpositioner (edge OH groups) som de reaktiva 

ytfunk:tionema. Den totala forekomsten av ytpositioner uppskattas till TOT-OH=2.84· 10-5 

mol/g, TOT-X=2.2· 10-5 mol/g. Den reella syrakonstanten for OH gruppema ar bestamd till 

pKatt = (5.4±0.1) och pKa2int = (6.7±0.1) om konfigurationen fran "the diffuse double layer 

model" (DDLM) anvands. Den termodynamiska konstanten for Na/H jonbyte vid 

strukturladdningspositionema bedoms till log Kx O = ( 4.6±0.2). 

Experimentella data, rapporterade i den oppna litteraturen, av potentiometrisk titrering av 

montmorillonit kan tolkas inom den presenterade tva-positionsmodellen genom att infora en 

tredje typ av ytpositioner, benamnd "Y-layer sites". De karaktaristiska parametrama for denna 

andra typ av ytpositioner ar: TOT- Y=l.06· 10-3 mol/g for forbehadlad MX-80 och 8.3· 104 

mol/g for ramaterialet och log Kx O = 3.0. 

Ca-Na-jonbytesisotermer har matts pa fdrbehadlad MX-80 bentonit. Den termodynamiska 

utbyteskonstanten bedomdes till log Kx O = (0.43±0.17). 

Naromradeskemin under forvarsforhallanden ar predikterad med den fdreslagna tre

positionsmodellen for bentonit. Modellberakningama indikerar att kant OH-gruppema har stor 

betydelse for buffert kapaciteten i hogkompakterad bentonit. Berakningama predikterar ett pH 

pa 7.3 och en alkalinitet pa 1.92· 10-2 eq/dm3 i porvattnet i hogkompaterad bentonit. 

Langtids prediktionema av naromradeskemin ar baserade pa en tankreaktor modell. 

Forandringama med tiden av den kemiska sammansattningen av bentonitporvattnet och den 

relativa fordelningen av jonbytare katjoner pa montmorilloniten har beraknats for Allard och 

Aspo grundvatten i kontakt med kompaterad bentonit. Modellen antyder att porvattnets pH 

och alkalinitet bestams av bufferkapaciteten hos kantpositionema och kalcitupplosning. pH-



vardet pa porvattnet i hogkompakterad bentonit ligger mellan 7.1-8.4 i kontakt med 
Allardvatten, beroende pa graden av omvandling mellan Na-bentonit och Ca-bentonit. For 
Aspovatten ar motsvarande omrade 6.0-6.5. Omvandlingen fran Na-bentonit till Ca-bentonit 
beror i huvudsak pa mangden kalcit i bentoniten samt grundvattensammansattningen. Nar 
karbonatforradet ar uttomt gar omvandlingen mycket langsammare. 
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1 Introduction 

Bentonite clay is envisaged as buffer material in a repository for spent nuclear fuel. The 

interaction of deep groundwaters with the clay material strongly affects the migration of 

radionuclides. In particular, surface reactions at the clay/water interface, such as ion 

exchange and protonation and deprotonation reactions, exert control over both pore 

water and clay composition. 

Modelling of the bentonite-water interactions over time requires information on the 

surface properties of the clay fraction which consists of montmorillonite. It has been 

suggested in a recent report (Wanner et al., 1992) that the transformation of Na

bentonite to Ca-bentonite over time may be affected by the reactivity of edge sites on 

the clay as illustrated by Figure 1. 

2,0 
layer model 

Cl) -~ 1,5 C: 
0 -C: 
Cl) 
.c edge model 1,0 
C: 

as z - 0,5 as 
0 

0,0 _________________ .....___. 

Oe+O 1e+6 2e+6 

time (y) 

Figure 1 Estimation of the variation of the Ca/Na ratio in highly compacted 

bentonite over time (years) according to the mixing tank model assuming a 

time of 13'800 years for one water exchange cycle. From Wanner et al. 

( 1992). 
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The experimental data on the surface properties under alkaline conditions, i.e., 

conditions expected in a repository, is extremely scarce ( e.g., Marshall and Krinbill, 

1942; Avena et al., 1990). This induced us to propose an experimental programme 

focussing on the determination of the surface-chemical parameters for montmorillonite 

which are a prerequisite to adequate geochemical modelling of the bentonite system 

over time. 

In this report, we will present the result of an extended experimental approach for the 

evaluation of the surface chemical parameters for montmorillonite. We first report the 

pretreatment procedure for raw bentonite. We then summarize and discuss the 

experimental results of the alkalimetric and acidimetric titration as well as the Ca-Na

exchange isotherms. 

2 Material and methods 

2.1 Pretreatment and characterisation of bentonite 

2.1.1 Preparation of Na-montmorillonite 

Na-montmorillonite has been prepared from the commercial bentonite MX-80 available 

from American Colloid. Characterisation of Wyoming Na-bentonite MX-80 has 

recently been reported by Kruse ( 1992). In that study, the mineral composition of raw 

bentonite was determined to montmorillonite 67.2%, kaolinite 7.1%, illite 3.7%, 

feldspars 8.8%, quartz 10% and carbonate 2%. According to Kruse (1992), the major 

part of the accessory minerals was removed by exclusion of the fraction larger than 2 

µm. In our study, bentonite has been pretreated using the procedure given by Sposito et 

al. ( 1981) in order to remove carbonate impurities. About 500 g of the less than 2 µm 

fraction was flocculated by adding 8 dm3 of a solution containing 0.001 M HNO3 in 

1.0 M NaNO3. The flocculated clay was then divided into centrifuge bottles and 

centrifuged at 4000 r.p.m. for 10 min. The supernatant from each sample was decanted. 

The pH of the supernatant was measured. The clay was then redispersed in 1.5 times the 

original volume of the NaNO3-HNO3 solution and, after shaking for 20 min, again 

centrifuged. The procedure was repeated until the pH of the supernatant had dropped to 

pH = 3.0 which was usually achieved after 5 washings (instead of 10 washings as 

reported by Sposito et al.,1981). The clay was then redispersed in 0.1 M NaNO3 until 

the pH of the solution had stabilised between pH 5.1 and 5.3. Again these pH 

conditions were accomplished earlier than reported by Sposito et al. ( 1981 ), i.e. after a 

maximum of 8 washings instead of 10 to 15 washings. The last two cycles were 
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performed in 0.01 M NaNO3 under argon. The time for centrifuging the samples was 

extended to 20 min in order to facilitate decanting of the supernatant. The clay was then 

redispersed in 0.01 M NaNO3 solution and stored in a refrigerator in glass flasks under 

argon. 

2.1.2. Characterisation of the pretreated bentonite 

2.1.2.1 XRD 

Bentonite material was sampled from the suspension after completing half of the 

pretreatment and at the end of the pretreatment procedure. Oriented specimens were 

prepared with the aid of vacuum settling of the suspension onto a ceramic tile. The 

specimens were then transferred to glass sample holders and placed with the previous 

downward side upwards. Since the coarser material was on top of the specimens, 

reflections from possible accessory materials were enhanced. The recordings were 

made using a Philips PW 1730 machine equipped with a copper anode (CuKa-

radiation). The results were digitised and normalised relative to the reflection intensities 

of quartz. The analyses were made with special attention to carbonate reflections and 

reflections of the basal spacings of (001) of the clay. The results of the analyses are 

summarised in Figures 2 and 3. 

The recorded 12.45 A d-spacing, typical for Na-montmorillonite, indicates that no 

structural transformation has taken place during the pretreatment of bentonite. Most of 

the feldspar and quartz particles have been separated from the suspension in the >2 µm 

fraction. Small amounts of calcite are found in the samples taken after half of the 

pretreatment procedure has been completed. After completion of the entire pretreatment 

procedure, no typical peaks indicating the presence of calcite, quartz or cristobalite are 

observed. 

2.1.2.2 The cation exchange capacity ( CEC) of Na-montmorillonite 

The cation exchange capacity was determined with a modified Chapman ammonium 

acetate method in order to avoid problems with interfering carbonates. Approximately 

1 g of clay from each sample was transferred from the original cation into an 

ammonium state by repeated washings with 1 M ammonium acetate solutions. The 

concentrations of extracted cations were determined in the supematants resulting from 

the washings. The ammonium saturated clay samples were then washed with propanol 

in order to remove excess ammonium acetate. Ammonium was then replaced by 

sodium by repeated washings in 2 M NaCl solution. The supernatants resulting from 
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the washings were analysed for ammonium. Reported CEC values are based on these 

measurements and not on the concentration of the initially extracted cations. The pH 

was kept at pH 7 during the procedure using HCl for pH adjustments. 

The CEC analyses were made on a bentonite sample after separation of the > 2µm 

fraction, after the first washings in 0.01 M NaNO3 and finally after completing the 

entire series of titration experiments. The cation exchange capacity is 81 and 87 

meq/100 g for the bulk material, and 108 meq/l00g for pretreated Na-montmorillonite, 

repectively. The sodium contents are 53, 117 and 108 meq/100 g, respectively. The low 

concentration of sodium in the first analyses is due to the presence of calcium in the 

original material. The fact that only one washing was made in the 0.01 M NaNO3 

solution explains the presence of excess sodium in the second analysis. 

For diluted suspensions, the CEC of Na-montmorillonite is assumed to be 108 meq/100 

g. In compacted bentonite, the CEC is set to 85 meq/100 g which is in agreement with 

the CEC value of 72.8 meq/l00g for raw bentonite MX-80 reported by Kruse (1992). 

The value is also consistent with CEC's determined for Wyoming bentonites, i.e., 74 -

95.2 meq/l00g (Zysset 1992). 

2.1.2.3 The BET surface area 

The BET surface area of the pretreated bentonite is determined to (31.53±0.16) m2/g. 

Kruse ( 1992) measured a BET surface area of 35 m2/g for raw bentonite. The BET 

surface area accounts for the surface area of the outer basal planes and the edge faces. 

The specific surface area Ab of the basal plane can be estimated from the dry density p 

[kg/m3] and the thickness of a silicate layer, z (Zysset, 1992). 

(1) 

A specific surface area for basal planes of about 740 m2/g results for a layer thickness 

of 1 nm and with p = 2.7x1Q3 kg/m3. 

2.1.2.4 Concentration of the stock suspensions 

The clay concentration of the montmorillonite suspension was determined by placing 

10 ml of the stock suspension in a tarred, acid-washed, 10 ml porcelain crucible. The 

suspension was dried on a hot plate for 12 hours at low heating, followed by oven 

drying at 105 °C for 24 hours. After cooling the sample for 3 hours in a vacuum 

desiccator, the combined weight of dried clay and NaNO3 was measured. The 
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electrolyte concentration of the stock solution was determined to 0.0095 M NaNO3. 

The combined weight was corrected for salt contribution to give a net weight of 11.25 

g/dm3 bentonite in the stock suspension. 

A second stock suspension was prepared with the following characteristics: 

11.80 g/dm3, I= 0.0185 M. 

2.2 Potentiometric Titrations 

The aim of the potentiometric titration of montmorillonite suspensions was to evaluate 

the interaction of protons and hydroxyl ions with the clay mineral surface. The 

experimental procedure requires exclusion of CO2 from the system, calibration of the 

electrode in an ionic medium of the same concentration and composition as used in the 

subsequent titration experiments, and analyses of the solutes which are likely to 

interfere with surface reactions. 

2.2.1 Apparatus 

Calibration of the pH electrode was performed in a air-tight, well-stirred reaction vessel 

immersed in a thermostated bath at t = (22±0. l)°C. The pH values were recorded with a 

glass electrode G202C from Radiometer Copenhagen. A double-junction Hg/Hg2Cl2 

electrode (Kl02 from Radiometer Copenhagen) was used as reference electrode. The 

titrations were performed using a autoburette ABU91 connected to the automatic 

titrator TIM90 titration manager (all from Radiometer Copenhagen). A VIT90 titrator 

from Radiometer Copenhagen was used for manual titrations. 

