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Abstract—The available experimental data on the dissolution kinetics of montmorillonite, illite, and chlorite
were analyzed. The reliability of the data was assessed and possible reasons for discrepancies were discussed.
The dissolution rates of the minerals were described by quantitative and qualitative dependencies on various
parameters. The quantitative relations were described by various equations, which were proposed in other stud-
ies or derived by the author on the basis of the mathematical processing of the raw data. General equations were
obtained for the dissolution rate of each of the minerals as a function of temperature, pH, and the degree of sat-
uration of the solution. For the dependencies that were not constrained by experiments, experimental data for
structurally similar minerals or theoretical equations were invoked.
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INTRODUCTION

A recent book by Alekseyev et al. [1] summarized
the available experimental data on the dissolution
kinetics of feldspars, micas, kaolinite, silica, aluminum
and iron oxides and hydroxides, olivines, pyroxenes,
and amphiboles. This paper updates this list by adding
montmorillonite, illite, and chlorite, for which new
experimental data were recently published. The kinetic
equations and constants obtained by the analysis of
these pieces of evidence can be used as reference data
for the numerical simulation of various geochemical
processes.

METHODS

The rate of mineral dissolution (r) is defined as the
number of moles of a mineral passing into the solution
per unit surface area and unit time and has a dimension
of (mol m= s7!). Kinetic experiments are carried out
using fresh natural mineral samples, which are prelim-
inarily crushed, sieved, and purified from other mineral
admixtures and dust particles of the same mineral. The
value of r is measured in batch or flow-through reac-
tors. In the former case, r is determined from the slope
of kinetic curves in the concentration—time coordinates;
in the latter case, it is obtained from the rate of solution
filtration and the difference between the concentrations
of dissolved elements in the input and output solutions.
The second method is more robust because it allows
preventing the precipitation of secondary minerals and
its influence on . When necessary, this method can be
used to measure r far from equilibrium, where the influ-
ence of solution saturation degree is negligible, and

provides a means to control the attainment of a steady
state.

The steady state is predated by a short initial stage
involving the dissolution of surface defects, which were
formed during crushing, and remains of dust particles.
Nonstoichiometric dissolution occurring during the ini-
tial stage results in the formation of a leached surface
layer depleted in Na, K, Ca, Mg, and Al and enriched in
H (as H*, H;0%, or H,0) [1]. The transition from the ini-
tial to the steady-state stage in a flow-through reactor
corresponds to the moment when the concentrations of
dissolved elements in the output solution cease to
decrease. The goal of kinetic experiments is the mea-
surement of r during this stage.

The uncertainty of r is controlled mainly by the
measurement accuracy of the surface area of the min-
eral. The measured r values are usually normalized to
the initial surface area (before the experiment) deter-
mined by the adsorption BET method. Such an
approach was accepted in the present study. The BET
method yields the total surface area accounting for the
ruggedness of grain surfaces and pores where water
molecules can enter. The surface area of potassium
feldspar, albite, and oligoclase may show two- to three-
fold increases during dissolution, depending on tem-
perature, solution pH, and experiment duration [2, 3].
Taking into account this phenomenon, some authors
normalized r to final rather than initial surface areas.

Another approach to the normalization of r values is
based on some specific characteristics of dissolution,
which occurs mainly on defect areas. This causes the
formation of etch pits, which evolve with time into tun-
nel pores. The total surface area increases at the
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Table 1. Starting compositions of montmorillonites used in kinetic experiments

771

Mineral formula

Reference

Ko.00Nag 95Cag 41 Mgg 13(Aly 77Mg; 11Feg 17)(Si7.70Al 30)O20(OH) 4

Ko.012N29.448Ca0098(Al3 10sM80 511F€0357)(Si7 98Alp 02)O20(OH),
Ko .04Cag s0(Aly sMgo 7Feq 53)(Si7 65Al9 35)020(OH)4

Ko.19Nag 51Cag 19sMgg 03(Aly s6Mg; goFe 42)(Siy 77A1p 23)020(OH),
Ko.25Nag 25Cag 1,Mgg 13(Aly 76Mg) g3Fe) 33)(Si7 66Alp 34y 020(OH) 4

Nay 94(Al; 94Mgp 92Fe( 14)(S17.94A10 06)O020(OH),
Nay 75(Al; 9sMgg 62Fe0.44)(S17.78A10 22)O020(OH)

Ko20Nag 20Cag 1sMgg 13(Al, 83Mg( goFe 37)(Siz s3Al) 42)020(OH),4
Ko.03Nag 11Cag 33Mgg 10(Al3 06Mgg g3F€( 16)(Si7 63Al) 32)020(OH) 4

(9]
[10]

[11]
[12]
[13]

[14]
[15]

Nay 77Cag 0g(Al3 0oMgo 50F€0 40)(Si7 68Alp 32)O20(OH) 4
Ko 636(Al3,018M&0 s66F€0.41)(S17.95Al0 05)O020(OH),4

[16]

expense of the inert side walls of pores, whereas the
surface area of active dissolution zones (pore bottoms)
remains essentially unchanged. In such a case, it is
more reasonable to normalize r to the geometric surface
area (rggo), which is an idealized surface area of
smooth spherical or cubic grains, rather than to total
surface area (rgpy) [4, 5].

