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Abstract

The aqueous interfacial chemistry of kaolinite and Na-montmorillonite samples was investigated by potentiometric measurements
using acid/base continuous titrations and batch experiments at 25 and 60 �C. Using the batch experimental method, a continuous drift
of pH was observed reflecting the mineral dissolution. Consequently, the continuous titration method appears to be the best way of
studying solid surface reactions. For each clay mineral, the net proton surface excess/consumption was calculated as a function of
pH and ionic strength (0.025, 0.1 and 0.5 M). At 25 �C, and according to the literature data, the pH corresponding to zero net proton
consumption for montmorillonite appears to depend on ionic strength, whereas the value for kaolinite is constant and close to 5. Similar
results are obtained at 60 �C, which suggests that the point of zero net proton consumption for clay minerals does not depend on tem-
perature, at least up to 60 �C. On the other hand, the temperature rise induces a slight increase of the net proton surface excess. Finally,
the diffuse double layer formalism (DDLM) is used to model the experimental data. The model involves two processes: the protonation/
deprotonation of two types of edge sites (aluminol and silanol) and H+/Na+ exchange reactions on basal surfaces, while a tiny propor-
tion of the negative structural charge remains uncompensated. This last process maintains a negative surface potential whatever the pH
of the solution, which is in agreement with electrokinetic data.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The migration of toxic elements through soils and rocks
is largely influenced by sorption processes at the solid-solu-
tion interface. Among the more common minerals, clays
have a very strong retention capacity due to (i) their high
surface area and (ii) the property of these minerals to show
a permanent negative charge within the structure at the
same time as a variable charge at the particle edges. This
latter feature is now well recognized, and numerous studies
have focused on measuring and modeling the net surface
proton excess of clay minerals (smectites: Wanner et al.,
1994; Baeyens and Bradbury, 1997; Avena and De Pauli,
1998; Kraepiel et al., 1998; Tombacz et al., 2004; Tournas-
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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sat et al., 2004a; on kaolinites: Schindler et al., 1987; Brady
and Walther, 1992; Wieland and Stumm, 1992; Schroth
and Sposito, 1997; Angove et al., 1998; Huertas et al.,
1998; Sverjensky and Sahai, 1998; Ward and Brady,
1998; Fournier, 2002; illites: Du et al., 1997; Sinitsyn
et al., 2000). Nevertheless, despite these numerous studies,
experimental results are still disparate. As an example, the
pHPZNPC (point of zero net proton charge) for kaolinite
varies from 4 (Schindler et al., 1987) to 7.5 (Wieland and
Stumm, 1992). One reason for these discrepancies could
be linked to contrasting experimental methods: some
authors used continuous potentiometric titrations with
short equilibration times (Brady and Walther, 1992;
Wieland and Stumm, 1992; Huertas et al., 1998; Ward
and Brady, 1998), while others used potentiometric mea-
surements in batch experiments over long equilibration
times (Baeyens and Bradbury, 1997; Tournassat et al.,
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2004a). These two methods are compared in the present
study to find out which one is better adapted to study sur-
face reactions.

On the other hand, the influence of ionic strength on the
surface properties of clay minerals has not been deeply
studied. In the case of montmorillonite, only a few authors
(Avena and De Pauli, 1998; Tombacz et al., 2004) have
proposed a model that reproduces the titration data ob-
tained at 25 �C for different ionic strengths. Huertas et al.
(1998) interpret titration data obtained at three ionic
strengths for kaolinite at room temperature, but the pKa

values used for edge sites and the corresponding densities
vary with ionic strength.

Lastly, no titration data are currently available for 2:1
clay minerals at elevated temperatures. For kaolinite, Ang-
ove et al. (1998) and Ward and Brady (1998) report a slight
increase of the proton surface charge with a rise in temper-
ature up to 70 or 60 �C, respectively. As for simple oxides,
literature data generally show that the pHPZNPC of these
minerals decreases slightly with increasing temperature
(Blesa et al., 1984; Brady, 1992, 1994; Mustapha et al.,
1998; Sverjensky and Sahai, 1998; Machesky et al., 2001).
However, these results must be taken with caution given
the scattering of the values proposed at 25 �C.

Therefore, the second objective of the present study was
to provide a set of consistent titration data as a function of
both temperature and ionic strength, and to compare the
results obtained with two very different clays: kaolinite
and montmorillonite. Indeed, kaolinites have a very low
permanent charge (CEC between 5 and 15 meq/100 g),
whereas montmorillonites, which exhibit numerous iso-
morphic substitutions, have a high permanent charge
(80 < CEC < 120 meq/100 g) (Bouchet et al., 2000). In this
way, we investigated the influence of the structural negative
charge of the clays on their net proton surface excess.

Potentiometric measurements were carried out at 25 and
60 �C, at three ionic strengths (I = 0.025, 0.1 and 0.5 M)
and using both continuous titrations and batch experi-
ments. The data were then interpreted using the diffuse
double layer model (DDLM) and the computer code
FITEQL 3.2 (Herbelin and Westall, 1996).

2. Previous studies

Nowadays, there are still rather few studies dedicated
to the surface chemistry of clays mineral, particularly
their acid/base properties. Kaolinite, which exhibits the
simplest structure, is among the most studied of these
minerals (Schindler et al., 1987; Brady and Walther,
1992; Wieland and Stumm, 1992; Schroth and Sposito,
1997; Angove et al., 1998; Huertas et al., 1998; Sverjen-
sky and Sahai, 1998; Ward and Brady, 1998; Fournier,
2002). Nevertheless, the data reported in these studies
are often disparate. This disagreement concerns the
values of the net proton consumption as well as the
point of zero net proton consumption (i.e. pHPZNPC).
However, the discrepancy can be reduced by taking
account of the contribution of solid dissolution, as
shown by Ganor et al. (2003).

The surface chemistry of montmorillonite is less well
documented (Baeyens and Bradbury, 1997; Bradbury and
Baeyens, 1997; Avena and De Pauli, 1998; Tombacz and
Szekeres, 2004; Tombacz et al., 2004; Tournassat et al.,
2004a,b) and, as in the case of kaolinite, there seems to
be a lack of any consensus about the values of the net pro-
ton surface excess for this mineral.

Similarly, titrations of clays and oxides at temperatures
higher than 25 �C are not documented in detail. Angove
et al. (1998) show that, for a fixed pH, the net proton con-
sumption of kaolinite increases slightly when temperature
increases from 10 to 70 �C. Ward and Brady (1998) also
concluded that increasing the temperature to 60 �C leads
to an increase of the kaolinite proton surface charge
between pH 4 and 9. For simple oxides, studies at temper-
ature higher than 25 �C are also rare. Generally, experi-
ments show that the pHPZNPC of oxides decreases slightly
with increasing temperature. For example, Brady (1994)
shows that the pHPZNPC of c-Al2O3 decreases from 6.45
at 25 �C to 6.32 at 60 �C. However, all these considerations
about the temperature dependence of the surface charge
should be treated with great prudence given the dispersion
of values reported at 25 �C for any single mineral. For
montmorillonite, which differs from kaolinite and oxides
in having a significant and high negative structural charge,
no data are currently available at elevated temperature.

Whatever the mineral and the temperature, the compar-
ison of previous data is complicated by the fact that the
solid phases are not always exactly the same. This applies
also to the solid purification procedures, the experimental
protocols and/or the approach used to treat and interpret
the results.