2.2.2 Calibration of the pH electrode 

Prior to potentiometric titrations, an acid/base calibration of the pH electrode was 

conducted in a medium of the same ionic strength as used in the subsequent titration 

experiments. With this procedure, pH is calibrated as -log[H+] concentration at a given 

ionic strength. Calibration of the electrode for alkalimetric titrations was done as 

follows: A well defined, but small ( ~ 1.5 ml) volume of 0.1 M HCL was added to 50 ml 

NaNO3 solution of a given ionic strength (I= 0.005 M, 0.05 M and 0.5 M). After 

purging the electrolyte solution for lh with argon (previously passed through CO2-

scrubber), 0.187 M NaOH solution was added in steps of 20 µl up to pH -11. E.m.f. 

readings were constant within 2 min after addition of base. For acidimetric titrations 
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performed in the pH range 3 - 7, 1.5 ml of 0.1 M NaOH were titrated with 0.0225 M or 

0.205 M HNO3. 

2.2.3 Titration of montmorillonite suspensions 

100 ml bentonite suspension (11.25 g/dm3 and I = 0.0095 M, or 11.80 g/dm3 and I = 
0.0185 M) were added to 125 ml of a NaNO3 solution. Prior to use, the NaNO3 solution 

was purged with argon for lh. The initial concentration of the electrolyte solution was 

adjusted to give a total concentration of 0.005 M, 0.05 M or 0.5 M NaNO3 in 225 ml 

clay suspension. The pH of the freshly mixed suspension was constant within 30 min 

and ranged from 6 to 7 .5 depending on the electrolyte concentration. Alkalimetric 

titrations were performed in the pH range 7 to 11.5. Small volumes of 20 µl to 40 µl of 

a 0.0177 M NaOH solution were added to the clay suspension. After a total volume of 

0.5 ml weak base had been added, the suspension was titrated with 0.187 M NaOH up 

to a final pH ~ 10. 7. Acidimetric titrations were conducted in the pH range 3 to 7. Small 

volumes of 20 µI to 40 µI of a 0.0177 M HNO3 solution were added to the clay 

suspension. E.m.f. readings were recorded after 1 min, 5 min and 10 min after addition 

of the titrant. Drifts in the measured potential were between 0.5 and 1 m V in most 

cases, but in all cases less than 2 mV, between the readings after 5 and 10 minutes. 

2.3 Na+ - Ca2+ exchange 

10 ml of the stock suspension were equilibrated with solutions of varying Ca/Na ratios. 

The samples were then reacted for 7 days on a shaker. After centrifuging the samples 

the pH of the supernatant was measured. Na and Ca were analysed in the supernatant 

after extraction from the solid with the aid of ion chromatography. 

2.4 Chemicals 

HCl and NaOH titrants used in the potentiometric titration experiments were prepared 

as follows: 0.1 M HCl was prepared from Merck titrisol. NaOH solutions were prepared 

by dissolving NaOH pellets in CO2-free water. NaOH titrants were calibrated with HCl 

prior to titrations (0.0177 M and 0.187 M). Electrolyte solutions (e.g., NaNO3 and 

CaNO3) were prepared from analytical reagent grade chemicals (Merck, p.a.) and 

bidistilled water. 
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3 Experimental results 

3.1 Potentiometric titrations 

3.1.1 Gran calibration of the electrode system 

The cell potential, E, of the pH electrode is expressed as a function of the proton 

concentration log[H+] in a solution of a given ionic strength by 

E = Eo + s log[H+] (2) 

The slope, s, and Eo of the electrode are determined from a linear regression through 

the data points in the acid range of the calibration curve. The calibration parameters s 

and Eo are listed in Table 1. The equivalence volume, VE, and the ion product of water, 

Kw, are determined by plotting the experimental data in terms of a Gran function. 

The proton balance in the acidic pH range is given by 

[M] (3) 

where Ho is the initial acidity [mol/dm3], Vo denotes the initial volume [dm3], Cb and v 

represent the concentration [M] and volume [dm3] of a strong base added to solution. 

Oran's graphical method requires linearization of Eq. (3) 

(4) 

with VE as the equivalence volume of strong base added to neutralise the initial acidity. 

In this context pH represents -log[H+]. In a Gran plot the function F1 = 10-PH(Vo + v) 

is plotted versus the volume, v, of added base. The equivalence volume, VE, 

corresponds to the volume of strong base added to reach the equivalence point. VE is 

determined by extrapolating Eq. (4) to F1 = 0 and dividing the intercept by Cb, Within 

the experimental error, the expected and experimentally determined the VE values agree 

for all calibrations (Table 1). 
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The equivalence volume, VE, and the ion product, Kw, are then evaluated from 

experimental data recorded in the alkaline pH range. At pH > 7, the [OH-] 

concentration increases according to: 

[M] (5) 

with 

[M] (6) 

Calculation of the Gran function F2 requires linearisation of Eq. (5): 

(7) 

The Gran function F2 is plotted as a function of the volume, v, of added base. The 

equivalence volume, VE, is determined by extrapolating Eq. (7) to F2 = 0 and dividing 

the intercept by the slope of the regression curve. 

The ion product of water is given by combing Eqs. (2), (5) and (6): 

(8) 

Kw calculated with Eq. (8) is listed in Table 1 as pKw. The calibration parameters s 

and Eo are derived as mentioned above. 

Experimental data of the potentiometric titrations (E and log[H+]), calibration 

parameters of the pH electrode (Eo and s) and calculations related to Gran's method of 

data evaluation (F1 and F2, VE, Kw) are given in the previous progress report (Wanner 

et al., 1993). 
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Table 1: Calibration parameters s and Eo. The equivalence volume, VE, denote: 

VE(calc): theoretical volume of added acid or base at the equivalence point, 

VE(exp) at pH < 7: equivalence volume determined in a Gran plot for 

experimental datas at pH< 7, and VE(exp) at pH> 7: equivalence volume 

determined in a Gran plot for experimental datas at pH > 7. Uncertainties 

represent statistical standard deviations for a 95% confidence level. 

Experiment Eo s 

[mV] [ml] 

Theoretical 58.492 

(t =22°C) 

El-4 (1=0.05 M) 322.5o±o.38 58.21±0.11 0.5368 

E2- l (I=0.05 M) 309.51±0.84 58.94±0.34 0.7321 

E2-2 (I=0.05 M) 311.4o±o.68 60.2o±o.27 0.7344 

E2-3 (I=0.005 M) 311.45±1.14 61.62±0.47 0.7343 

E2-4 (I=0.005 M) 324.92±3.31 66.89±1.05 0.7364 

E2-5 (1=0.5 M) 313.3o±o.73 58.67±0.29 0.7353 

E2-6 (I=0.5 M) 311.58±0.37 58.43±0.15 0.7332 

E2-7 (I=0.005 M) 292.83±1.26 59.34±0.36 0.7450 

E3-3 (1=0.5 M) 330.59±0.74 58.26±0.26 0.8546 

E3-4 (I=0.5 M) 327. 81±0.55 58.89±0.18 0.5358 

E3-5 (1=0.5 M) 323.39±0.90 58.45±0.27 0.8160 

E4-3 (I=0.005 M) 324.54±0.87 56.81±0.26 0.8546 

E4-4 (1=0.005 M) 324.27±0.83 59.9o±o.26 0.5352 
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pH<7 

[ml] 

0.5351 

0.7307 

0.7349 

0.7364 

0.7319 

0.7350 

0.7332 

0.7557 

0.8552 

0.5345 

0.8087 

0.8533 

0.5363 

pH>7 

[ml] 

0.5335 

0.7399 

0.7412 

0.7433 

0.7501 

0.7374 

0.7385 

0.7354 

0.8322 

0.5340 

0.8195 

0.8594 

0.5331 

pKw 

-13.88 

(I=0.005 M) 

-13.73 

(I=0.05 M) 

-13.59 

(1=0.5 M) 

-13.887±0.044 

-13.810±0.009 

-13.642±0.029 

-13.56o±o.009 

-12.942±0.016 

-13.68o±o.012 

-13.713±0.013 

-13.923±0.014 

-13.754±0.018 

-13.676±0.016 

-13.696±0.007 

-14.222±0.004 

-13.778±0.023 



3.1.2 Proton balance calculations 

In principle, the concentration of H+ and OH- bound onto the surface of 

montmorillonite (i.e., the portion of surface charge due to H+ and OH- surface 

interaction in the case of simple oxides) can be calculated from the difference between 

the total H+ or OH- added to the suspension and the equilibrium H+ and OH

concentration as a function of pH. The concentration of protons or hydroxyl ions 

(further denoted L1[H+] ) bound onto the surface is given by: 

or 

a 

[mol/g] 

[mol/g] 

: (=CA - CB) total proton concentration [mol/dm3] 

: free proton concentration in solution 

: ion product of water 

: correction factor for proton consuming side reactions 

: initial suspension concentration [g/dm3] 

: concentrations of added base or acid [mol/dm3] 

(9a) 

(9b) 

Li[H+] is the surface proton (hydroxyl) concentration, CA and CB are the total 

concentrations of added acid and base [mol/dm3], respectively. The suspension 

concentration, Cs [g/dm3], is given by: 

Cs= Voa 
V0 +v 

(10) 

Since the added volume of acid or base is small compared to the initial volume, Vo, of 

the suspension (Vo >> v), dilution is negligible during the titration experiments and, 

hence, Cs :::::: a. 
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C denotes a correction factor accounting for proton consumption due to dissolution 

processes and titration of soluble Al and Si species present in suspension. Parallel 

titration experiments were run in order to determine the total concentrations of Al and 

Si in suspensions. Both Si and Al were determined using photometric standard methods 

(e.g., for Si see Standard methods for examinations of water and wastewater, American 

Public Health Association, 17th Ed., 1989; for Al see Swedish standard SS 028210, SIS 

The Swedish Standardisation Commission). Measurements of Al and Si concentrations 

are summarised in a previous progress report (Wanner et al., 1993). 

The correction factor, C, in the proton balance as given in Eqs. (9a) and (9b) accounts 

for proton consumption due to hydrolysis of Al over the entire pH range and due to 

deprotonation of monomeric Si(OH)4 in the alkaline pH range. In the acid pH range, 
contributions of soluble, monomeric hydrolysis products of Al (= Al(OH)3~m) are 

considered according to 

[M] 

with aH = (1 + P1,1 [H+J-1 + P1,2 [H+J-2 + p1,3 [H+J-3 + P1,4[H+J-4t 1 and [Allt as the 

total concentration of Al in solution. In the alkaline pH range, the formation of 

Al(OH)4- and the deprotonation of silicic acid, Si(OH)4, are considered as the 

interfering reactions: 

[M] (1 lb) 

with [Silt as the total concentration of Si in solution. Equilibrium constants, P1,m, for Al 

hydrolysis and the acidity constant, K 1, for silicic acid are taken from Baes and Mesmer 

(1976). 

Deprotonation of Si(OH)4 is the main contribution to corrections in the proton balance. 

Hence proton balance in the acidic pH range is adequately described by neglecting the 

correction factor, C, in Eqs. (9a) and (9b). During the titration experiments, the 
concentration of Si in suspensions ranged between 5xI0-5 M to l.2xl0-4 M. No pH-

dependent increase in the Si concentration could be observed over the entire pH range 

providing further evidence that dissolution of montmorillonite is insignificant under the 

given conditions. An average Si concentration of 1 o-4 M is assumed for calculating the 

correction factor. The photometric method used for analysing Si in this study 

determines Si in the monomeric form Si(OH)4. We hence may assume that during the 
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titration of montmorillonite suspensions in the alkaline pH range, Si is deprotonated 

according to the corresponding acid/base equilibrium of monomeric Si(OH)4. 

3.1.3 Error estimations for .t1[H+] 

Uncertainties in L1[H+] are estimated from Eq. (9b) as follows: The main contribution 

to the error in Li[H+] is due to small potential drifts during pH determination. Errors in 

the concentration of added acid or base are comparatively small, and those in the 

correction factor C are assumed to be negligible. For the acidimetric titrations, the error 

in A[H+] is hence determined by the error in [H+]. For the alkalimetric titrations, the 

error in [OH-] accounts for the error in A[H+]. The error in log[H+] is estimated from 

Eq. (2) to: 
(12) 

The errors in log[OH-] can be estimated from Eq. (6): 

(13) 

With s = 58.56 mV (theoretical slope at t = 22°C), O'E = 0.5 mV (potential drift during 

measurements) and O'Eo = 2 m V ( error in calibration of the pH electrode), O'Jog[H+] is 

estimated to 0.03 log units. The error in the ion product, O'JogKw, results from the 

evaluation of Kw as given in Table 1. The experimental errors imposed on L1[H+] are 

smaller than 5 percent for the acidimetric titrations, and hence not specifically indicated 

in the data plots. However, the propagation of errors leads to significant uncertainties at 

pH values above 10. 

3. 1 .4 Discussion 

Alkalimetric titrations of montmorillonite were performed in the pH range 7 - 11.5. 

Acidimetric titrations in the pH range 7 - 3.5 were conducted in separate experiments. 

Ionic strengths of the background electrolyte were I = 0.005 M, 0.05 M and 0.5 M. The 

concentration of surface protons L1[H+] is calculated for each data point of an 

experimental run. Proton balance calculations are based on pH measurements recorded 

after an equilibration time of 10 min. Note that, in this context, pH refers to -log[H+] 

measured at a given ionic strength. Calculations and experimental results are reported in 

detail in a previous progress report (Wanner et al., 1993). 

