
American Mineralogist, Volume 92, pages 1007–1017, 2007

0003-004X/07/0007–1007$05.00/DOI: 10.2138/am.2007.2397     1007 

INTRODUCTION

Smectite is important in controlling soil properties because 
of its high sorption, variable hydration states, and expansion be-
havior that can effectively re-seal cracks in the bulk material. For 
the same reasons, this mineral is a particularly useful component 
in the construction of waste barriers. Because smectite responds 
quickly to surrounding fl uid conditions, the understanding of 
smectite hydration/dehydration is important in assessing the 
short- and long-term behavior of soils or engineered barriers 
where this mineral is present. Such understanding requires an 
accurate knowledge of all the dehydration processes occurring at 
the different scales (molecular, crystal, and centimeter-to-meter 
scale) and for the several ways in which water is linked to this 
mineral (water in the interlayer, on the external surface, in the 
micro- and macro-pores). Most of the studies dealing with the 
mechanism and kinetics of smectite dehydration were performed 
using thermal analysis, both isothermal (Guindy et al. 1985; Bray 
and Redfern 1999) and non-isothermal experiments (Poinsignon 
et al. 1982; Girgis et al. 1987; Laureiro et al. 1996; Zabat and 
Van Damme 2000). In these works the dehydration process was 

considered as occurring in a single event (Guindy et al. 1985; 
Girgis et al. 1987; Laureiro et al. 1996) or a two-step dehydration 
process (Poinsignon et al. 1982; Bray and Redfern 1999; Zabat 
and Van Damme 2000). Thermal analysis experiments cannot 
differentiate the water bound in different ways to smectite (i.e., 
water in the interlayer, on the external surface, and in micro- and 
macro-pores), as the information it provides about the activation 
energy represents an average of the removal processes of all the 
differently bonded water occurring in the sample. In contrast, the 
present study focuses on the dehydration process occurring at the 
crystal scale for water located exclusively in the interlayer of a 
Ca-saturated montmorillonite. At this scale of observation the 
smectite structure exhibits different hydration states, dehydrated 
= 0W, mono-hydrated = 1W, or bihydrated = 2W, corresponding 
to the intercalation of 0, 1, or 2 planes of water molecules in the 
interlayer. However, most often layers with different hydration 
states coexist within the same crystals. Therefore, the use of 
X-ray diffraction (XRD) profi le modeling demonstrated in the 
companion paper (Ferrage et al. 2007) is necessary to assess and 
quantify the amount of water adsorbed in the smectite interlayer 
at any stage of the dehydration process. XRD patterns were thus 
recorded in the 30–170 °C temperature range in isothermal ex-
periments and simulated using the algorithms developed initially * E-mail: e.ferrage@nhm.ac.uk
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ABSTRACT

A kinetic study of Ca-montmorillonite dehydration was performed based on information derived 
from X-ray diffraction (Ferrage et al. 2007, this issue) and, thus, focusing on interlayer water only. 
The dehydration was quantifi ed following the two processes that were observed in the X-ray pattern 
modeling: the transitions between the different hydration states and small thickness decrease observed 
in the bi- and mono-hydrated layers. The thickness decrease of bihydrated layers with dehydration 
(activation energy Ea = 16 kJ/mol) was found to be controlled by a mechanism of two-dimensional 
diffusion of water molecules through the interlayer space, whereas for mono-hydrated layers the varia-
tion of thickness (Ea = 18 kJ/mol) occurred as a mechanism of slight local layer collapse and collapse 
propagation, attributed to a rearrangement of the confi guration of the interlayer cation hydration shell. 
For the transition between the bi- and mono-hydrated state (Ea = 84 kJ/mol), the mechanism of reac-
tion was found to evolve gradually with increasing temperature from local layer collapse and collapse 
propagation to a two-dimensional diffusion mechanism, as the forced diffusion of water molecules 
produced by the layer collapse transfers the control of the process to diffusion mechanism. This phe-
nomenon causes the coexistence of two hydration states in a given interlayer. Finally, the transition 
between mono-hydrated and dehydrated layers (Ea = 132 kJ/mol) indicated the concomitance of water 
diffusion and local layer collapse and propagation mechanisms, although the structures were found to 
be homogeneous during this transition. 