This point is particularly well developed in the recent
review by Duc et al. (2005a). The composition of the solid
phase and the procedure used for its purification can evi-
dently lead to scattered results. On the other hand, the
influence of the experimental protocol on the reliability
of the data is not so clear. Three techniques are usually ap-
plied to obtain the proton surface charge of a solid phase.
The most frequently used is continuous titration, which
consists of measuring the pH of a suspension after the
addition of an aliquot of titrant. This method was often
used for simple oxides (Bérubé and Debruyn, 1968;
Abendroth, 1970; Huang and Stumm, 1973; Kita et al.,
1981; Brady and Walther, 1992; Brady, 1994) and was
sometimes applied to study the surface chemistry of clays
(Ward and Brady, 1998; Huertas et al., 1998; Avena and
De Pauli, 1998). The short duration of the experiment
minimizes concomitant reactions such as mineral dissolu-
tion. However, the rapidity of this method can also raise
questions about the achievement of surface reaction
equilibrium. The second technique is batch titration, which
involves several experiments carried out on various time
scales, each providing a unique potential value. One of
the obvious drawbacks of this method is the large number
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of runs required to cover a wide range of pH. In the case of
long equilibration times, we can add a significant contribu-
tion from solid dissolution. Finally, the third method is
back titration (Schulthess and Sparks, 1986; Baeyens and
Bradbury, 1997; Tournassat et al., 2004a), which is carried
out in two steps: a batch experiment followed by solid/so-
lution separation and a back titration of the remaining
solution to determine the concentration of aqueous
hydrolyzed species. This last technique does not appear
to offer any additional advantages compared to the others,
insofar as any method can be adapted to measure the con-
centrations of aqueous species and thus quantify hydrolysis
reactions. Therefore, in the present study, we compare the
results obtained with the continuous and batch titration
methods.

The only common feature in the literature data—at least
at 25 �C—is that, contrary to simple oxides, the net proton
consumption versus pH curves obtained at different ionic
strengths, in most cases, do not intersect at a single point,
i.e. the point of zero proton charge. Indeed, these curves
are almost superimposed for kaolinite (Huertas et al.,
1998; Ganor et al., 2003) and parallel for montmorillonite
(Avena and De Pauli, 1998; Tombacz et al., 2004). The par-
ticular behavior of clays, compared with simple oxides, is
linked to the negative permanent charge of these minerals,
which is higher for montmorillonite than for kaolinite.
Furthermore, electrokinetic measurements on clays (Huss-
ain et al., 1996; Sondi et al., 1997; Avena and De Pauli,
1998; Thomas et al., 1999; Missana and Adell, 2000; Hu
and Liu, 2003) show systematically negative potential val-
ues whatever the pH and the ionic strength investigated,
even for kaolinite which has the lowest CEC. Nevertheless,
only few authors (Avena and De Pauli, 1998; Kraepiel
et al., 1998; Tombacz et al., 2004) have used these observa-
tions at 25 �C to develop models for the clay/solution inter-
face. These authors take into account both the negative
structural charge and the variable charge at the edges,
while maintaining a negative surface potential irrespective
of pH. In this way, such models are effectively able to fit
the titration and electrokinetic data at different ionic
strengths. These different models are described, discussed
and compared in Section 6 below, to provide a basis for
a surface speciation model capable of reproducing the data
obtained for both kaolinite and montmorillonite as a func-
tion of ionic strength and temperature.

3. Materials and methods

3.1. Materials

The kaolinite used in this study is the St Austell
kaolinite from the UK, distributed under the trade name
SUPREME and supplied by English China Clays. Its
specific surface area, determined by the BET method (N2

adsorption), was found to be 10 m2/g. The structural for-
mula of this kaolinite was reported to be: Al2Si2O5(OH)4

(Coppin et al., 2002). A CEC of 3.7 meq/100 g was
determined by Bauer (1997), according to the Meir and
Kahr method (1999).

The montmorillonite was extracted from the bentonite
MX-80, which was supplied by the Bureau de Recherches
Géologiques et Minières in France. The protocol of extrac-
tion of the clay fraction is detailed in Tertre et al. (2005).
The resulting smectite corresponds to a sodi-calcic mont-
morillonite with the following structural formula (Sauzeat
et al., 2002):

ðSi3:98Al0:02ÞðAl1:55Mg0:28FeIII
0:09FeII

0:08ÞNa0:18Ca0:10O10ðOHÞ2

This montmorillonite is then Na saturated in two stages :
(i) five washings with 1 mol/L NaCl solutions to trans-
form the montmorillonite into the Na+ form and (ii) suc-
cessive washings of the clay with 0.025 M NaClO4

solutions until equilibration between the solid and the
electrolyte solution was achieved. The XRD diagram of
the final solid shows a d001 at 12.49 Å. The BET method
(N2 adsorption) yields a specific surface area for this min-
eral of 24 m2/g. A CEC of 87.5 ± 2 meq/100 g, was mea-
sured by the cobalt hexamine method (Sauzeat et al.,
2002). This value corresponds however to a hydrated solid
(11%wt), which implies a CEC value of 97 meq/100 g for
the dehydrated montmorillonite in good agreement with
the theoretical CEC of 102 meq/100 g. Tournassat et al.
(2004a) have proposed a slightly modified formula for
the same material, with a CEC of 76 meq/100 g reflecting
a higher proportion of ferric iron. These authors suggest
that the treatments of the solid phase with DCB (dithio-
nate–citrate–bicarbonate) followed by H2O2 could have
changed the Fe(II)/Fe(III) ratio. Since the solid phase
used in our study was neither heated nor treated with oxi-
dizing agents, we only take into account the experimental
value proposed by Sauzeat et al. (2002).

For practical reasons, we chose to use a grain-size frac-
tion coarser than 0.2 lm for both the clays. This fraction
was used to prepare three stock suspensions of each clay
mineral in NaClO4 solutions, with a solid/solution ratio
of 2.5 g L�1 and at three ionic strengths (0.025, 0.1 and
0.5 M). These initial suspensions were stored at 25 �C. All
the solutions were prepared with deionized water (Milli-Q
Reagent Water System from Millipore Corporation) with
a resistivity higher than 18 MX cm�1.

3.2. Experimental protocols

3.2.1. Continuous titrations

The reversibility of the studied surface reactions is a cru-
cial point to check in order to apply a thermodynamic
model and acquire the corresponding thermodynamic con-
stants. Previous experimental works on the surface chemis-
try of montmorillonite (Tombacz et al., 2004; Tombacz
and Szekeres, 2004) have mentioned a hysteresis when suc-
cessive forward and backward titrations are carried out.
More recently, Duc et al. (2005b) performed a systematic
analysis of the different parameters that might interfere



Table 1
Dissociation constants for H2O, at 25 and 60 �C, used in the present study
(from Tanger and Helgeson, 1997)

T (�C) logKH2O

25 �13.99
60 �12.92
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during such experiments and recommended a framework
for optimal experimental conditions in order to (i) mini-
mize the hysteresis and (ii) get a better reproducibility
and accuracy of the measurements. According to this latter
study, the solid used in the present work was wet and fresh-
ly synthesized (less than 3 months old); the titrations were
carried out under pure N2 and the potentials recorded
within short time intervals.