Within this approach, the problem of higher r values
obtained under laboratory conditions compared with
field measurements can in part be overcome. A transi-
tion from rger to rgpo reduces the average discrepancy
between the field and laboratory r values from 6 to 4
orders of magnitude [6]. This is explained by the fact
that the BET specific surface area of weathered mineral
grains is on average two orders of magnitude greater
than that of unaltered grains of the same size. The rggr
of fresh (unaltered) minerals can be obtained from rggq
using the expression rggo = A rgpp, Where A = 7-10 is
the surface roughness factor [7, 8]. Phyllosilicates show
some peculiarities of predominant dissolution, which
are discussed below.

The presentation of data in this paper is accompa-
nied by the assessment of the reliability and the analysis
of reasons for the discrepancy between the results of
different studies. The presented qualitative expressions
were either adopted from other studies or derived by the
author during the mathematical processing of raw data.
The coefficients of rate equations were calculated by
the least squares method or by the Nelder—Mead sim-
plex algorithm implemented in the MatLab software
platform. The mechanisms underlying kinetic regulari-
ties and possible methods for the derivation of mutually
consistent rate equations for various minerals are dis-
cussed.

The minimum set of kinetic data for each mineral
includes the equations of its dissolution rate as a func-
tion of temperature, pH, and solution saturation degree.
If there is no experimental evidence for a particular
dependency, data on other minerals with similar com-
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positions and structures were invoked. If such data are
also missing, average experimental data for mineral
groups or theoretical relationships were used.

MONTMORILLONITE
Composition and Surface Area

The compositions of montmorillonites (smectites)
used in kinetic experiments are given in Table 1. Mont-
morillonite differs from micas in having less interlayer
cations and showing no three-dimensional ordered
structure. The normalization of montmorillonite disso-
lution rate to surface area (S) poses the problem of
accurate measurement of S. According to the data of
potentiometric titration and atomic force microscopy,
the dissolution of montmorillonite occurs mainly on the
edge surface of crystals, S, [16, 17]. This implies that it
would be reasonable to normalize the dissolution rate to
S.. However, direct methods of S, measurement are too
expensive and laborious, and there is no correlation
between S, and the BET surface area (Sgpr) [17]. The
Sger values of montmorillonite vary depending on degas-
sing temperature: an increase in temperature results in a
more extensive removal of moisture from microscopic
pores, and Syt increases by a factor of 3—4. In order to
standardize the measurements, it was proposed to limit
the maximum temperature of degassing at 135°C, when
the contribution of micropores in the total surface area
is no larger than 10%. Another shortcoming is related to
Sger changes during the preliminary acid treatment of
montmorillonite and during experiments. For instance,
dissolution at 50°C and pH 2-3 resulted in up to a four-
fold increase in the Sggp of montmorillonite, which is
explained by the disintegration of particles and an
increase in microscopic porosity owing to the removal
of interlayer Ca?* [17]. Montmorillonite dissolution at
80°C and pH 8.8 resulted in both an increase and a
decrease in Sggr [11]. As the experimental methods
were identical in both cases (stirred flow-through reac-
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Fig. 1. Dissolution rate of montmorillonite as a function
of solution saturation degree at 80°C and pH 8.8 [11].
The symbols show experimental data normalized to BET
surface areas measured (/) after experiments and (2) before
experiments. Line A approximates the experimental data
by Eq. (1). Line B corresponds to theoretical equation (2).

tors), the difference between the measured Sggp values
can be attributed to the different solution pH values.

Taking into account the described difficulties, some
researchers normalized the dissolution rate of montmo-
rillonite to its mass rather than to its surface area [9, 15,
16]. In this study, the traditional approach was used,
i.e., the values of dissolution rate (r) are reported in
moles per unit of initial mineral surface measured by
the BET method. All molar quantities refer to the for-
mula based on 24 oxygen atoms. The values of r are
related to the slow steady-state stage of dissolution,
which follows the short initial stage of nonstoichiomet-
ric dissolution. During the initial stage, the major por-
tion of interlayer cations is removed into the solution
and defects are dissolved. During the steady-state stage,
the dissolution of montmorillonite is usually congruent
and occurs at a constant rate. Deviations from stoichio-
metric dissolution were observed in near neutral solu-
tions, when Al and Fe hydroxides were formed [9, 11].
The values of r are usually determined from the rates of
Si or Al and Si extraction into the solution.

