Clays and Clay Minerals, Vol. 53, No. 2, 147-154, 2005.

ATOMIC FORCE MICROSCOPY STUDY OF MONTMORILLONITE DISSOLUTION
UNDER HIGHLY ALKALINE CONDITIONS

SHINGO YOKOYAMA!, MasaTo Kuropa! AND Tsutomu SaTo? *

! Graduate School of Natural Science and Technology, Kanazawa University, Kakuma, Kanazawa, Ishikawa 920-1192, Japan
2 Institute of Nature and Environmental Technology, Kanazawa University, Kakuma, Kanazawa, Ishikawa 920-1192, Japan

Abstract—Montmorillonite dissolution under highly alkaline conditions (pH = 13.3; I = 0.3 M) was
investigated by bulk dissolution methods and in situ atomic force microscopy (AFM). In bulk dissolution
experiments, initial SiO, concentrations were high, and a steady state was reached after 136 h. The
dissolution rates derived from the edge surface area (ESA) at the steady-state condition at 30, 50 and 70°C
were 3.39x 107'%, 1.75x 107" and 5.81 x 107'" mol/m? s, respectively. The AFM observations were
conducted under three conditions: (Run I) short-term in situ batch dissolution at RT; (Run II) long-term in
situ flow-through dissolution at RT; and (Run III) long-term batch dissolution at 50°C. The observed
reductions in montmorillonite particle volume for Runs I and II were due primarily to edge-surface
dissolution. The ESA-based dissolution rate for Run I (10~° mol/m? s) was three orders of magnitude
faster than that for Run IT (10™'? mol/m? s). The rate obtained for Run II corresponded to the rate at the
steady-state conditions in the bulk dissolution experiments. A small number of etch pits developed in
Run III slightly increased the ESA of montmorillonite since most of the montmorillonite particles were
separated into monolayers lacking three-dimensional periodicity. The ESA-based dissolution rate for
Run IIT was 2.26 x 10~'" mol/m? s. Dissolution rates based on long-term AFM observations could be
directly compared with steady-state rates obtained from bulk dissolution experiments. The AFM
observations indicated that dissolution occurred at edge surfaces; therefore, the ESA should be used to
calculate the dissolution rate for montmorillonite under alkaline conditions. Dissolution rates of individual
particles with different morphologies estimated by AFM were similar to rates estimated from bulk
dissolution experiments.
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INTRODUCTION

The extensive use of smectite-rich bentonite as a
buffer material in radioactive waste disposal is largely
due to the suitable properties of smectites. However,
smectites are dissolved by the highly alkaline pore-water
produced by the interaction of local groundwater with
concrete (pH 13—13.5; Atkinson, 1985), and the
dissolution may diminish the bentonite’s desirable
properties, such as its physical and chemical buffering
capacity. Therefore, the interaction between smectite
and highly alkaline pore-water has become a major
consideration in assessing the performance of bentonites
in radioactive waste disposal.

Bulk dissolution experiments have been used to study
the dissolution behavior of smectites under alkaline
conditions (Hayashi and Yamada, 1990; Bauer and
Berger, 1998; Bauer and Velde, 1999; Taubald et al.,
2000; Cama et al., 2000; Huertas et al., 2001; Rassineux
et al., 2001; Claret et al., 2002). Such experiments
involve the measurement of solvent concentrations in
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output solutions, and the concentrations are then
correlated with the dissolution mechanism and rates.
Dissolution rates (mol/m? s) are usually derived from
specific surface areas determined by the N,-BET
method. However, some authors are skeptical about
this practice since the N,-BET surface area does not
necessarily correspond to the reactive surface area
during the dissolution reaction (Rufe and Hochella,
1999; Bosbach et al., 2000; Bickmore et al., 2001;
Gautier et al., 2001; Brandt et al., 2003; Tournassat et
al., 2003).