Preliminary experiments have been performed where the
titrations were carried out in three stages: the suspension
was first titrated with a 0.1 M HClO4 solution from near
neutral to acidic pH, the same suspension was then titrated
with a 0.01 M NaOH solution up to pH � 9 and finally
back titrated down to pH � 4. Apart for the first
downward run, the two final titrations gave similar results,
within the experimental reproducibility and therefore dem-
onstrated a reversible process. These results are in agree-
ment with those from Tombacz et al. (2004) and
Tombacz and Szekeres (2004). Consequently, and accord-
ing to the recommendations of Duc et al. (2005b), the
second step was only considered in the subsequent titra-
tions, which were carried out as follows. Thirty milliliters
of suspension was titrated in a polyethylene vessel with
the temperature regulated at 25 or 60 �C by means of water
circulation. Before the titration, 100 lL of HClO4 0.1 M
(Prolabo, RP Normapur) was added to the suspension to
obtain a pH around 4. The sample was continuously stirred
and purged with pure nitrogen gas during the whole exper-
iment. The titration was started 2 h after a first stage of
homogenization under these conditions. The suspension
was then titrated with incremental volumes (10–50 lL) of
0.01 M NaOH solution (Prolabo, RP Normapur) until
the pH reached a value close to 10. The pH was recorded
when the variation of the potential became less than
2 mV min�1. Indeed, preliminary tests have shown that
below this value, and particularly between pH 4 and 6,
the mineral dissolution induces a slow but continuous
potential drift. Thus, the parameters chosen for the contin-
uous method allows minimizing the effects due to mineral
dissolution. Generally speaking, the time required to reach
a stable potential varied from 1 to 10 min, depending on
the pH value, and the total duration of a titration never
exceeded 5 h. The total amount of base added to the sus-
pension was less than 5% of the initial volume, in order
to minimize the dilution effect. This dilution factor is taken
into account in the calculations presented below. The same
protocol was used to titrate blank electrolyte solutions
(NaClO4) at each ionic strength and at each temperature.
All the experiments were replicated three times to check
the reproducibility of the method.

3.2.2. Batch experiments

The batch experiments were performed at the same tem-
peratures and ionic strengths as the continuous titrations.
They were carried out in PTFE containers, with about
6 mL of clay suspension. Variable volumes of HClO4 or
NaOH (Prolabo, RP Normapur) are added to the contain-
ers in order to cover a pH range from 4 to 9. The suspen-
sions were purged with pure nitrogen gas for 2 h with
continuous stirring. Then, the containers were sealed and
stored in a oven regulated at 25 or 60 �C. Manual shaking
of the containers was carried out several times a day during
the experiment. Different equilibration times were tested:
24, 48 and 168 h. At the end of each run, the pH of the sus-
pension was measured at the experimental temperature.

For both methods, the pH was measured with a Mettler
Toledo� (DG114) combined electrode. At I = 0.025 and
0.1 M, the electrode calibration was performed, on activity
scale, with three buffer solutions (Hanna Instruments, pH
4.01, 6.86 and 9.18 at 25 �C). Activity coefficients for
hydrogen and hydroxyl ions were calculated using the
Bates–Guggenheim convention, according to the IUPAC
recommendations (Buck et al., 2002). The concentrations
of these ions were subsequently deduced from the
dissociation constant of water at the considered temperature
(Table 1) and the hydrogen and hydroxyl ion activity coeffi-
cients. For the experiments performed at I = 0.5 M, the
electrode was calibrated on a concentration scale using
HClO4/NaClO4 or NaOH/NaClO4 solutions at the same
ionic strength. The measured slopes differ by less than 5%
from the theoretical slope of the Nernst law at the considered
temperature. In this case, the H+ and OH� activity
coefficients needed to calculate the corresponding pH and
hydroxyl ion concentration were computed using the Davies
equation.

4. Determination of the net proton surface excess/

consumption

4.1. Blank experiments

Titrations of blank solutions were carried out to quanti-
fy the whole set of reactions which consume or release pro-
tons and which cannot be monitored during the
experiments. These processes include possible reactions
with the container walls or with impurities present in the
sample, such as, for example, carbonate ions. We assume
here that if such reactions are involved in the blank exper-
iments, they occur to the same extent in the presence of a
mineral. Thus, the quantification of such reactions allows
us to subtract their effects from the suspension titration re-
sults. These processes can be quantified by the measured
deviation from electroneutrality of the solution, denoted
as DQblank (mol/L), and computed at each titration point
according to Eq. (1)

DQblankðmol=LÞ ¼ Ca � Cb � ½Hþ� þ ½OH�� ð1Þ



For I= 0.5M :
ΔQblanc (µmol/L) = - 0.1508 pH6 + 6.0508 pH5 - 101.13 pH4 + 901.42 pH3 - 4521 pH2

+ 12098 pH - 13482
R2 = 0.9991
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Where Ca and Cb are the concentrations of acid and base
added (mol/L); [H+] and [OH�] are the aqueous concentra-
tions of H+ and OH� (mol/L) derived from the electrode
calibration.

The term DQblank, obtained from continuous titrations
performed at 25 �C, is plotted in Fig. 1 as a function of
pH and ionic strength. This plot shows that side reactions
are only significant for pH < 4 and pH > 9, in agreement
with the results reported by Shen et al. (1999). At 60 �C,
the results are acceptable in the pH range 4–8. Similar con-
clusions can be drawn for results obtained with the batch
method. Therefore, our experiments were restricted to the
ranges of pH, 4–9 at 25 �C, and 4–8 at 60 �C. The values
of DQblank versus pH were then fitted with a polynomial
equation to correct the data obtained for the suspension
under the same conditions of temperature and ionic
strength. Such a fitting is illustrated in Fig. 1, for a run con-
ducted at I = 0.5 M and 25 �C.
-300

-200

-100

0

100

3 4 5 6

ΔQ
so

lid
 (

µ
m

o
l/L

)

polynomial m

I=0.5M uncor

I=0.5M value

Fig. 2. Experimental data, as a function of pH, obtained from continuous titra
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4.2. Suspensions

In the presence of a mineral, as in the case of blank
experiments, we can compute the term DQsusp. (Eq. (1))
at every point of the titration or for each batch exper-
iment, and then correct it for side reactions by means of
Eq. (2)

DQsolidðmol=LÞ ¼ DQsusp: � DQblank
comp: ð2Þ

In this equation, DQblank
comp: is the correction term computed

from the polynomial equation previously described and
DQsolid can be defined as the deviation from electroneutral-
ity due solely to the presence of the mineral. Fig. 2 illus-
trates the extent of this correction on the results obtained
from continuous titration of the Na-montmorillonite at
25 �C and I = 0.5 M. In this plot, the uncorrected data
correspond to the average of the three replicates and the
associated error bars reflect the reproducibility of the
7 8 9
pH

odel for electrolyte at I=0.5M

rected experimental data

s corrected for blank

tion of Na-montmorillonite at 25 �C and I = 0.5 M. Comparison between
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experiments. This uncertainty is far higher than the error
on the computed term DQblank

comp:.
In simple cases, such as oxides where only proton

adsorption/desorption processes are occurring, the term
DQsolid corresponds to the surface proton concentration
and can be easily related to the surface charge of the min-
eral. Nevertheless, for clay minerals, the consumption and
release of protons during an acid/base titration can be due
to at least three processes:

– proton adsorption/desorption on the edge sites (i.e.
aluminols and silanols);

– exchange reactions on basal planes to compensate the
negative structural charge;

– hydrolysis of aqueous cations released during mineral
dissolution.