The influence of montmorillonite composition on r
was never systematically explored. The logr values
measured in different montmorillonite samples by a
single method differ by up to 0.3-0.5 [10, 15]. The stir-
ring of solution has no effect on r values.
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Solution Saturation Degree

The influence of the degree of solution saturation on
the dissolution rate of montmorillonite at 80°C and
pH 8.8 is described by the following equation (Fig. 1):

r= k{l —exp[p(i—g)q}}, (1)

where k=8.1 x 1072 mol m2 s, p=-6x 10719, g =6,
AG is the free energy (quotient) of the reaction, R is the
gas constant, and T is the absolute temperature. Equa-
tion (1) is empirical and has no physical meaning; i.e.,
it is not derived from a theoretical model. In contrast to
other equations describing the —AG relation, Eq. (1) is
fully nonlinear; i.e., r is a nonlinear function of AG both
under far-from and near-equilibrium conditions. The
presented k, p, and g values are not unique. There are
several possible combinations of these coefficients
describing the experimental data with approximately
equal accuracies. The r values normalized to the surface
area measured before and after experiments are some-
what different, but these differences show no distinct
systematic trends.

The real —AG relation described by Eq. (1) is sig-
nificantly different from the equation deduced from the
transition state theory [18, 19]:

r=k[1 — exp(AG/(RT))]. 2

This can be seen in Fig. 1 from the divergence of lines
A and B. According to the theoretical equation, the pla-
teau of constant r values is reached at AG < —4 kcal/mol,
whereas the experimental equation gives AG <
—30 kcal/mol. The real ~—AG relation can be different at
other temperatures and pH values. In particular, this is
suggested by the data obtained at various solution filtra-
tion rates in the reactor [9]. According to these data, the
plateau of r values is reached at 50°C and pH 4 at a
lower AG value of —20 kcal/mol.

Temperature and pH of Solution

In acid solutions, the dependence of the montmoril-
lonite dissolution rate on temperature (25—70°C) and
solution pH (1-4) is described by the Langmuir equa-
tion [9]

_E\[ Kexp(-AH"/(RT))a,,
r= Aexp(—) 5 , 3
RTJ[ 1+ Kexp(-AH"/(RT))a,,.

where E, is the activation energy of the reaction, AH® is
the enthalpy of adsorption, and a . is the activity of H
in the solution. The equation is based on the model
assuming that the dissolution rate is proportional to the
concentration of protons adsorbed on the mineral sur-
face. The experimental data are described by Eq. (3) at
A=3.33molm2s"!, E,=17 kcal/mol, K=3x 107, and
AH® = —11 kcal/mol.

No.8 2007



EQUATIONS FOR THE DISSOLUTION REACTION RATES OF MONTMORILLONITE

In alkaline solutions (pH 11.5-14.0), the r—pH
dependence is described by the equation r = kaZ)H, [10].

Within 35-80°C, the order of the reaction (n = 0.15) is
independent of temperature, and E, (12.4 kcal/mol) is
independent of pH. However, other data obtained at
30-70°C and pH 7-13 indicated an increase in n with
increasing temperature, which implies a decrease in E,
with decreasing pH [20]. These data were approxi-
mated by the following equation deduced from the
model of two parallel adsorption reactions [21]:

Ua _
r= 474 % 10*6exp(4760) ot
T 1+ UaOH,

8380\ Vo
+1.70 exp( )[ ],
T 1+ VaOH,

where U = 177exp(2460/T)
0.0297exp (2830/7).

In near neutral solutions (pH 7.5-8.7), the r value of
montmorillonite is independent of pH but changes with
temperature in accordance with the Arrhenius equation
with E, = 7.3 kcal/mol [14]. Huertas et al. [14] argued
that the differences between the E, values in acid, alka-
line, and near neutral solutions are not accidental and
suggest E, dependence on solution pH. However, as
was noted above, the results of some studies are incon-
sistent with this conclusion. Therefore, the value of E,
can be considered as constant to a first approximation.
This allows us to describe a larger body of experimental
data by a single equation. By analogy with other miner-
als [1], a potentially good master equation can be
obtained by combining the Arrhenius equation with a
U-shaped dependency of r on solution pH (Fig. 2):

C))

and Vv =

_Ea m n
r = exp (ﬁ)(AH*aH* +An o+ AL do) )

The terms within the second parentheses on the right
characterize three dissolution mechanisms prevailing in
acid, near neutral, and alkaline solutions. The approxi-
mation of 150 triads of experimental 7—pH-r values
by Eq. (5) yielded the following coefficients: E, =

9.44 keal/mol, A . = 1.08 x 104, m = 0.764, Apo =
1.86 x 1078, A, = 108 x 1075, and n = 0.422. A
change from the U-shaped logr—pH relation described
by Eq. (5) to a V-shaped function (at Ay = 0) did not
significantly affect the shape of the curve (Fig. 2) and
calculated coefficient: E, = 9.34 kcal/mol, A . =8.30 X
1075, m =0.739, Ay =878x% 1075, and n = 0.385. In
both cases, the mean square deviation of the experi-
mental logr values from the calculated curves is 0.26.
The second variant (with Ay, = 0) is more favorable
as it includes a smaller number of adjusted parameters.