A summary of all experimental results is given Figure 4. The data base for each 

concentration of the electrolyte background, i.e., I= 0.005 M, I= 0.05 Mand I= 0.5 M, 
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Figure 4 Titration curves of montmorillonite (5 g/dm3) at 22°C. The surface proton 

concentration, .1[H+ ], is plotted as a function of pH for three different ionic 

strengths (I= 0.005 M, I= 0.05 M, I= 0.5 M). 

includes the results from several experimental runs. Figure 4 hence shows that the 

titrations of montmorillonite suspensions are reproducible for all concentrations of the 

electrolyte background. Figure 4 further reveals that two distinct branches of the 

titration curve exist: ~[H+] is negative in the alkaline pH range representing 

deprotonation of the montmorillonite surface, and positive in the acidic pH range due to 

protonation of surface functional groups. The degree of deprotonation increases with 

increasing ionic strength in the alkaline pH range. This characteristic behaviour of 

mineral surfaces is typically observed in the case of simple oxides such as y-Al203, 
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TiO2 or FeOOH (cf. Figure 6 and James and Parks, 1982). It indicates that 

deprotonation of surface OH groups causes the negative charge (i.e., MH+] < 0) on the 

surface of montmorillonite. Hence, the results presented in Figure 4 provide convincing 

evidence for the fact that the acid/base properties of montmorillonite in the alkaline pH 

range are due to ionisation of OH groups existing at the surface. From structural 

arguments we may infer that the reactive OH groups are likely exposed at the edge face 

of a montmorillonite platelet. 

There is no unique PZSE (point of zero salt effect) for montmorillonite suspensions 

(Figure 4). The PZSE is the pH value at which titration curves obtained at different 

ionic strengths of the background electrolyte solution meet. Whereas the PZSE of 

oxides is well defined, a unique PZSE has not been found in suspensions of 2: 1 

phyllosilicates (Gallez et al., 1976; Madrid et al., 1983, 1984; Madrid and Diaz

Barrientos, 1988; Avena et al., 1990). Figure 4 reveals that conditions where Li[H+] = 0 

are met in the pH range 6.5 - 8 depending on the concentration of the background 

electrolyte. The PZNPC (point of zero net proton conditions) denotes the pH value 

where ~[H+] = 0. Below the PZNPC of montmorillonite, the concentration of proton 

adsorbed on the surface, MH+], increases with decreasing pH. However, the sequence 

in the ionic strength dependence of the titration curves is in conflict with experimental 

observations made for oxides. Figure 4 shows that the concentration of protons 

adsorbed on the surface, MH+], decreases with increasing ionic strength. If OH groups 

were the only surface functional groups accounting for the acid/base properties of 

montmorillonite in the acidic pH range, an increase in ~[H+] with increasing ionic 

strength would be expected. Such a dependence of surface proton concentration upon 

ionic strength has been reported for simple oxides such as y-Al2O3 (James and Parks, 

1982). We hence may conclude that the OH groups of the edge face which account for 

experimental observations in the alkaline pH range are not the only surface functional 

groups reacting with protons in the acidic pH range. The reversal of the ionic strength 

dependence of ~[H+] in the acidic pH range can only be explained if we assume that 

protons react with a second type of surface sites in an ion-exchange type of reaction. 

The second type of surface functional groups on montmorillonite reacting with protons 

are structural-charge surface sites (Anderson and Sposito, 1991). Structural-charge 

surface sites carry a permanently negative charge due to isomorphic substitutions in the 

tetrahedral and octahedral layers. This type of sites, in the following denoted as X layer 

sites, gives rise to the cation exchange capacity observed in clay minerals. Their 

chemical reactivity is mainly due to ion exchange reactions occurring at these sites. 
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Figure 5 Titration curves of montmorillonite as a function of pH (montmorillonite 5 

g/dm3, I= 0.5 M NaCl). The error bars reflect the propagation of errors 

when a constant uncertainty in pH is assumed. 

The experimental data of two titrations conducted in 0.5 M NaCl are displayed in 

Figure 5. The experimental data obtained in 0.5 M NaNO3 (Figure 4) and in 0.5 M 

NaCl (Figure 5) overlap (not shown) which can be interpreted as evidence for the 

absence of specific interactions of c1- with ionisable surface OH groups. 

3.2 Na+ - Ca2+ exchange 

3.2.1 Presentation of the experimental data 

Na/Ca adsorption is studied by reacting montmorillonite with solutions of varying but 

known Na/Ca compositions. The chemical analysis is carried out after centrifugal 
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separation of the solid from the supernatant. This kind of separation requires a 

concentration correction for the reactant solution entrained with the clay. The moles of 

chemical species i adsorbed per kilogram of dry clay contacting an aqueous solution is 

calculated with (Sposito, 1981): 

qi = ni - Mwmi [mol/kg] (14) 

where ni is the total moles of species, i, per kilogram of slurry (dry clay minus entrained 

solution slurry); Mw is the gravimetric water content of the slurry (kg water per kg dry 

clay); and mi is the molality (or molarity) (moles per kg water) of species, i, in the 

supernatant solution. Eq. (14) represents the surface excess, qi, of a chemical species. If 

the surface excess of Ca and Na and their equilibrium concentration in solution is 

determined, an exchange isotherm can be constructed. An exchange isotherm is 

analogous to an adsorption isotherm except that the variables plotted are charge 

fractions instead of surface excesses and concentrations (Sposito, 1981 ). The equivalent 

fraction, Ei, of the adsorbed cation is: 

(15) 

where Zi is the valence of the cation i, qi is its surface excess as given in Eq. (14), and 

Q represents the cation exchange capacity(= 108 meq/100 g).The equivalent fraction, 

Ei, of a cation, i, in aqueous solution is given by: 

(16) 

where Ci is the concentration of the exchangeable cation, i, in solution and the sum 

extending over all cations, k, in solution. An exchange isotherm for a specific cation, i, 

is defined as a graph of Ei(clay) against Ei(sln) at fixed temparature and pressure. 

The exchange isotherms for the Na/Ca exchange on Na-montmorillonite are shown in 

Figure 6. The evaluation of the results is given in detail in a previous progress report 

(Wanner et al., 1993). The solid curve in Figure 6 is the thermodynamic nonpreference 

exchange isotherm for a monovalent - bivalent ion exchange given by the equation: 

E =lea 
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Figure 6 Exchange isotherm for the Na+ - Ca2+ ion exchange. The experiments were 

conducted under different conditions: Exp. 2 with 10.06 g/dm3 mont

morillonite at pH z 8, Exp. 3 with 10.06 gldm3 at pH z 11 and Exp. 4 with 

56 g/dm3 at pH z 10. 

where Eca(sln) is the equivalent fraction of Ca and A= (LkZkCk)()'Na)2/2yca- The solid 

curve is calculated with LkZkCk = 0.046 mol/dm3, ()'Na)21Yca = 1.45, so that A = 0.034. 

The nonpreference isotherm describes an ideal ion exchange with a compositional 

independence of the equilibrium constant. Experimental results above the non

preference isotherm indicate selectivity of montmorillonite for Ca2+ relative to Na+ 

whereas results below the nonpreference isotherm may be interpreted as selectivity for 

Na+. 

Sodium-calcium exchange on Wyoming bentonite (i.e., montmorillonite) has been 

investigated previously by Sposito et al. (1983 a,b ). Their results obtained in a 

montmorillonite suspension with constant 0.05 M perchlorate background and at pH = 
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7 support a non-preference model for the Na+ - Ca2+ exchange reactions. According to 

Sposito ( 1984) and Fletcher and Sposito ( 1989), montmorillonite reveals an ideal or 

near-ideal exchange behaviour in the case of Na+ - Ca2+ exchange. Figure 6 shows that 

in the present study, ideality on montmorillonite is supported in two of the experiments, 

i.e., in Exp. 3, considering the scatter of the data, and in Exp. 2 at low sorption 

densities. A significant decline in the preference of montmorillonite for Ca2+ is 

observed in Exp. 2 at high sorption densities (10.06 g/dm3, pH= 7.5 - 8.5) and in Exp. 

4 (59 g/dm3, pH = 9 - 10.5). Preference and decline of the preference of 

montmorillonite for a bivalent cation has been observed and attributed to the presence 

of interfering anions which may affect the affinity of the surface for the exchangable 

cation (Sposito et al., 1983a). 

3.2.2 Thermodynamics of ion exchange reactions 

The exchange reaction describing the replacement of Na+ for Ca2+ on Na

montmorillonite is given by: 

Ca2+ + 2 NaX <=? CaX2 + Na+ (18) 

A value of ( 1.48±0.3) for the thermodynamic exchange constant, 1', has been reported 

by Fletcher and Sposito (1989). The ion exchange reaction given by Eq. (18) can also 

be expressed in terms of rational activity coefficients and the Vanselow selectivity 

coefficient as: 

(19) 

with fas the rational activity coefficient of the surface species NaX and CaX2, and Kv 

as the Vanselow selectivity coefficient (Vanselow, 1932) given by: 

(20) 

with Xi as the mole fraction of the surface species and aj as the activities of Na and Ca 

in solution. 

The Vanselow selectivity coefficient is a conditional equilibrium constant which, for 

non-ideal systems, varies with the composition of the exchanger phase. The cause of 
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Figure 7 Na+ - Ca2+ exchange on montmorillonite. The Vanselow selectivity 

coefficient, K v, is plotted as a function of the mole fraction of CaX2, xca

The mean value for K v is calculated from the experimental data which 

fallow the theoretical line shown in Figure 6. 

the composition dependence of K v are the interactions between adsorbed species that 

occur as the adsorbate composition changes. In an ideal solid solution with the rational 

activity coefficient equal to unity, the thermodynamic constant equals the Vanselow 

selectivity coefficient as given by Eq. (19). In this case, the Vanselow coefficent, Kv, 

should be constant for varying equivalent fractions, Eca(clay), of adsorbed Ca. The 

Vanselow selectivity coefficient has also been evaluated from the experimental data 

reported in the present study. Figure 7 shows the exchange constant as a function of the 

equivalent fraction, Eca(clay), of adsorbed Ca. Note that the values for Kv which are 

displayed in Figure 7 are calculated for those conditions where ideality on 

montmorillonite holds, i.e., Exp. 3 and Exp. 2. The Vanselow selectivity coefficient is 

determined to (2.63±1.52). However, since the error in the experimental Kv value is 

rather large, we use Kv values reported in the literature for modelling the Na+ - Ca2+ 

exchange on montmorillonite 
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4 A surface chemical model for montmorillonite 

Clay minerals contain at least two types of surface functional groups : permanently 

charged surface functional groups created by ionic substitution within the crystal 

structure and variably charged surface functional groups caused by ionisation of surface 

OH groups. The first type of surface sites arises from the isomorphic substitution of 

Al3+ for Si4+ within the tetrahedral surface layer causing a permanent charge on the 

mineral surface. The structural charge is compensated by cations. Hereafter, this type of 

surface sites is denoted as structural-charge surface sites or simply layer sites. 

In addition to the permanent charge of the layer surface, ionisation of surface OH 

groups which are most likely located at the edge surface of a clay particle also gives 

rise to a pH-dependent charge. The properties of the surface OH groups of a clay 

mineral are similar to those found for hydrous oxide surfaces (Stumm and Morgan, 

1981; Sposito, 1984; Wieland and Stumm, 1992). The surface OH group on a hydrous 

oxide reveals chemical properties which are similar to those observed for the 

corresponding counterparts in dissolved solutes , e.g., hxydroxide ions. Therefore, the 

strongly pH-dependent charge of OH sites results from protonation and deprotonation 

reactions as a function of the solution pH. Deprotonated OH groups behave as Lewis 

bases and form surface complexes with metal ions. Furthermore the adsoprtion of 

ligands (anions and weak acids) on metal (hydr)oxids can be compared with complex 

formation reactions in solution. Hereafter, this type of amphoteric surface sites is 

designated as variable-charge surf ace sites. Since they are located at the edge face of a 

montmorillonite platelet, we denote them edge sites. 

Note that the variable-charge component of the surface charge, i.e., the surface charge 

due to hydrolysis reactions of OH groups, is often ignored in investigations of 2: 1 

layer-type clay minerals. Yet the incorporation of the variable-charge sites in a surface 

chemical model for 2: 1 phyllosilicates is essential to understanding and modelling those 

surface chemical properties which exhibit a strong pH dependence, such as the apparent 

CEC, the exchange selectivity, colloidal stability and surface complex formation of 

metal cations and organic and inorganic anions. 