The determination of both mechanisms and the activation energy for these processes were used 
to establish a model of smectite dehydration at the crystal scale. This model can be used to calculate 
crystal shrinkage and interlayer water content upon dehydration, and to predict the evolution of the 
system.
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by Sakharov and Drits (1973) and Drits and Sakharov (1976) 
and using the methodology recently developed by Ferrage (2004) 
and Ferrage et al. (2005). This method allows characterization of 
the structural modifi cations that occur during smectite dehydra-
tion, as layers transform between different hydration states and 
also allows measurement of the subtle decrease in thickness of 
hydrated layers that take place in response to the removal of a 
few water molecules (Ferrage et al. 2005, 2007a, 2007b). In this 
second part of the study we aim to use this substantial amount of 
information resulting from XRD profi le modeling of dehydrating 
smectite to understand better the mechanisms and kinetics of the 
whole process. This approach will also be used to calculate the 
amount of crystal volume shrinkage upon dehydration and the 
amount of interlayer water remaining in the system. 

MATERIAL AND METHODS
The experimental procedure and subsequent XRD profi le modeling is detailed 

in the fi rst part of this study and can be resumed as follows: Samples of the <1 μm 
size fraction of Ca-saturated SWy-2 (a low-charge montmorillonite) were allowed 
to dry under room conditions (~25 °C and 60–65% RH) as oriented mounts and 
XRD snapshots recorded every 30 s under isothermal conditions (after equilib-
rium temperature was reached) from 30 to 170 °C, in steps of 5 °C. An additional 
isotherm was also recorded at 37 °C to optimize the data for one particular dehy-
dration transition. Modifi cation of the relative humidity with temperature close to 
the sample was not controlled. XRD profi le modeling of the 00l refl ections was 
applied for patterns collected in the 30–125 °C range (30 patterns per isotherm). 
XRD patterns collected for temperatures higher than 125 °C were not used be-
cause the sample started to dehydrate before reaching the desired temperature. 
The values for layer thickness of mono-hydrated (LT 1W) and bihydrated layers 
(LT 2W) were considered to be variable parameters in the calculations whereas 
that of dehydrated layers was considered to be constant at 9.7 Å. The uncertainty 
in relative abundance of layers was estimated to be ±2% when the abundance of 
the given layer is 100 or 0%, and ±5% when the layer represents 50% of the total 
layer contribution, with a linear dependence for intermediate values. The layer 
thickness uncertainty was estimated to be ±0.02 and ±0.05 Å when the given 
layer proportion is 100 and ~0% of the total layer contribution, respectively, with 
a linear dependence for intermediate values. The error propagation was considered 
for parameters calculated with these data.

RESULTS

Empirical reaction rate of a solid-state reaction

In the part I of the present paper, the XRD profi le modeling 
method allowed us to determine the proportion of 2W, 1W, and 
0W layers, the layer thickness of 2W and 1W layers, and their 
water content in time-temperature space. With these data, we ap-
plied a data treatment similar to the isothermal gravimetric study 
of Bray and Redfern (1999) to build up a kinetic model and to 
better understand the mechanisms of smectite dehydration. For 
this kinetic analysis, the evolution of the relative proportions of 
2W layers (%2W) and 0W layers (%0W) are chosen to defi ne 
the 2W-1W and 1W-0W transitions, respectively. The evolution 
of the layer thickness of 1W (LT 1W) and 2W (LT 2W) layers 
are also considered.

For a solid-state reaction we can represent the reaction rate 
as a product of a function of the fraction transformed (α) and a 
rate constant (k):

dα/dt = kf(α). (1)

The integrated form of Equation 1 (from time = 0 to time = 
t) can be expressed as:

g(α)= kt (2)

where the function g(α) depends on the mechanism of reaction 
(Sharp et al. 1966). One of the ways to perform the kinetic 
analysis is to fi t the data to different rate equations g(α) and 
discriminate between the different mechanisms by the goodness 
of the fi t (Hancock and Sharp 1972; Girgis et al. 1987; Girgis 
and Felix 1987; Laureiro et al. 1996; Gualtieri and Ferrari 2006,  
among others) Another way is to directly transform Equation 1 
into an empirical equation in which the rate constant (k) and a 
parameter (m) that indicates the controlling reaction mechanism 
can be determined simultaneously (Avrami 1939; Hancock and 
Sharp 1972; Wilkinson et al. 1994; Belloto et al. 1995; Gualtieri 
et al. 1995; Miletich et al. 1997; Bray and Redfern 1999, 2000; 
Mazzucato et al. 1999; Fogg et al. 2000): 

dα/dt = km tm–1(1 – α). (3)

The integration of Equation 3 leads to the expression of the 
fraction transformed α as:

α = 1–exp[–(k t)m]. (4)