Several experiments denoted in Fig. 2 by open sym-
bols were not used in mathematical processing. These

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

773

are the data of [16, 22] obtained at 25°C and pH 1-5
in 0.03 and 0.1 M KCI solutions, respectively. They are
consistent with each other but differ from other data in
a shallower slope of logr /pH. The differences could be
due to the shortcomings of methods related to the
incongruent character of dissolution (insufficient run
duration) and different r values obtained in batch and
flow-through reactors. Similar to the degree of incon-
gruency, these differences change regularly with pH
variations.

The data of Cama et al. [11] obtained at 80°C and
pH 8.8 as well as those of Sato et al. [20] for 30-70°C
and pH 7-13 were also rejected during the mathemati-
cal treatment. They show overestimated r values, and
the magnitude of overestimation increases with
decreasing pH (Fig. 2). The reliability of Sato et al.'s
[20] data is difficult to assess, because the details of
their methods were not given. As to the data of Cama et
al. [11], they are related to montmorillonite with the
maximum content of interlayer cations (Table 1); i.e., it
is possible that the composition of the mineral affected
the rate of its dissolution.

Other Kinetic Parameters

Zysset and Schindler [16] reported an increase in the
dissolution rate of montmorillonite, r, with increasing
KCI concentration in the solution at pH 1-4: in 1 M
KCI solution, r was an order of magnitude higher than
in 0.1 M solution and two orders of magnitude higher
than in 0.03 M solution. This effect was explained by
the model suggesting that r is proportional to the con-
centration of protons adsorbed on the mineral surface.
The adsorption of protons involves two parallel reac-
tions: (1) protonation of surface aluminol groups >

AlOH; and (2) ion exchange with interlayer potas-

sium. The model is in agreement with the experimental
data for 0.03 and 0.1 M KCl solutions but is inconsis-
tent (underestimates r) with the data for 1.0 M KCI
solution. The low reliability of experimental data on the
r—my relation is indicated by the identical logr values
obtained in two studies [16, 22] for the same montmo-
rillonite samples at different KCI concentrations (0.03
and 0.1 M).

Zysset and Schindler [16] detected some decrease in
montmorillonite dissolution rate as Al concentration in
the solution increased from O to 10~* M. The maximum
effect (up to a factor of 3) was observed at pH 4 in a
0.03 M KCl1 solution and was explained by Al adsorp-
tion on edge surfaces, which resulted in the blocking of
active dissolution sites. Amram and Ganor [9] did not
observe the influence of Al or Si on r within the same
pH range (HNO; + NaNOj solutions). Bauer and Berger
[10] also failed to detect such an effect in alkaline KOH

solutions. The influence of Na* and NO; on r is very
small (if any) [9].
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Fig. 2. Dissolution rate of montmorillonite as a function of
temperature and solution pH. The symbols show experi-
mental data [9-11, 14-16, 20, 22, 23] obtained at different
temperatures (°C). The solid and dashed lines correspond to

Eq. (5) at Al_IZO =0 and AH20 =1.86%x 1075, respectively.

The open symbols indicate the experiments that were not
used in mathematical processing.

Transformation of Montmorillonite
to Illite (Mnt — 1lI)

We considered above the kinetics of the congruent
or near-congruent stage of dissolution, when secondary
minerals do not form or form in small amounts. Let us
consider the kinetics of the following stage of incon-
gruent dissolution, when illite is formed as a secondary
mineral (Mnt — Ill). This reaction proceeds at a sig-
nificant rate, which can be measured in the laboratory,
and under a higher temperature than the reaction of
congruent montmorillonite dissolution considered
above. In near neutral solutions, the occurrence of the
Mnt — Ill reaction was detected only at temperatures
of higher than 120°C [12, 24-27]. In strongly alkaline
solutions (0.1-3.0 M KOH or NaOH), the Mnt — il
reaction may be observed already at 60 and even 35°C
[13]. However, the dissolution of other montmorillonite
samples under the same conditions was not accompa-
nied by the formation of illite layers [10].