The consumption/release of protons due to cation
hydrolysis can be quantified if their total concentration is
known. Hence, several samplings were performed during
the titrations (for both continuous and batch methods) in
order to measure the total concentration of Si, Al and
Fe. Aluminum is the only element which is likely to hydro-
lyze in the studied pH range and which has been detected in
non-negligible amounts. Measurements showed that
aqueous aluminum concentrations did not vary significant-
ly with pH and temperature. Consequently, we assumed a
constant concentration of 1.6 · 10�5 mol/L (higher mea-
sured value). The aqueous aluminum speciation was then
computed at each point of the titration, using the total
Al concentration and the hydrolysis constants proposed
by Wesolowski and Palmer (1994) at 25 and 60 �C.

Finally, the term DQsolid is corrected for Al hydrolysis
following equation

DQðmol=gÞ ¼ ðDQsolid �
X4

n¼0

ð3� nÞ½AlðOHÞð3�nÞþ
n �Þ=M ð3Þ

where M is the solid/solution ratio (2.5 g/L).
-300

-200

-100

0

100

4 5 6

ΔQ
 (

µ
m

o
l/g

)

data co

data un

[Al]T=1.6×10-5mol/L

Fig. 3. Contribution of the hydrolysis of aqueous aluminum to the surface pro
continuous titrations, Na-montmorillonite).
The contribution of Al hydrolysis to the charge balance
is illustrated on Fig. 3, for an experiment performed with
Na-montmorillonite at I = 0.5 M and 25 �C. In the model-
ing section, we show that DQ corresponds to the net proton
surface excess/consumption of the solid phase.

5. Experimental results

5.1. Comparison between continuous and batch methods

Fig. 4A presents the data obtained from the continuous
titration method for Na-montmorillonite at 25 �C, as a
function of pH and ionic strength. Fig. 4B illustrates the re-
sults of batch experiments carried out with Na-montmoril-
lonite at 25 �C, using two ionic strengths and two
equilibration times. These diagrams show clearly that these
methods do not lead to the same results. The data provided
by continuous titrations show three distinct curves, with
relatively smooth slopes and practically parallel. Results
from the batch experiments are more scattered and vary
significantly with time. Two points should be noted: first,
more than 24 h are required to reach a steady state and,
even after 168 h, the system is not yet equilibrated; second,
this method also leads to distinct curves, depending on ion-
ic strength, with higher slopes than those obtained with the
continuous method. To interpret the strong drift in pH, we
have modeled the dissolution process of montmorillonite in
the conditions of our experiments and calculated the solu-
tion characteristics (e.g. speciation and pH) at equilibrium.
Calculations were performed with the computer code
CHESS� (Van der Lee and De Windt, 2002) along with
the SUPCRT 92 database (Johnson et al., 1992). The start-
ing conditions were as follows: 2.5 g of Na-montmorillon-
ite in 1 L of an HClO4/NaClO4 solution at 0.5 M ionic
strength and pH 4. At equilibrium, about 2.5% of the
montmorillonite has dissolved leading to a pH around
5.2 and a total concentration of aqueous silica around
2 · 10�4 mol/L. Similar calculations were performed
7pH

rrected for Al hydrolysis

corrected for Al hydrolysis

ton excess, as a function of pH (experimental conditions: 25 �C, I = 0.5 M,
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starting at alkaline pH (near 8) which leads to an equilibri-
um pH close to 7.5. Consequently, dissolution of the mont-
morillonite and hydrolysis of aqueous species can fully
explain the pH drift observed during the batch experi-
ments, whatever the initial pH conditions.

Fig. 5A and B compare the data obtained for kaolinite
using both methods. The batch experiments give results
very similar to those obtained with the montmorillonite.
As with the continuous method, the change in pH with
time can be adequately explained by geochemical equilibri-
um calculations taking account of the solid-phase dissolu-
tion and the hydrolysis of aqueous species. On the other
hand, the continuous technique leads to a consistent data
set that does not vary with ionic strength.

In view of these results, it appears that surface processes
are screened during batch experiments, if not actually mod-
ified or perturbed, by reactions related to dissolution. Such
a difficulty has already been evoked for more soluble min-
erals such as solid carbonates (Charlet et al., 1990). Conse-
quently, the continuous method seems more suitable for
studying reactions occurring at the solid surface. We there-
fore assume that these reactions are rapid (<10 min) and
that a steady state is reached during the duration of the
continuous titrations. This is in agreement with other
authors, for example, Avena and De Pauli (1998), who con-
sider that 5 min are sufficient to reach equilibrium during
acid/base titrations of montmorillonite. Moreover, Bruque
et al. (1980) and Bonnot-Courtois and Jaffrezic-Renault
(1982) assume that short durations are sufficient to reach
sorption equilibrium of lanthanides onto clays (20 min
for Bruque et al.; 10 min for Bonnot-Courtois and Jaf-
frezic-Renault). Consequently, the continuous method is
the method adopted here to determine the proton surface
charge of clay minerals.

Experimental data of continuous titrations are listed for
both minerals in the Appendix A, as a function of ionic
strength, pH and temperature.

5.2. Ionic strength and temperature effects

The effect of the ionic strength on the net proton con-
sumption values, calculated at 25 and 60 �C, are reported
on Figs. 4A and 6A for montmorillonite and Figs. 5A
and 6B for kaolinite.
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The results show that the effect of ionic strength on the
net proton consumption is clearly different for these two
clays. Moreover, these results are also very different from
those generally obtained for simple oxides, for which
curves intersect at a unique point. Indeed, the kaolinite
curves are superimposed, whereas the smectite curves are
visibly parallel, showing an increase of the surface proton-
ation with increasing ionic strength at a given pH. These
observations are validated whatever the temperature, and
are in agreement with the results of Huertas et al. (1998),
Fournier (2002) and Ganor et al. (2003) for kaolinite,
and Kraepiel et al. (1998), Avena and De Pauli (1998)
and Tombacz et al. (2004) for montmorillonite.

Fig. 7 shows the specific effect of ionic strength on the
results obtained for smectite, where the pH corresponding
to zero proton surface excess is reported as a function of
log (I) and compared to literature data. We note a good
agreement between the different data sets. The net proton
surface excess obtained at I = 0.5 M, at 25 and 60 �C, are
compared on Fig. 8A for montmorillonite and 8B for
kaolinite. The temperature increase does not appear to
have a significant impact on the kaolinite net proton
surface excess whereas for the montmorillonite, we observe
a slight increase of the net proton consumption between
pH 4 and 6, with the temperature rising from 25 to 60 �C.

6. Modeling

6.1. Models proposed in the literature

In the following discussion, we attempt to find a rational
and consistent surface speciation scheme for the interpreta-
tion of experimental data as a function of both ionic
strength and temperature rather than determining the most
suitable complexation model (i.e. CCM, DDLM, TLM,
etc.). This point is particularly important since most of
the models proposed in the literature were developed to
interpret data obtained at only one ionic strength, whereas
no studies have so far incorporated the temperature effect.
Moreover, we focus here on studies related to Na-montmo-
rillonite, since the data obtained with this mineral appears
to be more sensitive to these parameters.