The value of the m parameter can thus be compared to the 
expected values for different types of solid-state reaction mecha-
nisms defi ned by Sharp et al. (1966). Three general groups of 
reactions are usually defi ned. The fi rst group includes the zero 
and fi rst order as well as phase boundary reactions (1.0 ≤ m ≤ 
1.2), whereas the second group includes diffusion-controlled 
reactions in one, two or three dimensions (0.5 ≤ m ≤ 0.6). Finally, 
the third group includes random nucleation reactions described 
by the Avrami equations (Avrami 1939): Equation 1 (m = 2.0) 
and Equation 2 (m = 3.0). Considering the layer structure of 
Ca-montmorillonite and the fact that the dehydration causes the 
collapse of the layers, the fi rst order nucleation-growth reaction 
(F1) and the two-dimensional diffusion (D2) can be expected 
to control the process (Bray and Redfern 1999). The fi rst order 
nucleation-growth reaction is considered an adequate mechanism 
because we can envisage that layer collapse starts at a certain 
point of the layer (nucleation) and then propagates laterally 
in the two dimensions (growth). The D2 process is obviously 
an appropriate mechanism as water needs to diffuse out of the 
interlayer space toward the edges of the crystal.

Determination of rate constants (k) and controlling          
reaction mechanism (m)

Equation 4 can be rewritten in its linearised form as:

ln[–ln(1 – α)] = m ln(t) + m lnk. (5)

A plot of ln[–ln(1 – α)] vs. ln(t) (t in seconds) is thus linear 
with a slope m and with a rate constant k corresponding to the 
intercept. To determine m and k for relevant temperatures, the 
data have fi rst to be expressed as a function of α. This value 
ranges from 0, hydration state before the reaction starts, to 1, fi nal 
hydration state at the corresponding temperature. This implies 
that it is necessary to characterize accurately the fi nal, stable 
hydration state after the reaction. The hydration state will be 
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represented in the equations as some of the variables calculated 
in the XRD modeling process. Figure 5 in Ferrage et al. (2007) 
shows the evolution of the relative proportion of 2W, 1W, and 
0W for the several isotherms. When using the change of these 
relative proportions with time for the kinetic analysis, not all the 
isotherms are equally useful. Some of them show a very quick 
reaction at the beginning of the experiment and then no or very 
small change. These isotherms are not useful because the great-
est part of the reaction is recorded in the span of very few data 
points, which increases the uncertainty of the analysis. More 
interesting for our study are those isotherms in which the reac-
tion is recorded in a large number of data points and the reaction 
progress can be constrained better. In addition, the evolution of 
the given parameter between the start and the end of reaction has 
to be signifi cant to have suffi cient sensitivity in the normalized α 
value. For instance the evolution of 2W layer abundance at the 30 
°C isotherm is very limited (<3%, Fig. 5 in Ferrage et al. 2007) 
and the normalization of such set of data would lead to a very 
large uncertainty in the corresponding α values. These examples 
show that care has to be taken in the choice of the isotherms to 
which the kinetic analysis can be applied. For the relative con-
tribution of 2W layers, the chosen experiments correspond to the 
temperatures between 35 and 50 °C. For the relative abundance 
of 0W layers, the isotherms chosen range from 90 to 110 °C. 
The temperatures above 110 °C were not considered because of 
the sudden variation of the data at the start of the experiments 
due to the fact that the sample starts to react before reaching the 
desired temperature. In the case of the analysis of the change of 
the layer thickness of 2W and 1W layers, the limiting factor for 
the use of a specifi c isotherm is the abundance of the given layer 
(Fig. 5 in Ferrage et al. 2007). This is so because the uncertainty 
of the layer thickness increases as the abundance of the layer 
decreases. Hence the isotherms considered are those between 30 
and 40 °C, and between 45 and 95 °C for the thickness of 2W 
and 1W layers, respectively. 

The values at equilibrium (t = ∞) of %2W, %0W, LT 2W, and 
LT 1W were determined, for each isotherm, by a least-square 
fi tting of the data at times higher than 500 s, using the following 
formula (Miletich et al. 1997; Bray et al. 1998):

δ δ δ δt
i

t

i

t

i
t
i a t t=∞ =∞= + ⋅

(
  (  – ) exp{–[ (  – 

00 ) 00 )] }b  (6)

where i is the parameter considered (%2W, %0W, LT 2W or LT 
1W), t0 is 500 s, δi

t0 is the value of parameter i at 500 s, a and b 
are two parameters refi ned during the least-square procedure. 