The two-site model for montmorillonite proposed in this study contains two types of 

surface functional groups which are separate chemical entities with different surface

chemical properties. A better understanding of the surface reactions occurring at 

structural-charge (layer sites) and variable-charge surface sites (edge sites) is required 
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in order to adequately model surface-chemical reactions occurring at the surface of 

montmorillonite. 

Modelling the acid/base characteristics of montmorillonite over the entire pH range 

hence requires the introduction of two types of surface sites: Surface OH groups 

accounting for the pH-dependent variable-charge sites and structural-charge surface 

sites which are available for ion exchange reactions. The following abbrevations will be 

used: SOH for variable-charge surface OH groups and X for the ion exchange sites. 

Therefore, SOH sites represent edge sites and X sites represent layer sites. 

4.1 Surface equilibria at edge and layer sites 

4.1.1 Interaction of surface sites with protons and hydroxyl ions 

The interaction of protons with layer sites of Na-montmorillonite can be expressed as 

cation exchange reaction represented by the stoichiometric replacement of H+ by Na+: 

H+ + NaX <=> HX + Na+ (21) 

The thermodynamic equilibrium constant, K~, for the Na+ - Ca2+ exchange is given 

by: 

(22a) 

with the Vanselow selectivity coefficient, Kv, defined by: 

(22b) 

In the present study, we consider an experimental system with montmorillonite in its 

Na-form and NaNO3 as the background electrolyte. As indicated in Eq. (21), the degree 

of the Na/H replacement on montmorillonite for a given solid/solution ratio then 

depends on pH and the concentration of the background electrolyte. 

The ionisation of OH groups is the characteristic surface reaction occurring at edge 

sites. Protonation and deprotonation reactions at edge sites are the consequence of the 

acid base behaviour of surface OH groups: 
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Protonation and deprotonation reactions of edge sites are due to the amphoteric 

character of the OH groups (cf. e.g., Stumm and Morgan, 1981, Sposito, 1984): 

=SOH + H+ 

=SO- + H+ 

(23a) 

(23b) 

where =SOH2+, ::SOH and =SO- represent positively charged, neutral and negatively 

charged surface hydroxyl groups of the edge surface, and K~P and Kafi are apparent 

acidity constants. The mass law equations corresponding to the reactions given above 

are: 

(24a) 

(24b) 

where ( ) represent concentrations and { } represent activities. The activity coefficients 

for the surface species are assumed to be equal to unity. ~:ip and K a:J are apparent 

equilibrium constants because they include surface charge effects and, hence, depend 

on the degree of surface ionisation. For example, with increasing positive surface 

charge it becomes more difficult to bind protons onto the surface and, conversely, with 

increasing negative surface charge it becomes more difficult to dissociate protons from 

the surface. 

4.1.2 The diffuse double layer model (DDLM) 

A number of different surface complexation models have been proposed in the last two 

decades. The models are distinguished by differences in their respective molecular 

hypotheses. Each model assumes a particular interfacial structure resulting in a specific 

consideration of various kinds of surface reactions and electrostatic correction factors to 

mass law equations. In the present study, we have chosen an improved version of the 

diffuse double layer model for a description of the charge-potential relationship of the 

interfacial region. 
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Figure 8 Schematic representation of ion binding on a mineral surface ( upper figure) 

and the decay of the electrical power with distance from the surface in the 

diffuse double layer model (lower figure). 

The diffuse double layer model (DDLM) originally proposed by Stumm et al. (1970) 

and Huang and Stumm (1973) has been reviewed and improved recently by Dzombak 

and Morel (1990). The principal reasons for chosing the generalized two-layer model as 

presented by Dzombak and Morel ( 1990) are: 1) It is the simplest model that has been 

successfully used to describe qualitatively and quantitatively surface complex formation 

of protons, cations and anions. 2) The two-layer model has been incorporated in the 

geochemical speciation code MINEQL (Westall et al., 1976) to give a combined 

version MIN_SURF (Berner, 1993). 
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In the DDLM, all ions are adsorbed as coordination complexes within the surface plane, 

except the dissociated counterions present in the diffuse layer (Figure 8). The charge 

balance in the electrical double layer is then given by: 

cr + crd = O (25) 

with cr as the surface charge and crd as the counterion charge [C/m2]. The separation of 

charges in the electrical double layer results in an electrical difference across the 

mineral-water interface. The Gouy-Chapman theory describes the distribution of 

counterions in a diffuse swarm formed at a charged planar surface. In this theory, the 

distribution of charge and potential within the electrical double layer is given by 

solutions of the Poisson-Boltzmann equation derived for planar double layer (for a 

detailed derivation and discussion see Sposito, 1984). The model accounts for the ionic 

strength effects on ion adsorption through the explicit dependence of the diffuse-layer 

charge, crd, on ionic strength. For a symmetrical electrolyte with valence z, the charge-

potential relationship is given by : 

crd (= -cr) = -0.1174✓csinh(z'l'F/2RT) (26a) 

or at t = 25°C (T = 298.15 K) and z = 1 (Davis and Kent, 1990): 

crd (= -cr) = 2.5✓1'1' (26b) 

with z as the valence of the ion, c as the molar concentration of the electrolyte 

background [M], 'I' as the potential at the surface [V], R as the molar gas constant ( = 

8.314 J/mol K) and T as the absolute temperature [K]. In the case of an asymmetrical 

electrolyte, a different charge-potential relationship is involved (Hunter, 1987). The 

possibility of asymmetrical electrolytes has been accounted for in the MIN_SURF 

computer code developed by Bemer (1993). 

The total free energy of sorption of a species onto a surface, e.g., protons as expressed 

in Eqs. (23a) and (23b), has operationally been separated into a specific, i.e., chemical, 

and a non-specific, i.e., coulombic, interaction term. The coulombic free-energy term 

reflects the electrostatic work in transporting ions through the interfacial potential 

gradient (e.g., Stumm and Morgan, 1981; Morel, 1983). The chemical free-energy term 

accounts for the energy of interaction of an ion, e.g., protons in Eqs. (23a) and (23b), 

with surface sites on a hypothetically uncharged surface. The chemical interaction term 

does not vary with surface charge and, hence, is designated as "intrinsic" free-energy 

term. A detailed derivation and discussion of the relevant equations are given in, e.g., 
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Stumm and Morgan, 1981; Sposito, 1984; Dzombak and Morel, 1990. Applying the 

concept briefly outlined above, the apparent acidity constants given in Eqs. (24a) and 

(24b) can be rewritten as: 

(27a) 

(27b) 

with K~l and K~i as the intrinsic equilibrium constants which do not depend on surface 

charge. All reactants and products in the mass law equations which define the intrinsic 

f 1 . Kint d Kint f · 
sur ace comp exat10ns constants, al an a2, are sur ace species: 

(28a) 

(28b) 

where H; denotes a proton released at the surface but not yet transported to the bulk 

solution. 

The pH at which a mineral surface has zero net proton charge is named PZNPC (point 

of zero net proton charge). Since the proton charge arises from the ionisation of surface 

OH groups, the PZNPC is a characteristic parameter of the edge surface of 

montmorillonite. The PZNPC can be related to the intrinsic equilibrium constants by: 

5 int int 
PZNPC = 0. [pKa1 + pKa2] (29) 

The generalized two-layer model presented by Dzombak and Morel ( 1990) is based on 

the diffuse double layer model (DDLM) (Stumm et al., 1970), but incorporates 

additional features. Dzombak and Morel ( 1990) successfully modelled the ionic 

strength dependent binding of cations and anions by incorporating different types of 

sites for surface complex formation. Furthermore, the improved version of the DDLM 

also accounts for surface precipitation at high cation and anion concentrations. 
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Figure 9 Titration curve of Na-montmorillonite (I = 0.05 mol/dm3 NaNO3, 

montmorillonite = 5 g/dm3 ). A[H+] corresponds to the protons bound on 

the mineral surface. The concentration of surface sites and the equilibrium 

constants are optimised for the experimental results. 

4.2 Evaluation of the model parameters for montmorillonite 

The surface chemical model for montmorillonite has been developed based on the 

following constraints: Montmorillonite reveals oxide-like behaviour in the alkaline pH 

range as indicated by the sequence of the protonation curves given in Figure 4. In the 

acid pH range, however, the acid/base characteristics of montmorillonite show the 

features of an exchanger phase typically found for clay minerals. 

The model parameters required by the configuration of the diffuse double layer model 

are summarized in Table 2. The formal treatment of the pertinent protolysis reactions 

and ion exchange reactions is given by Eqs. (21) and (23). Fitting of the model 

parameters K~n{ and K~i, K~, TOT-SOH and TOT-X is performed with the least-square 

fit program GRFIT (Ludwig, 1992) which is an modified version of FITEQL (Westall, 

1982). The model parameters were optimised for the experimental results determined 
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Table 2: Model parameters. 

Model Parameters 

A .d. Kint d Kint 
c1 1ty constants: al an a2 

H+ - Na+ exchange constant: K~ 

Total surface sites: TOT-site 

SOH sites 

X 

X 

X sites 

X 

X 

Table 3: Summary of surface protolysis reactions and data for montmorillonite. 

Surface protolysis reaction 

=SOH2+ ~ =SOH + H+ 

=SOH ~ =SO-

H++NaX ~ HX 

Site density TOT-SOH 

Site density TOT-X 

+ H+ 

+Na+ 

Mass law equation 

Kint= (=SOH0 ){H+} ex (- PP) 
al (=SOH;) p RT 

Kint_ (=SO-){H+} 

a2 - (=SOH0 ) 

o (xHX)(aNa) 
K = 

X (xNaX)(aH) 

2.8x10-5 mol/g 

2.2x10-5 mol/g 

29 

xp(-F'P) 
RT 

logK 

-5.4±o.1 

-6.7±o.1 

4.6±o.2 



in a NaNO3 medium of ionic strength I = 0.05 M (Figure 9). The relevant surface 

reactions, mass law equations and model parameters are summarised in Table 3. 

The total number of variable-charge sites, TOT-SOH, obtained from the fitting 

procedure is 2.8xI0-5 mol/g (2.8 meq/100 g) corresponding to about 2.6 % of the total 

CEC (108 meq/100 g). We estimate the specific surface area of the edge face to about 3 

m2/g, i.e., 9.5 % of the total BET surface area. Based on this assumption, the surface 

site density of OH groups amounts to 5.7 sites/nm2. With an estimated specific surface 

area of 3 m2/ g, the resulting OH density on the edge surface of montmorillonite is 

within the range of the values typically obtained for oxide minerals. The total surface 

site density of oxid minerals ranges from 2 - 8 sites/nm2 (Schindler, 1984; Wieland et 

al. 1988). The surface area of the basal planes hence results to 28.5 m2/ g (90.5%) of the 

external BET-surface area (31.53±0.16) m2/ g. Although the BET area of the edge face 

appears to be relatively large, the resulting OH density is reasonable and consistent with 

data reported in the literature. 

The intrinsic acidity constants of the protolysis reaction (see Eqs. (23a) and (23b )) 

obtained from the fitting procedure are P~l = (5.4 ± 0.1) and pK~i = (6.7 ± 0.1). The 

resulting PZNPC of the surface OH groups of Na-montmorillonite calculated with Eq. 

(29) is compared with values reported for K-montmorillonite, kaolinite and aluminum 

(hydr)oxides (Table 4). Although care should be taken when values given for the 

PZNPC from different investigators using different experimental and modelling 

approaches are compared, the PZNPC is a surface parmeter which yields information 

on the nature of the surface OH groups. Table 4 shows that the OH groups exposed at 

the surface of Na-montmorillonite are more acidic than aluminol surface sites but less 

acidic than silanol groups. From structural reasons, one expects surface silanol- and 

aluminol groups at the edge surface of montmorillonite. Our experimental results, 

however, can be interpreted by assuming only one type of surface OH groups. The 

discrepancy can be explained either as i) the occurrence of OH groups with 

intermediate acid/base characteristics at the edge surface of montmorillonite or ii) that 

Al(III) is adsorbed onto silanol groups and, hence, affects the acid/base characteristics 

of the silanol groups. Williams and Williams ( 1978) proposed a method for estimating 

the surface potential (i.e., zeta potential) of the edge surface of clay minerals. The 

authors assume that the surface potential can be approximated adequately by a linear 

combination of the potentials of the endmembers, i.e., quartz and alumina. For the edge 

surface of montmorillonite with Al and Si as the structure-forming constituents, one 

type of surface site with a PZNPC ~ 6 to 7 is predicted based on their surface model. 

Hence the theoretical PZNPC is in close agreement with our experimental value. 
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Table 4: Experimental values of the point of zero net proton charge 

(PZNPC) of mineral surfaces. 