In situ observation by AFM permits determination of
the reactive surface and derivation of dissolution rates
on the order of 107°—=107'° mol/m?s (Dove and
Chermak, 1994; Dove and Platt, 1996). The effect of
differences in particle morphology and size on the
dissolution behavior of smectites can also be determined
by AFM. However, in situ AFM studies are limited for
smectite because smectite dissolution rates are extremely
slow. In situ AFM studies have therefore been conducted
at extremely low pH (e.g. Bosbach et al., 2000;
Bickmore et al., 2001). So far, no experiments have
been performed under highly alkaline conditions.

Bosbach et al. (2000) performed one of the most
notable in situ AFM experiments and concluded that
hectorite dissolves along the edge surfaces under acidic
conditions (pH = 2 at 22°C). The edge surface area
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(ESA) used to calculate the dissolution rate (R =
7.3x 1077 mol/m* s) was also determined by AFM.
However, their observations were carried out only for
several hours, and the rate they obtained cannot be
compared directly with the dissolution rate obtained
from a bulk dissolution experiment conducted for
several days. Brandt et al. (2003) have used a combined
microscopic (in situ observation using AFM) and
macroscopic (mixed flow experiments) approach. It
was shown that dissolution rates obtained by using the
reactive surface area agree well for both microscopic and
macroscopic experiments. In this study, a similar
approach has been used to elucidate and compare the
dissolution behavior of smectites under highly alkaline
conditions in bulk and microscopic experiments.

We observed the dissolution behavior of mont-
morillonite under alkaline condition using in situ AFM,
and compared the results with those of bulk dissolution
experiments. Our major goals were (1) to determine the
reactive surfaces and dissolution rate of montmorillonite
under alkaline condition and (2) to explain the change in
solvent SiO, concentration with time in the bulk
dissolution experiments in terms of the change in
montmorillonite particle volume as detected by AFM.

MATERIALS AND METHODS

Starting material

Refined montmorillonite (Kunipia-P, Kunimine
Industry Co. Ltd) from a Na-type bentonite deposit in
Yamagata Prefecture, Japan, was used. This bentonite is
a candidate for use as a buffer material surrounding the
iron seal overpack in the underground disposal of high-
level radioactive waste in Japan.

The sample was checked for purity by X-ray
diffraction (XRD) analysis (Rigaku RINT 1200). No
other constituents were identified in the XRD pattern
after ethylene glycol treatment. The structural formula of
the sample as calculated from X-ray fluorescence (XRF)
analysis is as follows:

Nayg 30K0.01Ca9.06(Al1.56Mg0.33F€0.00Ti0.01)
(Si3.87Al0.13)010(0OH),.

The sample was identified as montmorillonite with Al
substitution for Si in the tetrahedral sheet (i.e. beidellitic
component).

Dissolution experiments

Bulk dissolution experiments. A flow-through system
consisting of tall cylindrical stirred-flow Teflon reactors
was employed. lonic strength was fixed using a 0.3 M
NaOH solution (pH 13.3+0.1), and the flow rate was
maintained at a constant 0.2 mL/min. A 120 mg sample
was added to 120 mL of solution inside the reactor. The
resulting suspension was stirred magnetically with a
Teflon-coated stirring bar to prevent settling and
flocculation of the clay particles. The reactors were
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fully immersed in a water bath to maintain a constant
temperature of 30, 50 or 70+1.0°C. The reaction period
was ~7 days. Preparation and storage of stock solutions,
measurement of pH, and sampling of output solutions
were carried out in an N,-filled glove box to avoid
solution pH changes caused by interaction of the
solution with atmospheric CO,. A peristaltic pump was
used to transfer the reactant solutions from their
containers to the reaction vessels and from the reaction
vessels to the collecting containers. The SiO, content in
the collected filtrate was determined by UV-visible
spectrometry using the molybdate blue method.

Specific surface areas for calculation of dissolution
rates were obtained using the three-point N, adsorption
isotherms (N,-BET) and observations by AFM. In the
N,-BET method, samples were degassed for 12 h at
300°C. Before the measurements were conducted, the
samples were treated with a 0.3 M NaCl or NaOH
solution at 25°C for 2 days. After treatment, an HCI
solution was added to the NaOH suspension until it
reached pH 9. The samples were then washed with 80%
ethanol until the pH value became constant and the
samples were chloride-free (as indicated by the AgNO;
test). The samples were then freeze dried.