Wanner et al. (1994) report continuous titrations carried
out at 25 �C, between pH 4 and 10, and at I = 0.005, 0.05
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and 0.5 M (NaNO3). The solid phase used by Wanner et al.
(1994) exhibited a surface area of 31.53 m2/g and a mea-
sured CEC of 108 meq/100 g. In the more acidic pH range
(3.5–5), and for pH higher than 8.5, these authors obtained
three distinct curves, comparable to the results presented
here. In the intermediate pH range, their data are more
or less superimposed. These data were modeled using the
DDLM. The surface speciation scheme is very simple since
it only involves one exchange site, XNa or XH, and one
SOH edge site that undergoes protonation or deprotona-
tion as a function of pH. The study of Baeyens and Brad-
bury (1997) involved batch experiments followed by back
titrations of the supernatant, carried out at 25 �C, between
pH 4 and 10 and at I = 0.5 and 0.1 M. These authors per-
formed their experiments with a Na-montmorillonite
exhibiting a CEC value of 87 meq/100 g and a surface area
of 35 m2/g. In this case, the results appear insensitive to the
ionic strength. Bradbury and Baeyens (1997) applied a
non-electrostatic model (NEM) involving three edge sites:
a ‘‘strong’’ site, SSOH, and two ‘‘weak’’ sites: Sw1OH and
Sw2OH. They did not take into account any exchange reac-
tions. This speciation scheme implies the same pKa values
for the SSOH and the Sw1OH sites. Kraepiel et al. (1998)
were the first authors to constrain their model to obtain
a negative surface potential whatever the pH or ionic
strength. Their theoretical study was based on the experi-
mental results of Wanner et al. (1994) for montmorillonite,
and those of Schindler et al. (1987) for kaolinite. They
modeled this latter mineral as a non-penetrable solid phase,
i.e. only surface reactions were considered. The DDLM
was used along with a negative surface site X� and one
edge site, SOH. For montmorillonite, these authors devel-
oped their own surface complexation model considering a
porous solid phase. In this case, the negative site X� is
located within the whole structure. Whatever the model,
the pH and the ionic strength conditions, accounting for
a site X� leads to a surface potential systematically nega-
tive, in agreement with electrokinetic data (see the review
of Duc et al., 2005a).

Avena and De Pauli (1998) studied the proton surface
charge of a Na-montmorillonite in the range of ionic
strength 0.006–0.088 M. Their mineral exhibited a surface
area of 800 m2/g and a measured CEC of 80.2 meq/100 g.
The experimental data show three almost parallel curves.
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These authors chose the CCM formalism and proposed a
surface speciation involving a structural site X, which can
be bound either to Na+ or to H+ to form the XNa+ and
XH+ species, or remain uncompensated, along with an
edge site SOH. Here also, the calculated surface potential
is negative whatever the pH. Finally, Tombacz et al.
(2004) report titration data for a Na-montmorillonite (sur-
face area: 800 m2/g, CEC not measured), at 25 �C and for
I = 0.01; 0.1 and 1 M. Here again, the results lie on three
distinct curves. These authors based their model on the
non-penetrable solid phase of Kraepiel et al. (1998), assum-
ing only surface sites: an exchange X� site and an aluminol
site. Nevertheless, they point out that the pKa of this latter
site is intermediate between the values for aluminol and sil-
anol sites of simple oxides (Al2O3 and SiO2). The parame-
ters reported in these different studies are listed in Table 2.

Among the different models presented above, that of
Bradbury and Baeyens (1997) cannot be adopted due to
the atypical trend of their data versus ionic strength. The
modeling of Wanner et al. (1994) provides two surprising
results: (i) an edge site density higher than that of the struc-
tural sites and (ii) a total site density accounting for less
than 5% of the total CEC. These results are hardly realistic
as regards the crystallographic structure, which casts doubt
on the corresponding model. The proposal by Avena and
De Pauli (1998) is certainly more reasonable, but the speci-
ation scheme involving the X, XNa+ and XH+ sites renders
the writing of charge and mass balances very problematic.
Lastly, the models proposed by Kraepiel et al. (1998) and,
consequently, that of Tombacz et al. (2004), appear more
realistic. The speciation scheme based on a porous solid
is certainly more sophisticated, but it requires a specific sur-
face complexation formalism and is only applicable to
montmorillonite. Considering that Tombacz et al.’s
(2004) model can be successfully applied to the simplest
non-penetrable framework to interpret data for montmo-
rillonite, we choose to base our modeling on this surface
speciation model.

6.2. Model proposed in this study

To propose an acid/base model that can (i) reproduce
the negative potential indicated by electrophoretic mea-
surements, and (ii) take into account the crystalline struc-
ture of clays, we may consider one negative exchange site
and two edge sites. The negative exchange site, X�, can re-
act with both H+ and Na+ according to the reactions:

X� þHþ ¼ XH ðReaction1Þ
X� þNaþ ¼ XNa ðReaction2Þ

Concerning the edge sites, we assume that montmorillonite
and kaolinite possess silanol and aluminol sites. In agree-
ment with literature data, we consider that aluminol sites
are amphoteric (Huang, 1971; Brady, 1994; Tombacz
et al., 2004) and that silanol sites can only be neutral or
negative in the studied range of pH (Brady et al., 1996;
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Sverjensky and Sahai, 1998). Therefore, three reactions are
taken into account:

BAlOHþHþ ¼ BAlOHþ2 ðReaction3Þ
BAlOH ¼ BAlO� þHþ ðReaction4Þ
BSiOH ¼ BSiO� þHþ ðReaction5Þ
The term DQ corresponds to the charge balance and can be
expressed as

DQðmol=gÞ ¼ ð½Mþ�s þ ½BAlOHþ2 � � ½BAlO��
� ½BSiO�� � ½X��Þ=M ð4Þ

In this equation, [M+]s represents the quantity of compen-
sating cations released into solution (i.e. Na+) and M is the
solid/solution ratio (2.5 g/L). According to the mass bal-
ance on the X site, this quantity is equal to

½Mþ�s ¼ ½X�� þ ½XH� ð5Þ

Combining Eqs. (4) and (5), we obtain

DQðmol=gÞ ¼ ð½BAlOHþ2 � � ½BAlO��
� ½BSiO�� þ ½XH�Þ=M ð6Þ

Therefore, using Eq. (6), the data can be fitted as a function
of pH to determine the site densities and the reactions con-
stants. For this purpose, we used the computer code
Fiteql� 3.2 (Herbelin and Westall, 1996) and the Diffuse
Double Layer Model (DDLM).

6.3. Methodology

In view of the numerous parameters to be determined (5
constants and 2 site densities), and following the method-
ology adopted by Tombacz et al. (2004), our model is con-
structed in successive steps. In the first one, as a primary
approximation, we consider that Na+/H+ exchange reac-
tions are negligible at high ionic strength (i.e. 0.5 M).
Then, we use the data obtained at I = 0.5 M to determine
an initial set of values for the constants of reactions 3–5 as
well as for the corresponding edge site densities. These
parameters are then used along with the experimental data
obtained at I = 0.1 and 0.025 M to adjust the constants for
exchange reactions 1 and 2. Finally, all the parameters are
Table 3
Parameters of the acid/base model proposed in this study to interpret the surfa

Mineral Sites Density (lmol g�1) Surface

Na-montmorillonite „AlOH 40.8 „AlO
„AlO

„SiOH 81.6 „SiOH
X� 871.2 X� + H

X� + N

Kaolinite „AlOH 8.3 „AlO
„AlO

„SiOH 8.3 „SiOH
X� 37.0 X� + H

X� + N
adjusted again in order to achieve the best possible fit with
the data obtained at 0.5 M.