Mineral PZNPC Reference 

N a-Montmorillonite 6.1 this study 

K-Montmorillonite 7.8 Stadler and Schindler, 1993 

K-Montmorillonite 5.9 Charlet et al., 1993 

Kaolinite 7.5 Wieland and Stumm, 1992 

y-Al2O3 8.5 Huang and Stumm, 1973 

a- Al2O3 (Corundum) 9.1 Sposito, 1984 

a- Al(OH)3 (Gibbsite) 9.1 Wieland et al., 1993 

y- Al(OHh (Bayerite) 6.7 Pulfer et al., 1984 

a- SiO2 (Quartz) 2.9 Sposito, 1984 

The total number of structural-charge sites, i.e., X layer sites, which are accessible for 

Na+ - H+ exchange reactions under the given experimental conditions is estimated to 

2.2x1Q-5 mol/g (2.2 meq/100 g). This value is obtained from the fitting procedure. It 

corresponds to about 2.0% of the total CEC (CEC = 108 meq/100 g). We interprete the 

result as follows: Only a small fraction of layer sites are in equilibrium with the 

aqueous solution during the potentiometric titration of montmorillonite. The surface 

sites which are accessible for ion exchange reactions are probably exposed at the 

external planes. This is, most likely, a kinetic constraint imposed by limiting the 

equilibration period in the experiments to 10 min. A longer equilibration time would 

probably increase the fraction of structural-charge sites accessible for Na+ - H+ 

exchange reactions. The thermodynamic constant for the Na+ - H+ exchange is 

determined to logK~ = (4.6 ± 0.2) indicating a strong affinity of the external X layer 

sites for protons. Note that the Na+ - H+ exchange constant derived in this study is 

comparable to the constant of the Na+ - H+ exchange at edge sites (logK0x = 4.0) of 

montmorillonite as reported by Fletcher and Sposito (1989). 
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Figure 10a Titration curve of Na-montmorillonite (/ = 0.005 mol/dm3 NaNO3, 

montmorillonite = 5 g/dm3 ). L1[H+ J corresponds to the protons bound 

onto the montmorillonite surface. The solid line was calculated using the 

parameters listed in Table 3. 
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Figure 10b Titration curve of Na-montmorillonite (/ = 0.05 mol/dm3 NaNO3, 

montmorillonite = 5 g/dm3 ). L1[H+] corresponds to the protons bound 

onto the montmorillonite surface. The solid line was calculated using the 

parameters listed in Table 3. 
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Figure J0c Titration curve of Na-montmorillonite (I = 0.5 mol/dm3 NaNO3 , 

montmorillonite = 5 g/dm3 ). L1[H+} corresponds to the protons bound 

onto the montmorillonite su,face. The solid line was calculated using the 

parameters listed in Table 3. 

4.3 Modelling the acid/base behaviour of montmorillonite 

As shown in the previous section, the modelling parameters given in Table 3 result 

from the potentiometric titrations conducted at I = 0.05 M. The validity of the proposed 

model can be evaluated by predicting the total proton density at the montmorillonite 

surface, i.e., Ll[H+], as a function of pH for I = 0.005 M and I = 0.5 M using the 

modelling parameters listed in Table 3. Note that the ionic strength is the only 

modelling parameter which has been changed in the computations displayed in Figures 

10a and 10c. In Figures 10 a - c, model predictions (solid lines) and experimental data 

are compared for ionic strengths I= 0.005 M, I= 0.5 Mand again for I= 0.05 M (see 

also Figure 9). Model predicition and experimental results agree very well in the 

alkaline pH range where surface OH groups are the only charge-determining surface 

sites. In this pH range, deprotonation of OH groups accounts for the total proton 

density, Ll[H+], on the montmorillonite surface. Agreement between experimental 

results and model computation is less accurate but still satisfactory in the acid pH 

range. In the pH range < 7, both surface OH groups and layer sites control the surface 

proton density, Ll[H+]. Deviations between the predicted and experimental data in the 

33 



experiments conducted at I = 0.005 M and I = 0.5 M are likely due to the kinetic 

constraints imposed on the accessibility of the layer sites for Na/H exchange reactions. 

As mentioned above, the fraction of accessible structural-charge sites may depend on 

the equilibration time in the potentiometric titration experiments. Experimental 

evidence for a time dependence of the surface protolysis reaction has been provided in 

the case of kaolinite (Wieland and Stumm, 1992). Figures 10a - 10c show that the 

proposed two-site surface chemical model for montmorillonite adequately describes the 

pH dependence of surface protonation as observed in our experimental studies. A 

summary of all the experimental and modelling results is displayed in Figure 11. 

The pH-dependent distribution of surface species under the given experimental 

conditions is shown Figures 12a - 12c. At the point of zero net proton charge of the 

edge surface (pH = 6.1 ), the concentration of protonated edge surface sites is equal to 

the concentration of deprotonated sites, i.e., [SOH 2] = [SO-]. The ionic strength 

dependence of the protolysis degree of the surface sites is determined by the charge

potential relationship given in Eq. (26a). Hence the surface charge, i.e., the positive 
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Figure 11 pH-dependent proton surface concentration, 11[H+ }, on Na-mont

morillonite (5 gldm3). Experimental and modelling results are compared 

for ionic strengths I = 0.005 M, 0.05 Mand 0.5 M. Model computations 

are performed using the parameters listed in Table 3. 
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Figure 12 Species distribution at the montmorillonite surface for I = 0.005 mol/dm3, 

I = 0.05 mol/dm3 and I = 0.5 mol/dm3. XNa and XH denote surface 

species of the X layer sites. SOH1, SOH and SO- are the 

protonated, neutral and deprotonated species of the surface OH groups, 

respectively. 
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NaCl. The solid line represents model computations for 0.5 M NaNO 3 using 

the parameters listed in Table 3. 

charge below pH = 6.1 and the negative charge above pH = 6.1, increases with 

increasing ionic strength. Figures 12a - 12c also display the pH and ionic strength 

dependence of the Na+ - H+ exchange at X layer sites. Since the species distribution of 

X layer sites is controlled by the mass action law expressed in Eq. (22), the relative 

distribution of XN a and XH species is a function of the ionic strength. For example, the 

pH conditions where the concentrations of XNa and XH species are equal, i.e., [XNa] = 

[XH], depends on the concentration of the background electrolyte. The higher the 

concentration of the background electrolyte, i.e., the higher the ionic strength, I, the 

lower the pH where [XNa] = [XH] holds. An important feature revealed in Figures 12 a 

- c hence concerns the role of XH sites as source or sink for protons. Figure 12a, for 

example, indicates that, at low ionic strength, the X layer sites may significantly affect 

the proton balance in the alkaline and neutral pH range. At increased ionic strengths, 

i.e., I> 0.05 M, XH sites are relevant only at pH< 7. 

Figure 13 displays the experimental data of two alkalimetric titrations conducted in 

suspensions using NaCl instead of NaNO3 as background electrolyte. The solid line 
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represents model computations for a 0.5 M NaNO3 background electrolyte using the 

parameters given in Table 3. Experimental data and model computations agree which is 

interpreted as evidence for the absence of ion-pair complex formation of chloride with 

ionisable surface sites. The experiments hence show that negatively charged OH groups 

are the only surface sites accounting for the interaction of protons with montmorillonite 

in the alkaline pH range. We also infer that the ionisation of surface OH groups is not 

affected by the nature of the anionic counterion, i.e., NO3- of c1-, of the background 

electrolyte. 

4.4 A critical assessment of the validity of the proposed model 

As outlined in the previous sections, the surface chemical properties of Na

montmorillonite as revealed in the potentiometric titration experiments of this study can 

be interpreted in terms of a two-site surface chemical model. OH groups (i.e., SOH 

sites) and structural-charge sites (X layer sites) are the surface functional groups 

exposed at the edge surface and at the external planes, respectively, accounting for the 

interaction of protons with the surface of montmorillonite. The total number of SOH 

groups and X layer sites are evaluated as fitting parameters. They are estimated to 2.8 

mmol/100 g and 2.2 mmol/100 g which corresponds to 2.6 % and 2.0 %, respectively, 

of the CEC (108 meq/100 g). It shows that the fractions of surface sites accessible to 

protolysis reactions are small compared to the total number of available CEC sites. 

Studies concerning the determination of the separate contributions of variable-charge 

and structural-charge sites are scarce. Anderson and Sposito (1991) recently 

investigated the separate contributions of variable-charge and structural-charge sites 

accessible to caesium exchange reactions on montmorillonite. At pH near 7, the total 

moles of caesium extracted from variable-charge and structural-charge sites were 

determined to (11.1 ± 2.9) mmol/100 g and (69.8 ± 3.7) mmol/100 g, respectively. The 

interaction of caesium with variable-charge surface sites is due to the formation of so
Cs + surface complexes. The concentration of so- sites as evaluated from the 

potentiometric titration of montmorillonite is significantly smaller. Figure 12 shows 

that, at pH near 7, about 20 % of the SOH sites are in the anionic form, corresponding 

to a so- concentration of 0.57 mmol/1 00g. The difference in the two estimates given 

for the concentration of so- sites at pH ::::::: 7, i.e., 11. 1 and 0.57 mmol/100 g, 

respectively, is most likely caused by experimental constraints. The measurement of 

separate contributions of OH groups (SOH edge sites) and structural-charge sites (X 

layer sites) as reported by Anderson and Sposito ( 1991) is an operational concept. The 

method uses differences in Cs+ and Li+ selectivity of siloxane surface (X layer sites) 

37 



and ionisable surface groups (SOH edge sites) as measure to quantify the fraction of 

surface sites. It is assumed that Li+ selectively displaces Cs+ bound as so-cs+ surface 

complex, without displacing Cs+ associated with siloxane sites. However, this 

operational concept based on selectivity may overestimate the total number of OH 

groups due to interaction of Li+ with structural-charge sites. Differences in the values 

for the total number of surface OH groups may simply reflect differences in the 

procedures for estimating the OH group densities. 

The number of X layer sites in equilibrium with the aqueous solution has been 

estimated to 2 % of the CEC. As mentioned above, the number of X layer sites acting 

as reactive sites in Na+ - H+ exchange reactions may be time-dependent and, hence, 

determined by the kinetic constraints imposed on the experiment. A potentiometric

titration study of a "Cerro Bandera" montmorillonite was recently conducted by Avena 

et al. (1990). NaCl was used as background electrolyte at total concentrations of 0.01 

and 0.1 M. The samples were equilibrated for 30 min. Figure 14 compares the 

experimental results of our study (I = 0.05 M) with the results reported by Avena et al. 

(1990) (I= 0.01 Mand= 0.1 M). 

Figure 14 shows that Avena et al. (1990) observed an enhanced surface proton 

concentration, ~[H+], in the acidic pH range. The experimental results of the two 

studies are consistent in the alkaline pH range. The higher concentration of surface 

protons in the study of Avena et al. ( 1990) may partially be attributable to the origin of 

the clay minerals. In both studies, however, similar procedures were used to prepare a 

<2 µm fraction of the homoionic Na-form. The cation exchange capacities (CEC) are 

comparable, i.e., 91.7 and 108 meq/100 g, respectively. Therefore we expect that the 

physico-chemical characteristics of Wyoming and Cerro Bandera montmorillonite are 

similar. We hence infer that increasing the equilibration period from 10 rnin (our study) 

to 30 min (Avena et al., 1990) could account for the enhancement in the surface proton 

concentration in the study of Avena et al. (1990). It appears that the longer the 

equilibration period is, the more layer sites are accessible to Na+ - H+ exchange. 

Figure 14 further reveals that although the two-site model with SOH groups and X layer 

sites as the reactive surface ligands predicts the pH dependence of the surface proton or 

hydroxyl concentration, ~[H+], in our experimental studies (Figures 9, 10 and 11 ), it 

underestimates the extent of proton adsorption at pH < 7 on montmorillonite as reported 

by Avena et al. (1990). In order to adequately mimic the experimental data at pH < 7 in 

the study of Avena et al. ( 1990), an extension of the proposed two-site model is 

38 



50 

40 

...... 
C) 
0 30 
0 ,.... -er 
Cl) 20 
E ..... ...... 

+ 10 J: ..... 
-<l 

0 

-10 
3 4 5 

o Avena et al. (1990): I = 0.1 M 

• Avena et al. (1990): I = 0.01 M 
o this study: I = 0.05 M 

Model: I = 0.1 M NaCl 
•••••• Model: I = 0.01 M NaCl 

- Model: I= 0.05 M NaNO3 

6 7 8 9 

pH 

1 0 

Figure 14 Potentiometric titration curves for Na-montmorillonite. Results of our study 

( circles) measured at I = 0.05 M NaNO3 (montmorillonite = 5 g/dm3, t = 
22°C, equilibration time = JO min) are compared with the experimental 

data (squares) taken from Avena et al. (1990) (/ = 0.1 Mand 0.01 M NaCl, 

montmorillonite = 0.5 - 0.6 g/dm3, t = 30°C, equilibration time = 30 min). 