Dissolution experiments observed by AFM. Samples
used in the observations by AFM were prepared by the
following technique. A 10 mg sample was added to
100 mL of deionized water and dispersed ultrasonically
for 30 min. The resulting suspension was placed on a
mica substrate and left for 20 min. Excess suspension
was taken up with filter paper, and the mounted samples
were air dried at room temperature (25°C). The
procedure developed by Bickmore et al. (1999) to fix
the samples on the mica substrate was not followed due
to differences in experimental conditions (i.e. pH 13.3).
The pyramidal SizNy tips used in the AFM (JEOL JSTM-
4200D) imaging were set at contact mode at capture
times ranging from 30 to 90 s per image. Surface areas
of montmorillonite particles were calculated using the
WinSPM DPS Version 2.01 (JEOL Ltd.) and Canvas
Version 9.0.2 (ACD Systems of America Inc.). In
Canvas, surface area measurements were performed by
digitizing the boundary of each particle. The analytical
error in ten area measurements of the same particle is
within 1%.

Three types of AFM experiments were performed:
(Run I) short-term in situ batch dissolution experiment at
room temperature (25°C); (Run II) long-term in situ
flow-through dissolution experiment at room tempera-
ture (25°C); and (Run III) long-term batch dissolution
experiment at 50°C. All the dissolution experiments
were conducted under highly alkaline conditions
(pH 13.340.1) using 0.3 M NaOH solutions. The sam-
ples were placed inside the AFM fluid cell, which was
filled with a 0.3 M NaOH solution (Run I); and a
constant flow rate (0.1 mL/min) was maintained during
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Figure 1. SiO, concentrations (mM) in the output solution
during the bulk dissolution experiments. SiO, concentrations
reached a steady state after 136 h.

the flow-through experiment (Run II). The flow of
NaOH solution to the fluid cell was stopped briefly only
during the AFM imaging process so that good images
could be obtained. The stock solutions were prepared
and stored inside an N,-filled glove box. For Run III, the
samples mounted on mica plates were immersed and
heated at 50°C in 50 mL of 0.3 M NaOH solution inside
Teflon containers. The dissolution reactions were
allowed to proceed for 6 to 33 days at 50°C; after the
reaction period, the samples were placed inside the fluid
cell of the AFM filled with 0.3 M NaCl solution to
prevent further dissolution with the entrained alkaline
solution. The montmorillonite samples mounted on the
mica plate were observed by AFM at 25°C to detect
changes in particle volume after the dissolution reac-
tions. 100 particles were evaluated so that the results
would be statistically viable.

RESULTS AND DISCUSSION

Dissolution rates from bulk dissolution experiments

In the bulk dissolution experiments, high concentra-
tions of dissolved SiO, were observed during the initial
stages of the reaction. The SiO, concentrations reached a
steady state after 136 h (Figure 1), and the steady-state
concentration increased with temperature: [SiOj]3poc <
[SiOz]s0ec < [Si02]70°c (Table 1).
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Based on a simple mass balance equation, the
dissolution rates (mol/m? s) in flow-through experiments
are obtained from the following equation (Cama et al.,
2000):

M

where Csjo, is the concentration of SiO, in the output
solution (mol/L), vgjo, is the stoichiometric coefficient
of SiO, in the dissolution reaction, 4 is the reactive
surface area (m?), and ¢ is the fluid volume flux (flow
rate) through the system (L/s). Dissolution rates
calculated with equation 1 are shown in Table 1 which
also lists the reactive surface areas used in calculating
the rates: the N,-BET surface area for the NaCl-treated
sample (N,-BET (A)) and the NaOH-treated sample (N,-
BET (B)), the total surface area (TSA), and the ESA
measured by AFM. Dissolution rates generally increased
with temperature, and they varied by two orders of
magnitude depending on the surface area used in the
calculation.