The rate of the Mnt — Il reaction is usually deter-
mined from the data of X-ray phase analysis or from the
rate of silica release into the solution. The amount of
illite depends on the association of other newly formed
minerals. For instance, montmorillonite of the ideal
composition K 33Al(Si;6;Al33)0,0(OH), (Mnt) can
be transformed either to pure illite,

ALEKSEYEV

Ko.3AL(Si3,Al )0, o(OH), (I1]), or to illite and kaolin-
ite, Al,S1,05(OH), (Kin):

1.2Mnt +0.4K*+2.4H,0 =1l + 1.2H4Siog +0.4H*, (6)

2.4Mnt + TH,O = Il + Kin + 2.8 H,SiO).  (7)

The formation of one mole of illite requires the
extraction of silica into the solution, 1.2 moles in the
former case and 2.8 moles in the latter case. The sto-
ichiometry of the reactions implies that reaction (6)
occurs only in K*-bearing solutions, whereas reaction
(7) can occur in pure water.

Under laboratory conditions, the Mnt — Il reac-
tion occurs only with dioctahedral montmorillonite.
Trioctahedral montmorillonite (saponite) does not
change in water up to a temperature of 500°C [27].
During the Mnt — Ill reaction, an increase in potas-
sium content in the interlayer sites is accompanied by
the substitution of silicon for aluminum in the tetrahe-
dral sites and/or aluminum for magnesium in the octa-
hedral sites [26, 28, 29]. These substitutions may pro-
ceed via diffusion, i.e., without the destruction of the
mineral lattice [25, 30], or via montmorillonite dissolu-
tion and illite precipitation from the solution [31]. Both
of the mechanisms may operate concurrently.

The rate of the Mnt — Ill reaction increases with
increasing temperature after montmorillonite satura-
tion in potassium and with increasing potassium con-
tent in the solution [27, 28, 32]. In potassium-bearing
solutions, the rate of the Mnt — Ill reaction decreases
with increasing contents of Na, Ca, and Mg in the solu-
tion [25, 30].

The rate of the Mnt — Il reaction in water (kaolin-
ite and quartz are also formed as secondary minerals) is
described by the following equations at 260-390°C
[26]:

lnG:) = kt, (8)

k= Aexp(%;T“), )

where F is the fraction of montmorillonite in the mont-
morillonite—illite mixture, & is the constant (day™'), 7 is
the time (day), A = 1.17 x 10°, and E, = 19.5 kcal/mol.

The rate of the same reaction in near neutral

(pH5.5-7.5) KCI solutions (0.025-1.0m) at
120-200°C is described by the equation [12]

—dF/dt = km®»F, (10)
where F, ¢, and k are the same parameters as in Eq. (8),
and m is the concentration of potassium in the solution
(mol/kg). The exponent n is poorly constrained. The
following integrated forms of Eq. (10) are obtained for
possible extreme n values of 1 and 5 at the initial
absence of illite:

InF = —km®%t, (11)
and
1/F* = 4km%-23t. (12)
GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.8 2007



EQUATIONS FOR THE DISSOLUTION REACTION RATES OF MONTMORILLONITE

The values of k in Egs. (11) and (12) are defined by
Arrhenius equation (9) at A = 0.0732 and E, =
7.15 kcal/mol. Using previous experimental data and a
comparison with field observations, Cuadros and
Linares [12] argued that the value n =5 is more probable.
In order to check this inference, compare the time of
montmorillonite replacement by illite according to
Egs. (8), (11), and (12) under identical conditions: a
final degree of replacement of 50% (F = 0.5), a temper-
ature of 200°C, and a K concentration in the solution of
0.025 m. The calculated time is 16, 130, and 750 yr,
respectively. Equation (8) is in better agreement with
Eq. (11) (n = 1) than with Eq. (12) (n = 5), which is at
odds with the conclusion of [12]. The values of E, (7.15
and 19.5 kcal/mol) suggest that the —T dependence is
much less pronounced at 120-200°C than at
260-390°C. This difference can be related either to a
change in the reaction mechanism or to different meth-
ods of the estimation of reaction progress (on the basis
of the analysis of solution and solid phase). Moreover,
the extrapolation of rate equations for the Mnt — il
reaction beyond the experimentally studied region is
very unreliable because these equations are purely
empirical and have no physical meaning.

Summary and Recommendations

The general equation for the rate of congruent mont-
morillonite dissolution can be obtained by combining

Egs. (1) and (5) at AHZO =0:
_ _Ea m
ro= exp(ﬁ)(AHﬂH+

g | 1= e[ o(32) ]}

where E, = 9.34 kcal/mol, A . = 830 x 1075, m
=0.739, A, =8.78x 105, n= 0385, p =—6 x 1071,

q = 6, AG is the free energy (quotient) of the reaction,
R is the gas constant, and T is the absolute temperature.
Such a combination implies that Eq. (1), which was
derived at 80°C and pH 8.8, is valid for the whole inter-
val of temperature (20-80°C) and pH values (1-14).