The solid line represents model computations for 0.05 M NaNO3 using the 

parameters listed in Table 3. Broken and dotted lines show modelling 

calculations assuming a three-site surface chemical model with SOH 

groups ( edge sites) and two layer sites ( denoted as X and Y layer sites) as 

the reactive surface functional groups. The modelling parameters for the 

edge and X layer sites are listed in Table 3. The modelling parameters for 

the Y layer sites are: TOT-Y (= CEC) = 91.7meq/100g, logK~ = 3.0. 

required. We therefore introduce a second type of layer sites, denoted as Y layer sites, 

accounting for the reactivity of the bulk of structural-charge sites. The X layer sites 

introduced in our study are attributable to layers sites exposed at the external surface. Y 

layer sites, however, denote the layer sites located at the internal surface of a 

montmorillonite platelet. The total density of Y layer sites and the Na+ - H+ exchange 

constant used in the model computations are given by: TOT-Y ( = CEC) = 91. 7 
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meq/l00g, logK 0x = 3.0. The value for the CEC has been reported by Avena et al. 

(1990). The equilibrium constant, logK 0x = 3.0, is a fitting parameter derived from an 

optimisation of our model for the experimental data presented by Avena et al. (1990). 

Figure 15 shows that the proposed three-site model correctly predicts the 

experimentally observed increase in the surface proton density, ~[H+], below pH = 5 

for I = 0.1 M. At low ionic strength, however, the model calculations overestimate ionic 

strength effects. A detailed evaluation of the discrepancy between our model 

predictions and the experimental data obtained for Cerro Bandera montmorillonite at 

low ionic strength requires an extension of the experimental programme for Wyoming 

bentonite in order to validate the surface chemical model in the acidic pH range. 

The Na+ - H+ exchange constant (logK 0x = 3.0) for Y layer sites is lower than the 

exchange constant estimated for X layer sites (logK°x = 4.6). High values for logK ~ 

indicate a strong affinity of protons for layer sites. Values for the Na+ - H+ exchange 

constants published in the open literature are scarce. Schindler et al. ( 1987) investigated 

the acid/base characteristics of kaolinite using a potentiometric titration technique. 

Since both montmorillonite and kaolinite are layer silicates with siloxane cavities as the 

reactive surface functional groups involved in ion exchange reactions (Sposito, 1984 ), 

the Na+ - H+ exchange constants for montmorillonite and kaolinite can be compared. 

Schindler et al. (1987) reported a value of logK~ = 2. 9 for the Na+ - H+ exchange 

constant on kaolinite which is in agreement with our value derived for Wyoming 

bentonite (log K~ = 3.0). Note that 2: 1 phyllosilicates are supposed to be present as 

impurities in kaolinite. 

Fletcher and Sposito ( 1989) evaluated the constants for ion exchange reactions on 

montmorillonite from a range of sources (see references therein) and "in conjunction 

with simplifying assumptions" to generate a consistent, but "preliminary", database. 

TheNa+ - H+ exchange constant on montmorillonite given by Fletcher and Sposito 

(1989) is logK~ = 0.15. The inconsistency of the Na/H exchange constants obtained in 

our study (log K°x = 3.0) and those reported by Fletcher and Sposito (1989) (logK 0x = 

0.15) cannot be explained based on the present knowledge and the experimental data 

available in the literature. 

If it is admitted that the proposed three-layer model is an appropriate modelling tool for 

describing protolysis reactions at the montmorillonite water/interface, we can estimate 

the effect of the Na+ - H+ exchange at Y layer sites on the experimental results 
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Figure 15 Potentiometric titration curves for Na-montmorillonite. The solid lines 

represent model computations based on a three-site model with surface OH 

groups and two layer sites as the surface functional groups. The modelling 

parameters for the OH groups and X layer sites are listed in Table 3. The 

parameters for the second type of layer site, i.e., Y layer sites, are: TOT-Y = 

105.8 meq/100 g and logK ~ = 3.0. 
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obtained in our study. In the following model calculations, we assume that Y layer sites 

are in equilibrium with the aqueous solution. The model computations are performed 

using the parameters for SOH and X layer sites as listed in Table 3. The modelling 

parameters for Y layer sites are: TOT-Y = 105.8 meq/100 g (= CEC - TOT-X) and 

logK~ = 3.0. In Figures 15a - 15c, the experimental data obtained in our study are 

compared with the results from model computations (I = 0.005 M, 0.05 M and 0.5 M 

NaN 03). If Y layer sites were in equilibrium with the aqueous solution in our 

experiments, one should observe a significant increase in the concentration of surface 

protons in the pH range 5.5 - 7.5 depending on the concentration of the background 

electrolyte. For I= 0.005 M NaNO3, the exchange of Na with protons is predicted to 

occur already in the pH range 7 - 8. At moderate and high ionic strengths, a significant 

exchange of Na with protons should only occur below pH ~ 6.5. Figures 15a - 15c 

clearly indicate that the experimental results obtained in the alkaline pH range can be 

interpreted equally well using either the two-site or the three-site model. Under 

repository conditions, pH values > 7 are expected in the porewater of compacted 

bentonite. Therefore, we may infer that the proposed two-site model for 

montmorillonite adequately describes the acid/base properties of bentonite for the 

geochemical conditions encountered in a repository for radiocative waste. 
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5 Near field chemistry under repository conditions 

5.1 Prediction of the porewater chemical composition in compacted bentonite 

Compacted bentonite is envisaged as containment barrier for the disposal of radioactive 

waste. The characteristics of the bentonite backfill material used in the Swedish 

disposal scenario are summarised in Table 5. The values given in Table 5 are based on a 

previous study by Wanner et al. (1992) reporting the thermodynamic modelling of the 

bentonite/groundwater interactions encountered in Swedish repositories. The cation 

exchange capacity (CEC) is adjusted to 85 meq/100 g according to the measurements 

made on untreated bulk material of Wyoming MX-80 bentonite instead of 76.4 

meq/100 g as given by Wanner et al. (1992). The percent distribution of the 

exchangeable cations and the content of impurities are reported by Wanner et al. 

(1992). 

As mentioned in the previous section, the surface chemical model for montmorillonite 

is based on experimental studies conducted at a low bentonite/water ratio, i.e., b/w = 
0.005 kg/dm3. Extrapolation of the bentonite model to higher compaction degrees, i.e., 

higher bentonite/water ratios, thus includes the following assumptions: 

1) The thermodynamic equilibrium constants for ion exchange and surface protolysis 

reactions are valid irrespective of the degree of compaction of bentonite. 

2) The total number of OH surface sites and the CEC are proportional to the solid 

content. 

The first assumption implies that the reactivity of surface sites, i.e., OH surface 

functional groups and ion exchange sites, is not affected by the bentonite/water ratio. 

The second assumption indicates that the accessibility of both types of surface sites 

i.e., OH surface functional groups and ion exchange sites, is proportional to the 

bentonite/water ratio regardless of the compaction degree of bentonite. 

The characteristic parameters for bentonite are listed in Table 5. Na+, Ca2+ and Mg2+ 

are the main cations which interact with X and Y sites of montmorillonite. Since the 

amount of K+ adsorbed on montmorillonite is small, i.e. 0.3 %, its effect on porewater 

chemistry is not of importance in the model computations. Therefore, and in order to 

achieve consistency with the model computations of Wanner et al. ( 1992), ion exchange 

reactions of this cation are not considered in the present model. The proportion of Na+, 

Ca2+ and Mg2+ associated with X and Y layer sites are assumed to be equal for both 

types of ion exchange sites. Na+ is the dominant counterion of the ion-exchange sites 
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indicating that the Na-form of montmorillonite is the main component of bentonite. 

Wyoming Mx-80 bentonite contains impurities of quartz (10 %), calcite (1.4 %) and 

small amounts of CaSO4 (0.34 % ) and NaCl (0.0067 % ) (Table 5). 

We predict the chemical composition of porewater in compacted bentonite for 

increasing degree of compaction of bentonite (Figure 16). The model is based on the 

following assumptions: 

- Na-bentonite (MX-80) reacts with Allard groundwater whose chemical composition 

is given in Table 6. 

- The surface chemical model for montmorillonite comprises the surface reactions 

given in Table 7. 

- Quartz and calcite saturation is reached according to a closed system. 

- CaSO4 and NaCl impurities completely dissolve. 

Changes in the chemical composition of groundwater reacting with bentonite are 

calculated for increasing contents of bentonite in solution which is expressed as 

increasing ion exchange capacity in the system. The cation exchange capacity ranges 

from 10-4 eq/dm3 to 10 eq/dm3 (Figure 16a and 16b) which corresponds to 

bentonite/water ratios ranging from 1.2x 10-4 kg/dm3 to 12 kg/dm3. The surface 

chemical model for montmorillonite is established based on experiments conducted in 

suspensions of low bentonite/water ratios, i.e., 5x 10-3 kg/dm3 or CEC = 4.25x 1 o-3 

eq/dm3, respectively. The extrapolation to chemical conditions in the near field is 

straightforward and includes the assumptions mentioned above. The chemical 

composition of porewater in compacted sodium bentonite corresponds to the 

composition indicated at CEC = 3.9 eq/dm3 (Figure 16a and 16b). 

The effect of increasing compaction of bentonite on the pH of the porewater is 

illustrated in Figure 16a. For near-field conditions, the pH value of the porewater is 

estimated to 7.3. According to the model calculations, the protolysis reactions at the 

edge sites of montmorillonite compensate the pH increase caused by calcite dissolution 

in a calcite saturated bentonite/groundwater system (Wanner, 1985). Under the given 

chemical conditions, about 2xl0-2 mol/dm3 CaCO3 and lxl0-4 mol/dm3 SiO2 are 

dissolved. The concentrations of Na+, Ca2+ and Mg2+ in porewater are controlled by 

ion exchange reactions occurring at the layer sites of montmorillonite. In Figure 16b, 

the distribution of the surface sites involved in proton exchange reactions is displayed 

as a function of the CEC of the bentonite/water system. The percent distribution relates 

the concentration of SOH2+, so- and XH sites to the total concentration of edge sites, 
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Figure 16 The effect of the degree of compaction of bentonite on the chemical 

composition of porewater (above) and the distribution of surface sites 

(below) when Allard groundwater is equilibrated with bentonite. The degree 

of compaction is represented by the total concentration of ion-exchange 

sites, i.e., the concentration of X + Y layer sites. Alkalinity is expressed in 

eq/dm3. Na+, Ca2+ and Mg2+ indicate the concentration of the free cation 

in solution. SOH2+ and SO- represent the protonated and deprotonated 

edges sites. XH denotes protonated layers sites. The CEC in compacted 

bentonite corresponds to 3.90 eq/dm3. 
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Table S: Data for Wyoming MX-80 bentonite used for modelling near-field 

conditions. 

Property Value Reference a 

Cation Exchange Capacity (CEC) b 85.0 meq/100 g this study 

External layer sites (X sites) 1.7 meq/100 g this study 

Internal layer sites 83.3 meq/100 g this study 

Edge sites (OH groups) 2.8 meq/100 g this study 

Exchangeable Nab 81.7 % 2 

Exchangeable Mg b 3.9% 2 

Exchangeable Ca b,c 14.1 % 2 

Total carbonate (CaCO3) 1.4 % (wt) 2 

Total quartz (SiO2) 10 % (wt) 3 

NaCl impurities 0.007 % 1 

CaSO4 impurities 0.34 % 1 

Density (highly compacted) 1.70 g/cm3 4 

Density (highly compacted, water saturated) 2.07 g/cm3 4 

Porewater/bentonite ratio 0.38 cm3/cm3 5 

a) References: 1: Wanner et al. (1992), 2: Miiller-Vonmoos and Kahr (1985), 3: van 

Olphen and Fripiat (1979), 4: McKinley (1984), 5: Project Gewahr (1985). 

b) The values refer to 100 g oven-dried material. The contribution of K is small, i.e., 

0.3 %, and, therefore, neglected in the present model computations. 

C) The value for exchangeable Ca should be subject to systematic error because of the 

presence of calcite 
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Table 6: The chemical composition of Allard water (simplified). 

Na+ 

Ca2+ 

Mg2+ 

c1-

SO42-

alkalinity 

pH 

ionic strength 

Concentration 

[mol/dm3] 

2.26E-3 

4.64E-4 

l.90E-4 

1.48E-3 

l.00E-4 

1.80E-3 

8.1 

4.3E-3 

Table 7: Surface chemical equilibria. 