The dissolution rates obtained in previous studies
were based on N,-BET surface areas (Bauer and Berger,
1998; Bauer and Velde, 1999; Taubald et al., 2000;
Cama et al., 2000; Huertas et al., 2001). In this study,
the N,-BET surface area of the NaOH-treated sample
was three times larger than the N,-BET surface area of
the NaCl-treated sample. These results indicate that the
N,-BET surface area is easily affected by differences in
sample preparation (chemical and physical). Therefore,
the sample pretreatment for bulk dissolution studies will
affect the dissolution rates calculated from N,-BET
surface areas.

Because AFM surface area measurements are unaf-
fected by the aggregation effect observed in bulk
methods, the ESA and basal surface area (BSA) can be
determined. The TSA is the sum of the edge and double
basal surface areas measured by the AFM method. The
TSA determined in this study (781.0 m?/g) was nearly
equivalent to the TSA of the Wyoming montmorillonite
(800 m*/g) used by Sposito (1984) and Na-MX80
(788 m?*/g) summarized by AFM observations and low-
pressure gas adsorption experiments in Tournassat et al.
(2003). The ESA determined in this study (5.3 m?/g) was
slightly smaller than the value for Na-MX80 (8 m?/g)
(Tournassat et al., 2003), which can be attributed to
differences in particle size. Hence, the ESA of each

R = Csio, /4 vsio,

Table 1. Steady-state SiO, concentrations and dissolution rates based on various surface areas.

Dissolution rate (mol/m? s)

Temperature (°C) SiO, concentration (mM) N,-BET (A) N,-BET (B) TSA* ESA*
30 0.005 233%x10712 844x 10718  230x107* 339x10712
50 0.026 1.20x 107! 435%x 1072 1.19x107"2  1.75x 107!
70 0.086 4.00x 107! 1.45x 1071 3.94%x10713  5.81x107!!

N,-BET (A): 7.7 m%*/g; N,-BET (B): 21.3 m?/g; TSA: 781.0 m*/g; ESA: 5.3 m?/g. The errors in surface-area measurements by
N,-BET method are generally +£10%. * Standard errors in TSA and ESA are +0.2 and +0.2 m%/g, respectively.
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individual smectite sample used in dissolution experi-
ments should be determined, as Tournassat et al. (2003)
have previously suggested.

In situ AFM observations for montmorillonite
dissolution at RT

In a short-term in situ batch dissolution experiment
observed by AFM (Run I), the height of the observed
montmorillonite particle (~15 A) was close to the height
of a single hydrated montmorillonite layer with two
water layers between the montmorillonite layer and the
mica substrate. This particle height remained constant
during the observation period. The change in the particle
volume brought about by the dissolution reaction is
reflected in the change in the BSA (Figure 2). The
general shape of the particle did not change signifi-
cantly. Using an unpaired t-test, the difference between
the initial (Figure 2a) and final (Figure 2b) BSA
indicated a significant difference with probability (P) =
2.09 x 107'%, The linear decrease in the average BSA
without the formation of etch pits suggests that the edge
surface was the reactive site (Figure 2c).

The dissolution rate was obtained from the following
equation:

Y =-0.47X+ 64631
R =097 =
R?=0.99

620001

Basal surface area (nm?)
[=7]
[F%]
=
=
(=]
1

610005602000~ 3000 4000 5000
Reaction time (s)

Figure 2. AFM images of a montmorillonite particle ina pH 13.3
aqueous solution at 25°C (a) after 0 min and (b) after 87 min.
(c) Basal surface area of montmorillonite particle during the
short-term in situ batch dissolution experiment (Run I). The
standard errors on BSA estimates are based on ten repeated
measurements of the same particle. R and R? indicate the
coefficient of correlation and determination at regression line of
average BSA, respectively.
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where dgga is the change in the BSA with reaction time
(nm?/s), Upont is the ab unit-cell area of montmorillonite
(nm?), N is Avogadro’s constant and 4 is the reactive
surface area (m?). The value for Upen (0.46 nm?)
reported by MacEwan (1961) was used in the calcula-
tions. Results of the dissolution-rate calculations using
the ESA (i.e. the reactive surface area) values before and
after the dissolution reaction are listed in Table 2. The
ESAs were calculated using the circumference of the
particle and a height of 0.955 nm (as reported in
Tournassat et al., 2003) for the dehydration of smectite.
The dissolution rates calculated from the initial and final
ESA values were similar. Surface area change during the
dissolution reaction did not influence the dissolution rate
observed for short-term dissolution reaction (i.e. reac-
tion lasting several hours).