An example of the determination of the rate constant and m 
parameter is shown in Figure 1. The relative abundance of 2W 
layers at 35, 40, and 50 °C resulting from XRD profi le modeling is 
shown in Figure 1a and the fraction transformed (α) in Figure 1b. 
The uncertainty of α shown in Figure 1b was determined by ap-
plying the linearization treatment on the maximum and minimum 
values derived from the uncertainty of the considered parameter 
shown in Figure 1a. The values of m and k are calculated from 
Equation 5 using the chosen isotherms, and are reported in Table 
1. The value of m ranges between those of a fi rst-order reaction 
(F1, m = 1) and a two-dimensional diffusion process (D2, m = 
0.57), except for the evolution of %0W layers at temperature ≥ 
100 °C. In addition, the m values tend to decrease with increas-
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FIGURE 1. Example of plots for the determination of rate constants of 
smectite dehydration at three temperatures. (a) Evolution of the relative 
abundance of bihydrated layers determined from XRD profi le modeling. 
(b)The same data after normalization with respect to the total extent of 
reaction in each isotherm. (c) Ln-ln plot of the same data to determine 
the rate constants and the exponent (m) of the Avrami equation, which 
indicates the reaction mechanism. 

ing temperature with the exception of those for LT1W, which 
are almost constant at ~1. Concerning reaction constants (k), the 
obtained values tend to increase with temperature and will be 
used below for determining activation energies. 

The evolution of the obtained values between the different 
parameters or as a function of temperature is related to spe-
cifi c water removal during dehydration and will be discussed 
below. 

Determination of activation energy, Ea
The activation energies driving the different processes can 

be obtained using the Arrhenius equation:
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k = Aexp(–Ea/RT) (7)

or in its linearized form: 

lnk = lnA – Ea/RT (8)

where A is the frequency or pre-exponential factor (in s–1) and 
Ea the activation energy (in J/mol), R the gas constant [8.31 
J/(K·mol)], and T the temperature in Kelvin. By plotting lnk vs. 
1/T, Ea, and lnA are calculated from the slope and the intercept, 
respectively (Fig. 2). The activation energy and pre-exponential 
factor of the different processes are reported in Table 2. For the 
variation of layer thickness, the activation energy values are 
found to be similar for 2W and 1W layers (Table 2). However, 
the activation energy of the 1W-0W transition is higher than that 
of the 2W-1W transition (Table 2). 

DISCUSSION

Smectite dehydration at the crystal scale is a complex process. 
XRD profi le modeling has allowed the resolution of this process 
in its elementary stages. For Ca-montmorillonite, the transition 
from bihydrated to mono-hydrated state takes place at 30–50 °C, 
thereafter a mono-hydrated state dominates up to 85 °C (Fig. 5 in 
Ferrage et al. 2007). The transition from mono-hydrated to dehy-
drated state occurs above 85 °C. During the whole of this process 
the thickness of bi- and mono-hydrated layers evolves subtly as 
a result of the removal of some interlayer water molecules (Figs. 
2 and 6 in Ferrage et al. 2007). This two-step mechanism paral-
lels that described by Poinsignon et al. (1982), Bray and Redfern 
(1999) and Zabat and Van Damme (2000) based on the thermal 
analysis of Ca-smectite. 

Mechanism of dehydration—m parameter
Although the Avrami method used here is empirical and may 

not allow the information on nucleation + crystal growth and 
rate limiting step to be determined univocally (Hulbert 1969; 
Gualtieri and Ferrari 2006), the m values determined in the pres-
ent study can be used to describe the dehydration mechanism(s) 
occurring. 

TABLE 1.  Values of the rate constant (k) and the parameter (m), which specifi es the reaction mechanism, for the four variables analyzed (rela-
tive abundance of 2W and 0W layers and layer thickness of 2W and 1W layers) 

T (°C) %2W T (°C) LT 2W
 k m r2  k m r2

35 6.45(102)·10–3 0.846(77) 0.870 30 7.89(78)·10–3 0.685(51) 0.906
37 9.26(12)·10–3 0.748(22) 0.985 35 8.68(13)·10–3 0.566(16) 0.980
40 12.35(11)·10–3 0.663(17) 0.992 37 9.07(19)·10–3 0.573(19) 0.972
45 20.79(55)·10–3 0.580(24) 0.974 40 9.63(23)·10–3 0.567(21) 0.985
50 33.54(66)·10–3 0.662(28) 0.982 – – –
 – – –   LT 1W 
 %0W    k m r2