To minimize the number of possible solutions, we con-
strain the values of some parameters. These constraints
are detailed below:

• The ratio of the edge site densities, BSiOH
BAlOH

, is in agreement
with the structural formula, being fixed at a value of 2
for the montmorillonite and 1 for the kaolinite. The alu-
minol sites on octahedral planes of this latter mineral are
not taken into account. Indeed, these sites are usually
considered as unreactive due to the coordination of
the oxygen ions with two Al ions (Davis and Kent,
1990).

• The total structural site density is set to the measured
CEC values (87 meq/100 g for the montmorillonite and
3.7 meq/100 g for the kaolinite).

• The structural and edge sites densities are assumed to be
independent of both the temperature (at least between
25 and 60 �C) and the ionic strength.

Finally, we take into account the variation of the water
dissociation constant with temperature (data from Tanger
and Helgeson, 1997, see Table 1).

Table 3 reports the sets of parameters allowing the best
interpretation of the data obtained with montmorillonite
and kaolinite at 25 and 60 �C. Fig. 9A and B compare the
computed net proton surface excess for montmorillonite
with the experimental points as a function of ionic strength
and pH for the runs performed at 25 �C and 60 �C, respec-
tively. Similar plots are presented on Fig. 10 A and B for
kaolinite. In this case, since the calculated curves are prac-
tically superimposed, we only present the data obtained at
I = 0.5 M. Whatever the temperature, we obtain a good
agreement between calculated curves and experimental
data, over the entire pH range for montmorillonite, and
above pH � 4.5 for kaolinite. We should emphasize here
that the quality of the fit is not affected by the value of
the CEC used in the model (i.e. measured or theoretical).
The values of the site densities, which are expressed in
mol/g, can be converted in mol/m2 if the ‘‘real’’ surface area
is known. Indeed, the specific surface area measured by the
BET method is usually attributed to the sole external sur-
ce proton excess of the Na-montmorillonite and kaolinite, at 25 and 60 �C

reaction logK (25 �C) ±0.3 logK (60 �C) ±0.3

H + H+ = AlOH2
+ 5.1 6.5

H = „AlO� + H+ �8.5 �8.7
= „SiO� + H+ �7.9 �8.0

+ = XH �2.2 �2.2
a+ = XNa 1.4 2.5

H + H+ = „AlOH2
+ 4.8 5.1

H = „AlO� + H+ �6.1 �6.6
= „SiO� + H+ �7.7 �7.7

+ = XH �2.2 �2.2
a+ = XNa 5.1 5.4
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face. This value is certainly close to the real surface for kaol-
inite but, for montmorillonite, the total reactive surface is
generally estimated at 700–800 m2/g (Kraepiel et al., 1999;
Tournassat et al., 2003; Tombacz et al., 2004). In conse-
quence, we can assume that the edge sites are distributed
over a restricted surface area, i.e. that measured by the
B.E.T. method (24 and 10 m2/g for the montmorillonite
and the kaolinite, respectively), whereas the structural sites
for montmorillonite are located on a wider surface sup-
posed at 800 m2/g. The data obtained in this way are report-
ed in Table 4. The value of the structural site density for
montmorillonite appears coherent with the crystal struc-
ture. As for the total edge site densities, there are in agree-
ment with those reported in the literature, from 2 to
8 lmol/m2 for kaolinite (Brady et al., 1996; Huertas et al.,
1998), and between 2 and 5 lmol/m2 for montmorillonite
(Bradbury and Baeyens, 1997; Avena and De Pauli, 1998).

For both clays, the dissociation constants of the edge
sites (i.e. „AlOH and „SiOH) obtained at 25 �C are
coherent with those reported in literature for correspond-
ing single oxides, except for the deprotonation constant
of the „AlOH group (see for example the theoretical pa-
per of Sverjensky and Sahai (1996) and the complete
experimental review of Sahai and Sverjensky (1997)). In-
deed, for corundum and alumina Sahai and Sverjensky
(1997) report constants for the protonation of the „AlOH
group from logK = 5.1–6.1 whereas the value for the
deprotonation constant appears to be more controversy
(from �11.1 to �11.8 in Sahai and Sverjensky (1997)
and from �9.8 to �10.2 in Sverjensky and Sahai (1996)).
On the other hand, for quartz, the deprotonation constant
of the „SiOH group is estimated to logK = �7.7 ± 0.1
(Sverjensky and Sahai, 1996; Sahai and Sverjensky,
1997).

The data proposed for reactions 1 and 2 allow to com-
pute the constant for the Na/H exchange reaction
(XNa + H+ = XH + Na+) at 25 �C: logKNa/H = �3.6 for
Na-montmorillonite and �7.2 for kaolinite. An overview
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Table 4
Basal and edge sites densities expressed by unit surface for montmoril-
lonite and kaolinite (see text)

Mineral Sites Density (lmol m�2)

Na-montmorillonite
SBET = 24 m2 g�1

STot = 800 m2 g�1

„AlOH 1.70 a

„SiOH 3.40 a

X� 1.09 b

Kaolinite
SBET = 10 m2 g�1

„AlOH 0.83
„SiOH 0.83
X� 3.70

a Calculated from the surface area measured by the B.E.T. method.
b Calculated with a total reactive surface of 800 m2 g�1.
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of the literature data results in a wide range of values sug-
gested for this constant. For example, Charlet and Tour-
nassat (2005) and Tournassat et al. (2004b), use a value
logKNa/H = 0 to fit their data, the model from Tombacz
and Szekeres (2004) results in a value of 7.99, Janek and
Lagaly (2001) propose a measured value at �2.8 and
Fletcher and Sposito (1989) report an average value of
0.1 from a review of the previous literature data. In view
of these discrepancies, and considering the lack of studies
specifically focused on the measurement of this constant,
it is difficult, at present, to discuss the reliability of the val-
ues we propose.

It can be seen from Table 3 that temperature has a gen-
erally weak influence on the values of the reaction con-
stants. A change of nearly one log unit is found only in
the case of the protonation constant for the aluminol site
on montmorillonite. This leads to neutral edges at pH
6.5 ± 0.3 at 25 �C and 6.8 ± 0.3 at 60 �C for this mineral.
The corresponding value for kaolinite is at pH 5.4 ± 0.3
irrespective of the temperature.

Contributions of the X� and XNa species to the total
structural site density of montmorillonite are reported, at
25 �C, as a function of pH and ionic strength on
Fig. 11A and B, respectively. A general view of the impor-
tance of all the surface species is given on Fig. 12, at
I = 0.5 M. The fraction of the uncompensated X� species
is greater under acidic conditions and at low ionic strength,
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but is always very small (<6%). This is in agreement with
the conclusions of Avena and De Pauli (1998); Kraepiel
et al. (1998); Tombacz et al. (2004); Duc et al. (2005a).
On the other hand, the proportion of the XNa species is al-
ways predominant, accounting for 95% or more of the total
structural site density.

7. Concluding remarks

The first aim of this study was to compare two exper-
imental protocols to measure the acid/base surface prop-
erties of montmorillonite and kaolinite. Tests carried out
with the same materials and experimental conditions
show that continuous titration and batch methods pro-
vide notably different results. Continuous titration leads
to a smooth and consistent data set, whereas batch
experiments involve a drastic pH drift over long time
period. This behavior can be clearly related to a signifi-
cant dissolution of the mineral and the associated hydro-
lysis of aqueous species. Over a long time scale, these
reactions are assumed to overlap with surface processes
and/or modify the state and speciation of the mineral
surface. On the other hand, our results show that, what-
ever the method used, the curves representing the proton
surface excess as a function of ionic strength are almost
parallel for montmorillonite and superimposed for kaoli-
nite. We conclude that the different results reported in
the literature (for example, Baeyens and Bradbury,
1997) cannot be attributed to the experimental protocol
but rather to the solid purification method (cf. Duc
et al., 2005b for discussion).