The observed particles were mostly dispersed mono-
layers, but some particles formed stacks as shown in
Figure 3. The effect of particle morphology on the
dissolution rate was illustrated more clearly in the long-
term in situ AFM observations.

Estimation of AFM mechanical error during the long-
term in situ AFM observations was necessary for
estimating the BSA and circumference of the particle.
This was performed by assuming the distances between
the particles A, 1, 2 and 3 in Figure 3b to be constant. The
AFM mechanical error was then estimated by determining
the drift in these distances after 2, 4 and 8 days of the
observations where a maximum of 7% error was detected.
The measured BSAs and circumferences of particles after
4 and 8 days of observations were compensated for these
mechanical errors. The general shape of referenced
particles did not change significantly. An unpaired t-test
was used to detect the difference between initial (2 days)
and final (8 days) BSAs of observed particles which
indicated significant differences with a range of prob-
ability (P) = 3.14x 107> to 2.87x107%. The slight
decrease in average BSA that occurred without the
formation of etch pits suggests that edge surfaces were
the reactive sites in the long-term dissolution observa-
tions. The dissolution rates calculated for each type of
particle based on the initial ESAs were similar (Figure 3).
Particle size, particle morphology (i.e. shape or rough
particle face; black and white symbols), and the stacking
of layers (circle and pyramidal symbols) did not

Table 2. Reactive surface areas and dissolution rates for
short-term in situ batch dissolution experiment (Run I).

Initial Final
Reactive surface area* gnmz) 999 982
Dissolution rate (mol/m” s) 1.68x107° 1.71x107°

* Standard errors in initial and final reactive surface area are
45 and +7 nm?, respectively.
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Figure 3. AFM images of montmorillonite particles ina pH 13.3
aqueous solution at 25°C (a) after 2 days and (b) after 8 days.
(c) Basal surface areas of montmorillonite particles during the
long-term in situ flow-through dissolution experiment (Run II).
Standard errors were calculated based on ten repeated measure-
ments of the same particle.

profoundly affect dissolution rates in this observation
range. This is evident in the calculated dissolution rates of
different montmorillonite particles which were approxi-
mately constant since the ESAs exposed to the reacting
solution, i.e. the surface where the dissolution occurred,
were used in the calculations.

The dissolution rate recalculated to 25°C from the
results of bulk dissolution experiments (R =
2.56 x 107'% mol/m? s) was three orders of magnitude
slower than the dissolution rate derived from the results
of Run I. If the particle in Run I dissolved at this rate
(i.e. R =2.56 x 107'% mol/m® s), particle change cannot
be detected by the AFM during the reaction period of
Run I (i.e. 0.006% BSA change). The dissolution rates
obtained in Run II approximated the dissolution rate
recalculated to 25°C from the results of bulk-dissolution
experiments.

Dissolution behavior of montmorillonite under alkaline
conditions

In the bulk-dissolution experiments, a high SiO,
concentration in the output solutions was observed in the
initial stages (up to 100 h). The SiO, concentration
decreased continuously with time and reached a constant
rate in the later stages of the dissolution reaction (after
136 h). This trend has also been observed in other mineral
dissolution studies, associated with the dissolution of very
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small mineral particles, broken surfaces, or crystal defects
on the mineral surfaces (Holdren and Berner, 1979; Schott et
al., 1981; Chou and Wollast, 1984, 1985; Knauss and
Wolery, 1988, 1989; Stillings and Brantley, 1995; Huertas et
al., 1999; Bickmore et al., 2001; Brandt et al., 2003). The
dominant influence on the observed dissolution trends
cannot be determined by bulk dissolution experiments, but
AFM observations in dissolution experiments do allow the
discrimination of the factors that give rise to the observed
dissolution trends.