Although the influence of potassium content in the
solution on r can be significant, it is ignored because of
the lack of quantitative data. The effects of Al, Si, Na,
and inorganic ligands in the solution are also ignored
because they are very small or negligible. There is no
evidence in the literature on the influence of organic
ligands on r.

(13)

The kinetics of the Mnt — Ill reaction can be
described by Eq. (10) at a low temperature (120-200°C)
and Eq. (8) at higher temperatures (260-390°C). How-
ever, these equations have no physical meaning and are
poorly consistent with each other. In addition, their
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dimensions (fractions) differ from the universally
accepted dimension used in kinetic studies (mol m=s7").

ILLITE

There is only one comprehensive kinetic investigation
of illite dissolution [33]. The dissolution rate of illite,

(Cao‘01Nao‘13K0‘53)(A11.27Feg.§6 Mgo.44)(Si3.55A1045)O10
(OH),, was studied at 5-50°C in 0.1 m NaCl solutions
with the addition of HCI, NaOH, H;CCOOH, NHj;, and
NaHCO; for providing different pH values (1.4-12.4).
Kohler et al. [33] approximated these experimental data
by the equation

_Ea, H*

RT

Ea, HZO)

)az+ + Ay,0€Xp (_—

r= AH+exp( RT

(14)

-E
a, OH n
+ AOH,exp( RT )aOH,

the coefficients of which are given in the second col-
umn of Table 2. The dashed lines in Fig. 3 were calcu-
lated by Eq. (14) using these coefficients for 5 and
50°C. It can be seen that they systematically deviate
from the experimental data in the alkaline pH region.
My approximation of the experimental data of [33]
using the same equation yielded other values for the
coefficients (column 3 in Table 2). They correspond to
the solid lines in Fig. 3, which are more consistent with
the experimental data.

Equation (14) differs from other similar equations in
that different £, values are used for acid, near neutral,
and alkalic solutions. In order to estimate how impor-
tant this modification is, the same data were approxi-
mated by Eq. (5), which is an analog of Eq. (14) at

Ea’ - = Ea’ o = Eq Two variants of

Eq. (5) were used with different logr —pH dependencies:
(1) V-shaped (AHzo =0) and (2) U-shaped (AHzO #0.The

coefficients of Eq. (5) for these variants are given in
columns 4 and 5 of Table 2. The latter variant gives a
better agreement with the experimental data (Fig. 4).
Compare now the best variants of Egs. (14) and (5), i.e.,
columns 3 and 5 in Table 2. The two equations yield
similar mean square deviations between the calculated

and measured logr values. Nonetheless, column 5 is
favored as a model with fewer adjustable parameters.

Secondary minerals were never detected in illite dis-
solution experiments; however, according to thermody-
namic calculations, near neutral and alkaline solutions
are oversaturated in gibbsite, kaolinite, and brucite.

The results of mathematical processing described
above were obtained ignoring r measurements at 20°C,
because they were 2-3 times higher than the r values
for 25°C [33]. This anomaly is explained by the shorter
duration of the 20°C experiments. It was subsequently
found that the dissolution rate of illite decreases contin-

= Ea, H,0
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Table 2. Coefficients of Egs. (14) and (5) describing the experimental data [33] on the kinetics of illite dissolution

Equation (14), Fig. 3 Equation (5), Fig. 4
Coefficient =
Data of [33], dashed line| This study, solid line AH2O 0, AHZO #0,
dashed line solid line
1 2 3 4 5
A, molm?s™! 22% 10 1.52 % 1075 1.65 % 107 1.58 x 1076
Ay, mol m~?s™! 25x 1071 129 x 10711 0 8.09 x 10710
Ay molm?s™! 0.27 6.82x 107 1.87 x 107 1.01 x 10
m 0.6 0.592 0.369 0.586
n 0.6 0.747 0.592 0.760
E .+ keal/mol 10.99 9.48 - -
E, y,0 - kcal/mol 3.35 5.72 - -
E, oy - keal/mol 16.01 7.95 - -
E, kcal/mol — - 7.62 8.15
Mean square deviation G* 0.28 0.15 0.24 0.16

[ 2
Al
* 0 = Z‘% , where Alogr is the difference between the logarithms of measured and calculated r values, and 7 is the number of

measurements of the 7°C—pH-logr triads.

uously with time and did not attain a stable value even
in five months [34]. The specific surface area of illite
does not change significantly during dissolution. A
model was proposed to explain these observations,
assuming that the edge surface of phyllosilicates is pri-
marily dissolved, and its area decreases during dissolu-
tion much more rapidly than the total BET surface area
measured. Therefore, additional investigations of the
time dependence of the dissolution rate of clay minerals
are needed for a more accurate extrapolation of experi-
mental data to natural processes.