The second aim was to provide a consistent data set as a
function of both ionic strength and temperature for two
contrasted clay minerals. The data acquired for montmoril-
lonite and kaolinite as a function of ionic strength are sig-
nificantly different. This difference is correlated with the
negative structural charge characterizing these minerals.
On the other hand, temperature appears to have only a
weak influence on the surface protonation of both
minerals.
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Finally, we critically analyze various models account-
ing for the dependence of the proton surface excess of
clays on ionic strength. This review clearly demon-
strates that a fraction of the structural negative charge
of the mineral must remain uncompensated to fit cor-
rectly with the experimental data. Accordingly, the sur-
face speciation scheme proposed here involves an
exchange site that is able to react with Na+ or H+

ions or remain uncompensated, along with two edge
sites assumed to correspond to aluminol and silanol
sites. This modeling approach, as others previously pro-
posed in the literature, implies a very small fraction of
uncompensated structural sites X� (<6% of the total
CEC), especially in the acidic pH range. Although this
result is not yet fully understood, it is probably related
to kinetic processes or special interactions between
particles.

In conclusion, we note that the model parameters
discussed here are closely dependent on one decisive
variable, namely, the solid-phase specific area. Indeed,
the value of the ‘‘true’’ specific area (between about 30
and 800 m2/g) is crucial because it directly controls the
surface site density. Much further work is also needed
to propose reliable values for the Na/H exchange reac-
tion constants in order to better constrain models dedi-
cated to the surface chemistry of clays.
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Appendix A. Surface proton excess (DQ) of the Na-montmorillonite and the kaolinite as a function of pH, ionic strength and

temperature, obtained by the continuous method

Surface proton excess for Na-montmorillonite as a function of pH and ionic strength, at 25 �C

I = 0.5 M I = 0.1 M I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
4.03
 27.36
 4.32
 4.07
 41.28
 4.08
 4.14
 50.64
 4.32

4.25
 20.88
 4.8
 4.09
 40.8
 4.08
 4.32
 47.28
 4.08

4.3
 20.88
 4.56
 4.11
 39.36
 4.08
 4.48
 43.68
 4.08

4.29
 20.4
 4.56
 4.17
 37.68
 4.08
 4.66
 40.08
 3.84

4.28
 19.68
 4.56
 4.3
 33.84
 3.84
 4.85
 37.44
 3.84

4.32
 18.72
 4.32
 4.55
 28.8
 4.32
 5.03
 35.28
 3.84

4.39
 16.56
 4.56
 4.71
 26.16
 4.8
 5.2
 33.84
 4.32

4.66
 12.24
 4.08
 4.88
 24
 4.8
 5.37
 32.88
 4.56

4.79
 10.32
 4.56
 5.09
 22.56
 4.56
 5.53
 32.16
 4.8

5.02
 8.88
 4.08
 5.2
 21.6
 4.56
 5.69
 31.2
 4.56

5.16
 8.4
 4.56
 5.46
 20.16
 4.56
 5.85
 30.24
 4.56

5.33
 8.16
 4.32
 5.58
 19.68
 4.32
 6.01
 29.04
 4.56

5.47
 7.92
 5.76
 5.77
 18.72
 4.56
 6.18
 27.36
 4.32

5.68
 7.68
 5.52
 5.87
 17.76
 4.08
 6.36
 25.44
 4.56

5.82
 7.2
 6.24
 6.16
 15.84
 4.56
 6.52
 23.52
 4.08

6.01
 6
 5.76
 6.23
 14.88
 4.08
 6.7
 21.12
 4.56

6.33
 5.52
 6
 6.43
 12.48
 4.56
 6.88
 18.72
 4.08

6.37
 4.56
 5.52
 6.55
 11.04
 4.32
 7.03
 16.56
 4.56

6.47
 4.08
 5.76
 6.75
 8.4
 5.76
 7.23
 13.44
 4.32

6.52
 3.36
 5.04
 6.88
 6.24
 5.52
 7.39
 11.04
 5.76

6.72
 1.68
 5.52
 7.09
 3.6
 6.24
 7.56
 8.64
 5.52

6.79
 0.48
 5.28
 7.25
 1.2
 5.76
 7.73
 6.24
 6.24

6.98
 �1.92
 5.04
 7.4
 �0.96
 6
 7.9
 4.08
 5.76

7.12
 �5.04
 5.52
 7.59
 �3.36
 5.52
 8.05
 2.16
 6

7.27
 �6
 5.52
 7.74
 �5.04
 5.76
 8.22
 0
 5.52

7.43
 �8.88
 5.04
 7.85
 �6.96
 5.04
 8.39
 �1.92
 5.76

7.75
 �13.2
 5.28
 8.11
 �10.56
 5.52
 8.55
 �4.56
 5.04

7.73
 �13.92
 5.52
 8.17
 �12.24
 5.28
 8.73
 �7.2
 5.52

7.69
 �14.4
 5.52
 8.25
 �13.44
 5.04
 8.9
 �10.56
 5.28

7.76
 �16.08
 5.52
 8.36
 �15.12
 5.52

7.93
 �19.68
 5.52
 8.55
 �18
 5.52

8.07
 �22.32
 5.52
 8.65
 �20.4
 5.04

8.22
 �25.2
 5.52
 8.88
 �24.24
 5.28

8.39
 �28.8
 5.52
 8.96
 �27.12
 5.52

8.57
 �32.64
 5.52

8.75
 �36.48
 5.52

8.94
 �40.8
 5.52
Surface proton excess for kaolinite as a function of pH and ionic strength, at 25 �C
I = 0.5 M
 I = 0.1 M
 I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
4.08
 14.2
 4.1
 4.04
 17.2
 5.4
 4.13
 13.8
 5

4.26
 8.2
 3.3
 4.26
 8.6
 4.2
 4.34
 6.9
 4.7

4.46
 4.3
 3.5
 4.43
 4.3
 3.1
 4.49
 3.6
 4

4.97
 �1.9
 1
 4.6
 1.6
 3.7
 4.7
 1.5
 2.8

4.99
 �1.9
 1
 4.74
 2.1
 2.7
 4.83
 0.7
 1.4

5.53
 �2.3
 1.1
 4.86
 �0.7
 1.1
 4.96
 0.1
 1.4

5.54
 �2.9
 1.2
 4.92
 �1.2
 1.2
 5.1
 �1
 1.3

5.66
 �3.7
 1.3
 4.96
 �1.4
 1.2
 5.15
 �1.7
 1.3

5.76
 �1.4
 1.5
 4.96
 �1.6
 1.2
 5.18
 �2.1
 1.3

5.85
 �2.4
 1.9
 4.99
 �1.6
 1.4
 5.2
 �2.3
 1.2

6.12
 �2.7
 2.2
 5
 �1.5
 1.8
 5.23
 �2.3
 1.2

6.25
 �2.7
 2.4
 5.05
 �1.2
 2.3
 5.24
 �2.3
 1.4

6.43
 �3.2
 1.6
 5.08
 �1.4
 2.5
 5.11
 �0.7
 1.7
(continued on next page)
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Appendix A (continued)
I = 0.5 M
 I = 0.1 M
 I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
6.54
 �4.1
 1.9
 5.11
 �2.5
 1.6
 5.11
 �0.7
 1.9