We monitored the initial stages of the dissolution
reaction by means of in situ AFM observations, and we
determined a dissolution rate of ~10~° mol/m* s (Run I).
However, AFM observations indicated a very slow
dissolution rate (107'* mol/m® s) at later stages in the
reaction (during the period from 2 to 8 days; Run II).
This change of dissolution rate during the dissolution
process seems to correspond to the changes in dissolved
SiO, concentration from the bulk dissolution experi-
ments. The changes in the solvent concentrations during
bulk dissolution experiments were assumed to be due to
change in the dissolution behavior of montmorillonite
particles. The change of nontronite dissolution behavior
during the dissolution process was discussed by
Bickmore et al. (2001) who concluded through in situ
AFM observations that dissolution fronts originating at
broken edges or at crystal face defects would be quickly
pinned at the (010), (110) and (110) faces of nontronite
crystals owing to their exceptional stability.
Consequently, no observable dissolution along these
faces would occur under acidic conditions. Similarly,
montmorillonite dissolution under alkaline conditions
could also occur. It has already been shown that different
dissolution rates were obtained in short- and long-term
dissolution experiments even when the reactive surface
sites are the same (i.e. edge surfaces). In fact, the rate
determined by short-term AFM observations does not
correspond to the real dissolution rate of the mineral
surface (i.e. constant rate at steady-state conditions), and
only the result of long-term observations corresponds to
the steady-state dissolution indicated in bulk dissolution
experiments. Therefore, AFM observations for the
calculation of a specific dissolution rate for smectite
should be conducted at later stages of the reaction. Since
the dissolution rate obtained from short-term observa-
tions shown by previous studies corresponds only to the
initial stages, these rates are not comparable to the
dissolution rates determined by bulk dissolution experi-
ments corresponding to the later stages (i.e. steady-state
conditions). Dissolution rates derived at longer observa-
tion periods using the in situ AFM method are directly
comparable with the rates derived from bulk dissolution
studies.

Long-term batch dissolution experiment at 50°C (Run I1I)

The BSA and the thickness of individual particles
after 6, 12, 19 and 33 days were observed by AFM.
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Figure 4. Distribution of the basal surface areas as measured by
AFM during the long-term batch dissolution experiment at 50°C
(Run III). The number of small particles increased as the
reaction progressed.

Particles with small BSAs (i.e. small particle size) are
mostly dissolved after 33 days (the longest reaction
time), and were not considered in this type of experi-
ment. Furthermore, dissolution rates generally decrease
when the small particles are considered in the calcula-
tion, and this decrease leads to an inaccurate estimate of
the rate. Size limits for the particles were based on the
dissolution rate determined by bulk dissolution experi-
ment (at 50°C) using the ESA. The estimated 33-day
BSAs of individual particles in the 6, 12 and 19 day
samples were calculated with equation 2. If the calcu-
lated BSA was negative, it was not used for the
calculation of dissolution rate. Such particles would
have dissolved completely before the longest reaction
time (i.e. 33 days).

A histogram of the BSAs of montmorillonite particles
after the dissolution reactions is shown in Figure 4. The
number of small particles increased as the dissolution
reactions progressed. The larger particles (with BSAs
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Figure 5. Basal surface area of montmorillonite particles during
the long-term batch dissolution experiment at 50°C (Run III). R
and R? indicate the coefficient of correlation and determination
at regression line of average BSA, respectively.
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Figure 6. AFM images of montmorillonite particles with etch
pits on the basal surface. These montmorillonite particles were
observed after 12 days in the long-term batch dissolution
experiment at 50°C (Run III).

>15 x 10* nm?) would result from analytical errors due
to their larger size modality (15 x 10* to 63 x 10* nm?).
As these larger particles do not reflect a decreasing BSA
trend during the dissolution process, particles with sizes
>15 x 10* nm? were excluded. The differences between
the initial (6 days) and final (33 days) BSAs of the
observed particles were analyzed by an unpaired t-test,
which indicated a significant difference with probability
(P) = 3.49x 1073, The variation in the average BSA
values is plotted in Figure 5. The BSA decreased
linearly from the steady-state conditions in the bulk
dissolution experiments (6 days) to the end of the
experiment (33 days).