The dependence of illite dissolution rate on solution

The coefficients p and ¢ of this equation are the
same as in Eq. (1), and other coefficients are given in
column 5 of Table 2.

CHLORITE

The compositions of chlorites used in kinetic exper-
iments are given in Table 3. The dissolution rate of

Table 3. Starting compositions of chlorites used in kinetic
experiments

saturation state was never experimentally explored; Mineral formula Eifgé'
however, if necessary, a respective dependency deter-
: ; ; 15 3+ 2+ .
mined for the dissolution of another phyllosilicate can (Al (sFey’, Feg 5, Mgy 34)(Sis 05Al; 2)0;(OH)s [35]
be used. Micas are most similar to illite in terms of RN Y N
composition and structure. However, the ~~AG relations (A10471Fegf4 Mg4-94)(512‘88A11.'12)010(0H)8 [36]
of micas were also not experimentally studied. A less  (AlgssFeg s Mng 5:Mgy 72)(Sip 54Al;46)010(0OH)g
appropriate proxy for illite is montmorillonite, the r— (Al gFeq ¢Mgy,)(Siz Al 3)0,o(OH)g (37]
AG dependence of which is described by Eq. (1). Com- (Al, 9Fe§+1 Feffl Mg, o)(SizAl)O,((OH)q [38]
blEmng " ;quk'ltll(c)ln With Bq. (1) at E, - = Eano = (Al 3,Fe; g7Mg 66)(Siz 7511 25)010(OH)g [39]
aon YOS (Al 550F €] o5 Mgy 0)(Siz 75Al, 25)0,o(OH)g [40]
- exp(_——gﬁ') (A d" (Al 54F 15, Feg 'y My )(Sia 66l 33)010(OH)g [41]
RT/” *H (15) (A10.84Feé.+36 Mg4.9)(Si3425A10.7Fe(3)56 )0,o(OH)g [42]
FALo+A a1 —ex [ (AG)’]} (Algg7F et s Feg oy Mgs 76)(Sia agAl; 52)010(OH)g [43]
%O om0l PIPART . (Aly7Feq; Feg ' Mgy o)(Sis sAly 5)010(OH)g [44]
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log 7, (mol m2s7")

-11r

-12

-13

_14+

—15+

<& 50

15
pH

Fig. 3. Dissolution rate (r) of illite as a function of solution
pH. The symbols show experimental data [33] obtained
at 5,25, and 50°C. The lines were calculated using Eq. (14)
with coefficients given in columns 2 (dashed lines) and
3 (solid lines) of Table 2.

chlorites (r) was experimentally measured at room tem-
perature only. The measurements were conducted in
solutions with varying pH values, far from the condi-
tions of chlorite—solution equilibrium. Steady-state dis-
solution was attained in 5-10 days. The character of
steady-state dissolution depends on the pH of solution
(Fig. 5), being congruent at pH 1-5 and incongruent
(possible formation of Fe, Al, and Mg hydroxides) at
pH > 5. Congruent chlorite dissolution was observed in
very acid solutions (0.5 N HCI) [45, 46]. The in situ
investigations of chlorite dissolution by means of an
atomic force microscope showed that, in contrast to
other phyllosilicates, the basal surface of chlorite is dis-
solved much more rapidly than the edges surface [41].
Its layer-by-layer dissolution is controlled by defects
(compositional heterogeneities and fractures). The
active surface (molecular steps) accounts for only 0.2%
of the total surface measured by the BET method.
Nonetheless, in order to maintain the unified descrip-
tion of kinetic data, the dissolution rate of chlorite is
hereafter expressed in moles of the mineral per unit
area of its total surface. The molar amount of chlorite
was determined from the rate of Si extraction into the
solution taking into account the content of Si in chlorite
(the calculated chlorite formula contains 10 O atoms
and 8 OH groups; Table 3).

The available experimental data on the dependence
of r on the pH value of solution at room temperature
were approximated by the equation [43]

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8
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logr, (mol m~2s71)

—11r

12k

-13F

_14}

15+

—-16 1 1 ]

0 5 10 15

pH

Fig. 4. Dissolution rate (r) of illite as a function of solution
pH. The symbols show experimental data [33] obtained at
5, 25, and 50°C. The lines were calculated using Eq. (5)
with coefficients given in columns 4 (dashed lines) and
5 (solid lines) of Table 2.

log r, (mol m2s7)

11~
2
[
2
_12_
¢ °
8.
B ‘. »
[ 4 L% @7 4
13 o %AO A
2 8oy 0
% . B o
—14F < Al O A O
O Fe . O
A Mg
® Si
-15 1 1 1 1 1
2 4 6 8 10 12
pH