Surface reactions logK 

::SOH2+ {::::} =SOH + H+ -5.4 

=SOH {::::} =SO- + H+ -6.7 

H++NaX {::::} HX+Na+ 4.6 

Ca2++ 2 NaX {::::} CaX2 + 2 Na+ 0.21 

Mg2++2NaX {::::} MgX2+2Na+ 0.13 

H++NaY {::::} HY +Na+ 3.0 

Ca2++ 2 NaY {::::} CaY2 + 2 Na+ 0.21 

Mg2+ + 2 NaY {::::} MgY2+2Na+ 0.13 
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SOH groups (TOT-SOH = 2.84xI0-5 mol/g), and external layer sites, i.e., X groups 

(TOT-X = 2.2x 10-5 mol/g). Figure 16b emphasizes the key role of edge sites in 

controlling the pH of porewater in compacted bentonite. The external layer sites, i.e., X 

sites are of minor importance, and the internal layer sites, i.e., Y sites are not relevant as 

either proton source or sink in the alkaline pH range. For example, at CEC = 3.9 

eq/dm3, only 2.4 % of X sites exist in the protonated form, XH. Due to the even lower 

affinity of the Y layer sites for protons, the concentration of the YH form is negligibly 

small. The ratio of SOH2+ and so- in Figure 16b depends on pH and the concentration 

of the ionic background medium (see Section 4.1). With increasing compaction of 

bentonite, the ionic strength increases from originally 3xI0-3 mol/dm3 at CEC = lxI0-4 

eq/dm3 to 0.26 mol/dm3 at CEC = 3.9 eq/dm3 due to the dissolution of impurities. Since 

both parameters change with increasing bentonite compaction, i.e., pH and ionic 

strength, their effects on the protonation reactions occurring at edge sites superimpose 

in the model computations presented in Figure 16b. 

It is worthwhile mentioning that the model computations presented in Figures 16a and 

16b are based on a CEC of 85 meq/1 00g determined for dispersed bentonite. The 

effective CEC observed under near-field conditions is likely diminished due to 

compaction of bentonite. The loss of available CEC sites in compacted bentonite is also 

reflected in a decrease in the porosity with increasing degree of compaction. Since it is 

impossible to adequately evaluate the number of available exchange sites in compacted 

bentonite at present, we assumed the maximum number of sites as representative 

estimate for the CEC of bentonite under near-field conditions. 

5.2 Comparison of model computations with experimental data for high 

bentonite/water ratios 

The proposed bentonite model was used to predict the porewater composition of 

compacted bentonite in experiments carried out by Werme (1992) and communicated to 

Wanner et al. (1992). The experiments were conducted in suspensions with 1 .4 g 

bentonite per cm3 water. A few hundred microliters of porewater were sampled after 

equilibrating bentonite with deionised water and Allard groundwater. Sampling was 

performed by squeezing the suspension under high pressure (Werme, 1994). Measured 

concentrations of the main constituents, i.e. Ca2+, Mg2+, Na+, SO42-, c1-, as well as 

pH and alkalinity (Alk) are listed in Table 8. The chemical composition of the 

porewater is predicted assuming that untreated Wyoming MX-80 bentonite 
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Table 8: Experimental and modelled data of the solution composition after reaction 

of Na-bentonite with deionised and Allard water. The solid/water ratio is 

1.4 g/cm3. Values correspond to total concentration in solution in M 

(mol/dm3), except Alk (eq/dm3). 

Exp. 

deionised 

water 

56/57 exp. 

62/63 exp. 

model 

Allard 

water 

58/59 exp. 

60/61 exp. 

model 

TOT
Na 

l.0E-1 

8.3E-2 

7.6E-2 

9.4E-2 

8.9E-2 

7.7E-2 

TOT
Ca 

l.5E-4 

l.0E-4 

1.4E-3 

4.5E-4 

l.0E-4 

l.4E-3 

TOT
Mg 

3.9E-4 

4.lE-6 

3.9E-4 

c1-

l.5E-3 

1.5E-3 

1.6E-3 

l.8E-3 

1.7E-3 

1.7E-3 

4.0E-2 

3.5E-2 

3.0E-2 

3.3E-2 

3.2E-2 

3.0E-2 

pH 

1.0E-2 9.2 

4.3E-3 9.0 

3.4E-3 8.4 

5.5E-3 9.2 

6.5E-3 9.0 

3.4E-3 8.4 

is in equilibrium with deionised water or groundwater in an open system (pCO2 = 10-3.5 

atm). The results reported for soda-treated bentonite are not modelled, since important 

details of the preparation of soda-treated bentonite are not known (Wanner et al., 1992). 

Again, the model predictions are based on the surface equilibria and the parameters for 

bentonite as summarised in Tables 5 and 7. 

Experimental and modelled concentrations of the main constituents are compared in 

Table 8. Predictions and measurements are consistent within the validity of the model 

and given the fact that uncertainties in the experimental method may exist. Agreement 

between experimental and predicted concentrations are found for chloride and sulfate 

indicating dissolution of NaCl and CaSO4 impurities. Significant deviations are found 

for the total concentrations of calcium and for pH. The predicted pH value is lower than 

the experimental data. The pH value depends to a large extent on the amount of soluble 

impurities and their availability for dissolution into the aqueous phase. The model uses 
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an inventory of soluble impurities which was derived from Werme's experiments and 

which is subject to uncertainties. In addition, the model assumes instantaneous 

dissolution of all soluble impurities into the aqueous phase. This assumption is also 

uncertain, but there is no quantitative information available allowing a verification of 

this assumption. In this light the deviation of the predicted pH values from the 

experimental ones is not considered serious. The calculated Ca concentration, on the 

other hand, is about a factor of ten higher than the experimental data. The discrepancy 

in the Ca concentration is only partially attributable to a decrease in the solubility of 

calcite with increasing pH, since the formation of CaSO4 complexes in solution is 

relevant in media with high sulfate concentrations. The concentration of CaSO4 

complexes in solution can be estimated to about 7x 1 o-4 M for a given total sulfate 

concentration of 3x10-2 M. Since the sulfate concentrations in the experiments are even 

higher, the total concentrations of calcium in the experiments should exceed 7x1Q-4 M. 

Table 8 shows, however, that the experimentally determined Ca concentrations are 

significantly lower. The discrepancy between the model computations and the 

experiments can be explained in view of the equilibrium situation involving ion 

exchange and calcite solubility: Compared to the model calculations, the ion exchange 

equilibrium is shifted towards increased calcium sorption in the experiments giving rise 

to a decrease in the calcium and an increase in the sodium concentrations in solution. 

Adjustment of the calcite equilibrium then leads to increases in alkalinity and pH. With 

the aid of the bentonite model, the equilibrium situation as observed in the experiments 

can be correctly predicted simply by increasing the Na+ - Ca2+ exchange constant by 

1.5 log units. One may envisage that sampling of the porewater at elevated pressure 

could impose modified equilibrium conditions and, hence, explain the discrepancy 

between experimental data and model computations. However, in order to enlighten the 

discrepancy between the modelled and experimentally determined equilibrium 

situation, critical assessments of both the validity of the bentonite model and the effect 

of sampling techniques on chemical equilibria in compacted bentonite are required. 

We therefore infer that testing the bentonite model based on the experiments conducted 

by SKB (Werme, 1992) allows no final conclusions regarding the validity of the model. 

Methodical constraints are imposed on both methods for evaluating the chemical 

composition of porewater in compacted bentonite, i.e., model computations and 

experiments. The effect of compaction on the number of available surface sites in the 

modelling approach and the suitability of the sampling technique in the experiments 

should be addressed in a thorough validation procedure. We therefore recommend that 

further validation of the bentonite model should be envisaged in combination with 

additional experimental studies. 
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5.3 Long-term extrapolations: Mixing tank model 

5.3.1 Derivation of the mixing tank model 

Wanner (1986) and Wanner et al. (1992) used a mixing tank model in order to estimate 

the effect of time on the near field chemistry under repository conditions. The main 

assumptions behind the model are: 

1) Complete mixing of groundwater flowing past the repositiory with the near-field 

water 

2) Uniformity of the composition of porewater throughout the near field 

Time dependence of the porewater evolution is expressed in terms of water exchange 

cycles. A water exchange cycle is defined as a complete replacement of the bentonite 

porewater with fresh groundwater. Wanner et al. (1992) estimate the timescale for one 

water exchange cycle to 13'800 years for the Swedish repository design. The timescale 

is based on the assumption that the water in the interlamellar spaces of montmorillonite 

is also replaced. 

5.3.2 Long-term predictions using the mixing tank model 

Long-term calculations are done as reported by Wanner et al. (1992) using an extended 

version of the code MIN_SURF. They are made for compacted bentonite in contact 

with Allard and Aspo groundwater. The chemical compositions of the groundwaters are 

listed in Tables 6 and 9. 

In a first step, the equilibrium conditions for fresh Wyoming MX-80 bentonite in 

contact with Allard and Aspo groundwater is calculated. For Allard groundwater, the 

initial equilibrium situation correspond to the chemical conditions given in Figure 16a 

at a CEC of 3.9 eq/dm3 . In the following, the code calculates the composition of 

porewater and the relative proportion of exchangeable cations on bentonite for each 

exchange cycle. After each exchange cycle, fresh groundwater is assumed to be in 

contact with compacted Wyoming MX-80 bentonite. The exchange procedure is 

repeated 200 times. 

In Figure 17, the evolution of the porewater composition for bentonite in contact with 

Allard groundwater as well as the relative portion of surface sites on bentonite is 
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Table 9: The chemical composition of Aspo water 

(simplified). 

Na+ 

Ca2+ 

Mg2+ 

c1-

SO42-

alkalinity 

pH 

ionic strength 

Concentration 

[mol/dm3] 

1.3 lE-1 

l.lOE-1 

2.06E-3 

3.40E-1 

7.40E-3 

l.80E-4 

7.4 

4.60E-1 

presented as a function of water exchange cycles. Na(X/Y), Ca(X/Y)2, Mg(X/Y)2 and 

H(X/Y) denote the association of the corresponding cations or the proton, respectively, 

with X and Y layer sites. The results of the calculations are listed in Table 10. After 90 

exchange cycles, the calcite pool of the bentonite backfill material is depleted. 

According to the present mixing tank calculations, the initial pH of the porewater is 

predicted to be much lower than reported in previous studies (Wanner, 1986; Wanner et 

al., 1992). In the previous model calculations (Wanner, 1986; Wanner et al., 1992), the 

initial pH was predicted to be around l 0.5 after the first exchange cycle indicating pH 

control by calcite solubility in a closed system. By incorporating the acid/base 

characteristics of edge surface sites in the model, a pH value of 8.4 is reached. The pH 

value drops to about pH = 7 .1 after complete removal of calcite from bentonite, and, 

hereafter, slowly decreases with time to about pH= 6.8. The drop in pH coincides with 

a decrease in the alkalinity. 

As stated by Wanner et al. (1992), the dissolution of calcite and the transformation of 

Na-bentonite to a Ca-rich bentonite are the main features of the long-term predictions. 

The following reaction summarises the transformation of sodium into calcium 

bentonite: 
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2 Na(ex) + CaCO3 + H+ <=> Ca(ex) + 2 Na++ HCO3-

Calcite dissolution hence provides a continuous source of calcium to the porewater. The 

process results in a slow exhaustion of the calcite pool. 

The transformation of Na-bentonite to a Ca-rich bentonite in contact with Allard 

groundwater is displayed in Figure 17. Na+ and Ca2+ are the dominant exchangeable 

cations for both X and Y layer sites on bentonite under the given repository conditions. 

The amounts of exchangeable Mg2+ and H+ on layer sites are minor. Hence, in the case 

of Allard groundwater, the transformation of bentonite is critically dependent on the 

amount of available calcite. The final Ca/Na ratio on bentonite is predicted to about 3/2. 

The edge surface of montmorillonite is negatively charged, i.e., the concentration of 

so- sites slightly exceeds those of SOH2+. 

The higher concentrations of Na+, Ca2+ and c1- in .Aspo groundwater significantly 

affect the long-term evolution of the porewater composition in the near field. The 

results of the calculations are listed in Table 11. Depletion of calcite occurs over a 

longer period of time, i.e., about 190 instead of 90 exchange cycles. During depletion of 

calcite, the pH of the porewater is predicted to about pH= 6.5. It drops to about pH= 6 

after exhaustion of the calcite pool. Again, pH is controlled by protolysis reactions 

occurring at the edge surface of montmorillonite and by calcite dissolution. In Aspo 

groundwater, the transformation of Na-bentonite to Ca-bentonite occurs within 40 

exchange cycles. Hence, calcite plays a minor role in the transformation process in 

highly mineralised groundwaters. 