6.7
 �4.8
 1.1
 5.26
 �2.9
 1.7
 5.11
 �1.2
 1.3

7.05
 �5.6
 1.4
 5.41
 �2.8
 1.3
 5.14
 �2.1
 1.2

7.16
 �6.1
 1.6
 5.54
 �2.7
 1.3
 5.35
 �2.7
 1.7

7.3
 �7.4
 2.1
 5.75
 �2.5
 1.5
 5.46
 �3
 2

7.54
 �8.9
 2.2
 5.94
 �2.4
 2.1
 5.7
 �3
 2

7.67
 �9.3
 2.3
 6.1
 �2.7
 2.3
 5.89
 �2.9
 2.2

7.89
 �9.8
 2.5
 6.27
 �3.3
 2.4
 6.02
 �3.4
 2.1

8.02
 �10.2
 2.9
 6.52
 �4.2
 2.4
 6.25
 �3.8
 2.9

8.16
 �10.2
 3.3
 6.64
 �4.8
 2.7
 6.44
 �4.6
 3.4

8.52
 �9.8
 4.1
 6.89
 �6
 3.4
 6.56
 �5.2
 4.1

8.5
 �9.5
 4.3
 7.04
 �6.8
 4.2
 6.83
 �6.4
 4.2

8.54
 �9.6
 4.4
 7.36
 �7.2
 4.3
 7
 �7
 4.2

8.64
 �11.5
 4.4
 7.4
 �7.6
 4.4
 7.1
 �7.7
 4.6

8.77
 �13.5
 4.4
 7.5
 �6.4
 4.5
 7.39
 �8.3
 4.4
7.56
 �7
 4.4
 7.45
 �8.7
 4.7

7.77
 �8
 4.5
 7.48
 �9
 4.7

7.84
 �8.6
 4.6
 7.65
 �8.9
 4.8

7.97
 �9.6
 4.6
 7.7
 �9.2
 4.9

8.19
 �10.9
 4.6
 7.74
 �9.6
 4.7

8.27
 �11.8
 4.7
 7.92
 �9.1
 5

8.5
 �13.3
 4.8
 7.98
 �9
 5

8.59
 �14.1
 4.9
 8.04
 �9.7
 5.1

8.74
 �15.7
 4.9
 8.09
 �10.4
 5.2

8.92
 �17.3
 5
 8.35
 �8.8
 5.2
8.33
 �10.2
 5.2

8.26
 �12.2
 5.3

8.44
 �13.2
 5.3

8.4
 �14.8
 5.3

8.45
 �15.6
 5.3
Surface proton excess for Na-montmorillonite as a function of pH and ionic strength, at 60 �C
I = 0.5 M
 I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
4.31
 37.2
 4.8
 4.54
 55.68
 6.24

4.36
 36
 4.32
 4.55
 55.92
 4.56

4.44
 33.84
 5.52
 4.56
 55.44
 3.6

4.6
 30.72
 6.48
 4.57
 54.48
 3.12

4.78
 28.08
 6.24
 4.63
 53.28
 3.12

4.93
 26.16
 3.84
 4.75
 51.6
 4.08

5.08
 24.48
 3.84
 4.86
 49.92
 4.8

5.24
 23.04
 3.84
 5.06
 47.76
 5.76

5.38
 22.08
 3.84
 5.17
 46.08
 5.52

5.54
 20.64
 2.16
 5.43
 43.92
 6.24

5.67
 19.44
 2.88
 5.51
 42.72
 5.76

5.82
 18.24
 3.6
 5.75
 40.56
 6.24

5.99
 16.32
 4.56
 5.85
 39.36
 5.52

6.11
 14.64
 6
 6
 37.68
 5.76

6.32
 11.76
 6.72
 6.16
 35.76
 5.28

6.43
 10.08
 6.96
 6.28
 34.08
 5.28

6.63
 6.72
 6.96
 6.46
 31.2
 6

6.78
 4.32
 6.96
 6.62
 28.56
 6

6.92
 1.92
 6.72
 6.74
 26.16
 6

7.09
 �0.72
 7.2
 6.94
 22.32
 6

7.19
 �2.64
 8.16
 7.04
 19.92
 6

7.4
 �6.48
 8.88
 7.26
 14.88
 6
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Appendix A (continued)
I = 0.5 M
 I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
7.51
 �8.88
 9.84
 7.36
 12.24
 6

7.73
 �13.44
 10.8
 7.6
 6.72
 6

7.82
 �16.8
 8.64
 7.7
 3.84
 6
7.91
 �1.2
 6
Surface proton excess for kaolinite as a function of pH and ionic strength, at 60 �C
I = 0.5 M
 I = 0.025 M
pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)

pH
 DQ

(106 mol/g)

Error on DQ

(106 mol/g)
4.40
 10.7
 3.6
 4.23
 24.2
 6.6

4.58
 6.7
 2.2
 4.35
 16.9
 4

4.77
 3.5
 1.2
 4.52
 10.7
 4

4.88
 1.8
 1
 4.61
 8.2
 3.6

5.04
 1.6
 0.8
 4.71
 6.4
 3.2

5.12
 1.4
 0.7
 4.74
 3.9
 2.1

5.17
 1.2
 1
 4.77
 3.8
 2

5.20
 1.1
 1
 4.79
 3.8
 2

5.22
 1
 1
 4.83
 4.1
 2

5.27
 0.9
 1
 4.85
 4.4
 1.9

5.28
 0.8
 1
 5.00
 0.8
 0.8

5.29
 0.8
 0.8
 5.03
 1.1
 0.8

5.28
 0.8
 1
 5.09
 1
 0.6

5.31
 0.5
 1.3
 5.18
 1.1
 0.6

5.39
 0.6
 1.3
 5.33
 1
 0.8

5.51
 0.8
 1.4
 5.49
 0.8
 0.8

5.62
 0.4
 2
 5.68
 0.7
 0.8

5.74
 �0.2
 2.3
 5.83
 0.4
 0.9

5.92
 �0.8
 2.3
 6.00
 �0.1
 1.1

6.04
 �1.2
 1.7
 6.15
 �0.4
 1.3

6.14
 �1.7
 2
 6.32
 �0.9
 1.4

6.29
 �2.4
 2
 6.42
 �1.7
 1.4

6.43
 �3.8
 1.5
 6.56
 �3.1
 2.1

6.67
 �5.6
 1.5
 6.91
 �5.5
 2.3

6.74
 �6.4
 2.1
 7.00
 �6.2
 2.1

6.89
 �7.9
 2.1
 7.17
 �7.6
 2.1

7.03
 �9
 2.4
 7.24
 �8.9
 2.3

7.13
 �10.2
 2.6
 7.28
 �9.8
 2.6

7.45
 �12.3
 2.9
 7.43
 �10.9
 2.9

7.38
 �11.9
 3.2
 7.48
 �12.2
 3.2

7.59
 �13.7
 4.1
 7.54
 �13
 4

7.77
 �14.9
 4.2
 7.84
 �14
 4.2

7.82
 �12.8
 4.4
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mobilité du plomb et du strontium dans les milieux naturels. Ph. D.
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