Fig. 5. Dissolution rates of chlorite determined from the rate
of Al, Fe, Mg, and Si extraction into the solution depending
on solution pH at 25°C [43].
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logr, (mol m~2s71)
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Fig. 6. Dissolution rate (r) of chlorite as a function of solu-
tion pH at 25°C. The values of r were determined from the
rate of Si extraction into the solution. The symbols show
experimental data: (/) [35], (2) [36], (3) [37], (4) [38], (5)
[39], (6) [40], (7) [41], (8) [42], and (9) [43]. The line cor-

. _ —10 _1n-13
responds to Eq. (16) at kH+ =1.62x 107", kHZO =107,
ko =170 10711, m = 0.49, and n = 0.43.

r= katﬁ+ +ky,ot+k (16)

on%ou

The experimental and calculated data show ade-
quate agreement (Fig. 6), especially taking into account
the differences in experimental methods, chlorite com-
positions, and solution chemistry. The data of [44, 47]
were not used in the mathematical treatment because
they deviate from the general trend by about an order of
magnitude. The data of Lowson et al. [43] were also
described by the equation

3 0.27
/a

-10.46
r=10 (aH+ A13*)

(17)

This equation reflects the possible influence of dis-
solved aluminum (in addition to pH) on the dissolution
rate of chlorite. However, the correlation coefficient of

logr with log(a;/a o) 18 rather low (0.88), which

may indicate that this influence is minor. Additional
experiments at a fixed pH value and variable Al content
in the initial solution are needed to clarify this effect.

The data shown in Fig. 6 were obtained for inert
buffer solutions containing phthalates, phosphates,
tris(hydroxymethyl)-aminomethane, hydrochloric
acid, chloric acid, sulfuric acid, boric acid, KCI, NaCl,
NaOH, and NaHCO;. The addition of these compo-
nents to solutions exerts a minor effect on r values.

GEOCHEMISTRY INTERNATIONAL  Vol. 45
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Borax (0.0125 M) and oxalate (0.1 M) increase r by a
factor of 3 and 10, respectively [43]. In the presence of
fulvic acid, the dissolution of chlorite is accelerated by
a factor of 2-5 [36]. If the r value of chlorite in a hydro-
chloric acid solution (pH 1.5-4.5) is taken to be 1, other
acids form the following sequence of increasing r:
nitric, 0.97; acetic, 1.01; sulfuric, 1.19; citric, 2.7; and
oxalic, 3.3 [40].

There is no experimental data on the —T and —AG
relations for the kinetics of chlorite dissolution. By
analogy with other minerals, it can be assumed that the
r—T dependence of chlorite can also be described by the
Arrhenius equation (5). The E, value of chlorite in this
equation can be taken, as a first approximation, to be
17 kcal/mol, which is the average E, value for all sili-
cates [1]. The r—AG dependence of chlorite can be
approximated, as a first approximation, by theoretical
Eq. (2). Given these assumptions, Eq. (16) can be
rewritten as

_Ea m
r = exp(—R?)(AHJIH+
(13)
n AG
F Ao+ AOH_aOH_)[l - exp(ﬁ)},
where E, = 17 kcal/mol, AH+ = 468, AHzo = (0.289,
Aon’ =49.1, m=0.49, and n = 0.43. The values of a.

and a_ - in this and similar equations are determined

from the pH value of solution and the dissociation con-
stant of water, Ky, [48]:

a,. =10, (19)
aOH, _ 10pH+10gKW’ (20)
logKy =5.941 —0.016638T — 4466.2/T. 21

CONCLUSIONS

The dissolution rates of minerals (r, mol m2 s™!) are
experimentally measured in batch or flow-through
reactors during the steady-state stage of dissolution
after a short initial stage, when dust particles and sur-
face defects are dissolved, and a surface leached layer
depleted in alkaline and calc-alkaline elements is
formed. The main uncertainty in r values comes from
the surface area of minerals, which is measured by the
BET method (rggr) or calculated from grain sizes
(rgro)- It would be more reasonable to normalize r to
actively dissolved surface area (pore bottoms, edge sur-
face, and molecular steps), but this parameter is diffi-
cult to measure. Therefore, in order to standardize mea-
surements, the dissolution rates of minerals are usually
normalized to their total initial surfaces measured by
the BET method.

Published experimental studies on the dissolution
kinetics of montmorillonite, illite, and chlorite were

No.8 2007
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analyzed. Each mineral was characterized by the mini-
mum set of kinetic data, including the equation of dis-
solution rate as a function of temperature (7), pH, and
degree of solution saturation (AG). The equations for
montmorillonite are based on experimental data. There
is no experimental data for the ~—AG relation of illite
and T and r—AG relations of chlorite. These gaps
were filled by experimental data on similar minerals or
theoretical equations. As a result, Egs. (13), (15), and
(18) were proposed for the description of the dissolu-
tion kinetics of montmorillonite, illite, and chlorite,
respectively.
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