The present model computations indicate that both the dissolution of calcite and the 

acid/base characteristics of OH sites at the montmorillonite surface control pH and 

alkalinity of the porewater in the near field. In the previous studies of the near field 

chemistry in a repository reported by Wanner (1986) and Wanner et al. (1992), 

chemical interactions at the mineral/water interface were ascribed to cation exchange 

reactions with layer and edge sites. In those studies, pH and alkalinity were controlled 

by calcite dissolution in a closed system. Both the present study and the previous 

studies predict the transformation of Na-bentonite to a Ca-rich bentonite. As shown in 

this work, the bentonite transformation is accelerated in the presence of the highly 

mineralised A.spa groundwater. 
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Figure 17 Bentonite in contact with Allard groundwater. Prediction of pH, consumed 

calcite, exchangeable ions (Na+, Ca2+, Mg2+, H+) and negatively charged 

edge sites (SO- - SOH2+) as a function of exchange cycles according to the 

mixing tank model. Two types of layer sites, X and Y, are considered in the 

model computations (see text). The composition of Allard groundwater is 

given in Table 6. The surface chemical reactions are listed in Table 7. 
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Figure 18 Bentonite in contact with Aspo groundwater. Prediction of pH, consumed 

calcite, exchangeable ions (Na+, Ca2+, Mg2+, H+) and negatively charged 

edge sites ( SO- - SOH2+) as a function of exchange cycles according to the 

mixing tank model. Two types of layer sites, X and Y, are considered in the 

model computations ( see text). The composition of Aspo groundwater is 

given in Table 9. The surface chemical reactions are listed in Table 7. 
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Table 10: Predicted porewater composition of compacted bentonite in contact with 

Allard groundwater on the basis of the mixing tank model. 

Concentrations are given in mol/dm3 [M], alkalinity (Alk) in eq/dm3 and 

Na(X/Y) and Ca(X/Y)2 as percentage distribution of the CEC (= X + Y 

layer sites). The CEC corresponds to 3.9 eq/dm3. 

cycle pH Na(X/Y) Ca(X/Y)i Na+ Ca2+ CaCO3 so-- Alk I 

SOH2+ 

[%] [%] [M] [M] [M] [M] [eg/dm3l [M] 

1 7.36 78 18 l.7E-1 8.0E-3 6.4E-1 4.3E-3 3.7E-3 9.3E-3 

2 8.37 78 18 2.3E-2 6.2E-5 6.3E-1 9.0E-3 1.9E-2 l.8E-2 

10 8.38 73 23 2.lE-2 6.6E-5 5.6E-1 8.5E-3 1.7E-2 l.6E-2 

50 8.19 58 38 l.7E-2 l.lE-4 2.6E-1 6.9E-3 1.6E-2 l.4E-2 

90 8.04 42 52 l.5E-2 l.7E-4 5.5E-3 5.8E-3 l.5E-2 l.2E-2 

150 6.91 40 54 4.3E-3 l.5E-5 0 9.0E-4 l.4E-3 3.8E-3 

250 6.70 36 56 3.8E-3 l.5E-5 0 8.0E-4 l.3E-3 3.5E-3 

Table 11: Predicted porewater composition of compacted bentonite in contact with 

Aspo groundwater on the basis of the mixing tank model. Concentrations 

are given in mol/dm3 [M], alkalinity (Alk) in eq/dm3 and Na(X/Y) and 

Ca(X/Y)i as percentage distribution of the CEC (= X + Y layer sites). 

The CEC corresponds to 3.9 eq/dm3. 

cycle pH Na(X/Y) Ca(X/Y)i Na+ Ca2+ CaCO3 so-- Alk I 

SOH2+ 

[%] [%] [M] [M] [M] [M] [eg/dm31 [M] 

1 7.21 80 18 2.3E-1 9.2E-3 6.4E-1 8.2E-3 4.4E-3 1.6E-1 

2 7.17 78 19 l.8E-l 2.8E-3 6.3E-1 1.0E-2 2.0E-2 2.0E-1 

10 6.80 55 43 2.5E-1 1.lE-2 5.7E-1 8.4E-3 1.8E-2 2.8E-l 

100 6.35 6 92 1.3E-1 l. lE-2 2.7E-1 4.6E-3 1.6E-2 4.6E-1 

150 6.35 6 92 l.3E-1 1. lE-2 l.3E-1 4.6E-3 1.4E-2 4.6E-1 

194 6.35 6 92 1.3E-1 1. lE-2 2.2E-3 4.6E-3 1.4E-2 4.6E-1 

250 6.04 6 92 1.3E-1 l. lE-2 0 4.6E-3 6.0E-5 4.5E-1 
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6 Summary and Conclusions 

The determination of the acid/base characteristics of surface functional groups and of 

ion exchange processes occurring at the solid/solution interface are essential to 

understanding and predicting surface-chemical reactions on montmorillonite. Two main 

types of surface sites are exposed at the surface of montmorillonite: structural-charge 

and variable-charge surface functional groups. Structural-charge sites located at the 

basal siloxane layer (layer sites) are accessible for ion exchange reactions. Edge OH 

groups, however, reveal an entirely different acid/base behaviour and are subject to 

ionisation reactions. Alkalimetric and acidimetric titrations of a purified Wyoming MX-

80 bentonite were conducted in background media of three different ionic strengths (I = 

0.005, 0.05 and 0.5 M) in order to establish the acid/base characteristics of edge sites. 

Prior to the experimental studies, Wyoming bentonite MX-80 was pretreated using a 

well-established pretreatment procedure. The end product of the pretreatment procedure 

was characterised by XRD as Na-montmorillonite with small amounts of quartz and 

cristobalite as impurities. No calcite was found in the sample after completion of the 

pretreatment procedure. The CEC of Na-montmorillonite was determined to 108 

meq/100 g for pretreated bentonite and to 85 meq/100 g for the bulk material. The BET 

surface area was (31.53 ± 0.16) m2/ g. 

Potentiometric titrations of montmorillonite suspensions at ionic strengths I = 0.005 M, 

0.05 M and 0.5 M were conducted as batch-type experiments. The reproducibility of the 

titration experiments indicates the absence of interfering side reactions such as the 

deprotonation of HCO3- dissolved in solution or the dissolution of the montmorillonite 

structure. Potentiometric titration hence is a suitable method for measuring the 

ionisation of OH groups exposed at the montmorillonite surface. Special attention has 

been paid to carefully calibrating the electrode system. 

The results show that deprotonation of edge sites increases with increasing pH and 

ionic strength in the alkaline pH range. A net negative charge is developed on the edge 

surface in the pH range 6 to 10. Maximum deprotonation of edge sites is reached at pH 

"" 10. No apparent effect on surface reactions is observed when the NaNO3 medium is 

replaced by a NaCl background electrolyte. Low surface proton densities are observed 

in the near-neutral pH range close to the expected point of zero net proton charge 

(PZNPC) of the edge sites, i.e., pH 6 - 7. The proton density on the surface of 

montmorillonite increases with decreasing pH in the acidic pH range. In this pH range, 

two simultaneously occurring surface reactions, i.e., protonation of edge OH groups 

57 



and ion exchange of the major cations for H+ at layer sites, account for the observed 

overall proton density on montmorillonite. 

The experimental results are interpreted in terms of a surface chemical model for 

montmorillonite with structural-charge surface sites, denoted as X layer sites, and 

variable-charge surface sites, denoted as edge OH groups, as the reactive surface 

functionalities. The interaction of protons with layer sites is due to ion exchange 

processes. Protolysis reactions occurring at OH groups are modelled using the 

configuration of the diffuse double-layer model (DDLM). The parameters of the two

site model, i.e., the total concentration of surface sites, the intrinsic acidity constants 

and the Na+-H+ exchange constant, are derived from the experimental data determined 

at I = 0.05 M using the fit programme FITEQL. The total concentrations of the surface 

sites are evaluated as TOT-OH = 2.84x10-5 mol/g and TOT-X = 2.2x10-5 mol/g, 

respectively. The intrinsic acidity constants of the OH groups are determined to pK~0i1 = 

(5.4 ± 0.1) and pK~0i = (6.7 ± 0.1), respectively. The thermodynamic constant of the 

Na+-H+ exchange at structural-charge sites is fitted to logK°x = (4.6 ± 0.1). 

Experimental data of the potentiometric titrations of montmorillonite published in the 

open literature can be interpreted by implementing a third type of surface sites, denoted 

as Y layer sites, in the proposed two-site model for montmorillonite. The three-site 

surface chemical model comprises edge OH groups and two types of layer sites, i.e., X 

and Y layer sites. The Na+-H+ exchange constant for Y layer sites is estimated to 

logK °x = 3.0. 

The near field chemistry under repository conditions is predicted with the aid of the 

proposed bentonite model. The model takes into account the presence of soluble 

impurities in bentonite (NaCl and CaSO4) as well as ion exchange and protolysis 

reactions occurring at the surface of montmorillonite. Carbonate and silica 

concentrations are assumed to be controlled by calcite and quartz solubility. 

The dependence of the chemical composition of Allard groundwater in contact with 

bentonite is modelled for increasing degrees of bentonite compaction. The model 

computations show that both the protolysis of edge OH groups of montmorillonite and 

calcite dissolution exert a strong control on the buffer capacity. Based on the proposed 

bentonite model a pH value of 7.3 and an alkalinity of l.92x10-2 eq/dm3 is predicted 

for the porewater of highly compacted bentonite. 

Model predictions of the chemical composition of the porewater in moderately 

compacted bentonite (1 .4 g/cm3) are compared with experimental data documented by 
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Wanner et al. (1992). Theoretical and experimental data are consistent. The deviation of 

the predicted pH value of 8.4 from the measured ones of 9.0 and 9.2, respectively, may 

be due to uncertainties in the inventory and dissolution pathways of the soluble 

impurities. 

The evolution of the chemical processes of highly compacted Na-bentonite with time is 

predicted under the assumption that the near field behaves like a mixing tank. Model 

computations are based on CEC = 85 meq/1 00g. Hence it is assumed that the number of 

surface sites accessible for protolysis and ion exchange reactions is given by the 

bentonite/water ratio regardless of the degree of bentonite compaction. In the modelling 

concept, bentonite porewater is completely exchanged by fresh groundwater during one 

water exchange cycle. Model computations are performed for up to 250 exchange 

cycles. The results of the calculations reveal a strong control of calcite dissolution and 

the acid/base properties of edge OH groups on pH and alkalinity in the near field. For 

Allard groundwater in contact with compacted bentonite, the pH in the near field is 

fixed around pH = 8.4 while calcite is present in the bentonite. It drops to about pH = 
7 .1 after complete removal of calcite from the backfill material, and, hereafter, slowly 

decreases with time to about pH= 6.8. The drop in pH is reflected in a decrease in the 

alkalinity. For Aspo groundwater in contact with compacted bentonite, lower pH values 

are predicted. The initial pH of about pH = 7 .2 drops to about pH = 6 after exhaustion 

of calcite in bentonite. The drop in pH is accompanied by a drop in the alkalinity. 

Furthermore, a progressive change of Na-bentonite to Ca-bentonite is predicted for both 

groundwaters. The transformation rate depends on the amount of calcite present in 

bentonite and the chemical composition of the groundwater. Once the carbonate pool is 

depleted, the conversion of Na-bentonite to Ca-bentonite proceeds at a much lower rate. 

In a previous, preliminary bentonite model (Wanner et al., 1992) the pH buffering 

effect of unaltered bentonite was determined by the calcite pool and its equilibrium 

reaction with the porewater. Under certain conditions, this reaction determined the pH, 

especially above pH values of about 9. The predicitions using the model of Wanner et 

al. (1992) agreed very well with the experimental determinations. However, the pH 

buffering effects below pH 9 could not be predicted with that model. The model 

developed in the present report includes all the relevant pH buffering effects over a 

wide range of the pH scale. The significance of soluble impurities is high as they lead 

to second and third order effects in the pH. 

The bentonite model proposed in the present study has been developed based on 

experimental studies performed in dilute montmorillonite suspensions. Therefore the 

model may adequately predict solution compositions at low bentonite/water ratios. 
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However, care should be taken when extrapolations to higher degrees of bentonite 

compaction are envisaged. The critical constraints are: the effect of bentonite 

compaction on the number of available surface sites, i.e., CEC and the total number of 

edge sites, and on the dissolution of impurities. A validation of the proposed bentonite 

model combined with a sensitivity analysis should address these constraints. For a 

successful validation, however, more experimental data for compacted bentonite/water 

systems are required. 
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