Although etch pits formed on the basal surface of a
few particles (Figure 6), they did not appear to be the
dominant dissolution sites. This suggests that the
reduction in particle volume was due mainly to
dissolution along edge surfaces. The dissolution rates
determined using the initial and final ESA values were
calculated to be 2.26 x 107! and 2.58 x 10~ mol/m? s,
respectively (Table 3). The dissolution rates based on
AFM observations were similar to the rate obtained from
the bulk dissolution experiment at 50°C as both
observations were carried out until the steady-state
condition was reached, and the reactive surface areas
(i.e. ESAs) were used in calculating the dissolution rates.

Reactive surface in montmorillonite dissolution under
highly alkaline conditions

In a recent study, Si—O—Al sites (on the edge
surface) were the most important reactive sites in the
dissolution reaction of dioctahedral phyllosilicates
(Ganor et al., 1995; Zysset and Schindler, 1996;

Table 3. Average reactive surface areas and dissolution rates
for long-term batch dissolution experiment (Run III).

Initial Final
Reactive surface area* (anz) 820 719
Dissolution rate (mol/m” s) 226x107'" 258 x 107"

* Standard errors in initial and final reactive surface area are
£36 and +35 nm?, respectively.


https://doi.org/10.1346/CCMN.2005.0530204

Vol. 53, No. 2, 2005

Bickmore et al., 2001; Bickmore et al., 2003). Sites
where Si has been substituted for Al in the tetrahedral
sheet (beidellitic component) can also contribute to the
dissolution reactions (Nagy, 1995). Etch pits on the basal
surface were observed in Run III in which the sample
used contained a beidellitic component. If the beidellitic
component contributed to the dissolution reaction, more
etch pits would have been observed on the basal surface.
The presence of etch pits on some of the particles can be
attributed to defective sites, which are also highly
reactive (Nagy, 1995).

The formation and growth of etch pits in three-
dimensional crystals (e.g. carbonate, quartz and feld-
spar) are important mechanisms in controlling the
dissolution rate of minerals as the etch pits dissolve
faster with depth as the dissolution reaction progresses
(e.g. Gautier et al., 2001). For the montmorillonite used
in this study, the formation of a small number of etch
pits can be considered as contributing slightly to the
increase in the edge surface area since most of the
montmorillonite particles were separated into mono-
layers lacking three-dimensional periodicity.
Consequently, we concluded that montmorillonite dis-
solution under highly alkaline conditions occurred
primarily along edge surfaces at both the initial states
and at later stages (i.e. at steady-state conditions).

When dissolution rates were calculated based on the
ESAs, the rates of individual particles with different
morphologies were similar to the rates estimated from
bulk dissolution experiments. This similarity suggests
that calculations of dissolution rates for montmorillonite
under alkaline conditions should be based on the ESA, as
Bosbach et al. (2000) and Bickmore et al. (2001) have
previously reported using in situ observations of
smectite dissolution under acidic condition.

CONCLUSIONS

Montmorillonite dissolution under alkaline condi-
tions was investigated by means of both bulk and AFM
dissolution experiments. /n situ observations using AFM
indicated that the dissolution of montmorillonite parti-
cles occurred primarily along edge surfaces from start to
finish (Runs I and II). However, the dissolution rate at
the initial stage (Run I, up to several hours) was three
orders of magnitude faster than the rate at the steady-
state condition (Run II). The dissolution rates obtained
from long-term dissolution experiments using AFM
(Runs II and III) agreed well with the rate obtained
from bulk dissolution experiments. Therefore, AFM
observations for the calculation of a specific dissolution
rate for smectite should be conducted at steady-state
conditions. Furthermore, the dissolution rates of indivi-
dual particles calculated from the ESAs (i.e. the
dominant reactive sites) were independent of particle
morphology, size and stacking within the observation
range.
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