 k m r2 45 1.53(3)·10–3 0.969(32) 0.978
90 1.55(8)·10–3 0.733(36) 0.943 50 1.69(6)·10–3 0.960(40) 0.961
95 3.09(6)·10–3 0.778(24) 0.977 55 1.85(7)·10–3 0.938(42) 0.957
100 4.93(13)·10–3 0.452(17) 0.965 60 2.22(9)·10–3 1.020(46) 0.959
105 9.92(12)·10–3 0.344(9) 0.984 65 2.36(17)·10–3 1.054(63) 0.930
110 15.80(18)·10–3 0.310(8) 0.985 70 2.53(17)·10–3 0.922(53) 0.929
 – – – 75 2.62(12)·10–3 0.990(51) 0.966
 – – – 80 3.02(3)·10–3 1.001(24) 0.985
 – – – 85 3.15(4)·10–3 0.939(25) 0.983
 – – – 90 3.65(4)·10–3 1.074(26) 0.986
 – – – 95 3.81(13)·10–3 1.031(47) 0.975
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FIGURE 2. Arrhenius plot for the determination of the activation 
energy of the different processes occurring during dehydration. (a) 2W-
1W and 1W-0W layer transitions. (b) Decrease of the layer thickness of 
bihydrated and mono-hydrated layers.

Hydration state transitions
The mechanism of the 2W-1W transition can be charac-

terized by observing the disappearance of 2W layers with 



FERRAGE ET AL.: DEHYDRATION OF Ca-MONTMORILLONITE—KINETICS 1011

increasing temperature. For this transition, the mean m value is 
~0.70 (Table 2). Such value has no physical meaning because 
it does not correspond to any known solid-state reaction. This 
value is rather an intermediate one between that expected for a 
fi rst-order nucleation-growth (m = 1) and a diffusion controlled 
process (m = 0.57). The observed gradual decrease of m with 
increasing temperature from 0.85 to 0.58 (Table 1) can thus be 
interpreted as a nucleation process of 1W layers that is slowed 
down by diffusion of water along the interlayer. If two mecha-
nisms are concomitant in every single interlayer, the m value is 
mostly governed by the slower one. Therefore, with increasing 
temperature, the amount of water released in each interlayer 
by the nucleation of 1W layers increases and the speed of dif-
fusion of these H2O molecules toward the edges of the crystal 

TABLE 2.  Values of the m parameter, pre-exponential factor (A) and 
activation energy (Ea) for the analyzed variables i (relative 
abundance 2W and 0W layers and layer thickness of 2W 
and 1W layers), derived from XRD profi le modeling 

i m A (s–1) Ea (kJ/mol)
%2W  0.70(10) 1.25(4)·1012 84(2)
%0W 0.76(3) 1.90(8)·1016 132(5)
LT 2W 0.60(6) 4.81(62) 16.2(5)
LT 1W 0.99(5) 1.34(87) 17.9(5)
Note: For the relative abundance of 0W layers, the value of m parameter was 
calculated as the mean of those obtained for 90 and 95 °C isotherms. 
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FIGURE 3. Isoconversional plots. (a) The 2W-1W layer transition for which the light gray regions are enlarged in (b) and (c) with additional 
α values. (d) The 1W-0W layer transition. (e) Decrease of the 2W layer thickness. (f) Decrease of 1W layer thickness. Temperature (T) is given 
in Kelvin. 

has thus a greater control on the dehydration mechanism. The 
isoconversional method provides additional information to assess 
the actual presence of one or several concomitant mechanisms 
(Friedman 1964; Redfern 1987; Baitalow et al. 1999; Bray and 

–
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Redfern 1999; Simon 2004; Gualtieri and Ferrari 2006, among 
others). The fraction transformed (α) and the time (t) are obvi-
ously related through a function. By combination of Equations 
1 and 7 it is possible to write: 

dα/dt = Aexp(–Ea/RT) f(α). (9)

By integration of Equation 9, the time (tα) at which the con-
version α is reached can be expressed as: 

ln(tα) = –Ea/RT – ln[A/g(α)]. (10)

The method uses a plot of ln(tα) against (1/T). If the plot 
is linear, the activation energy, and thus the mechanism, does 
not change for the chosen range of temperature and fraction 
transformation. The advantage of this method is that it is model-
independent, i.e., it does not depend on the function linking α 
and t (f or g in Eqs. 9 and 10). This plot is shown for the 2W-1W 
transition in Figure 3a. The data display two slopes for α values 
lower than 0.7 and one slope for higher α values. The existence 
of two slopes in a line shows that there are at least two mecha-
nisms implicated. The fi rst mechanism is best observed for 35 
≤ T ≤ 40 °C and 0.1 ≤ α ≤ 0.3 in Figure 3b. The slopes in this 
part of the lines yield an activation energy of 128 ± 4 kJ/mol. 
The second mechanism (Fig. 3c) can be characterized using data 
for 0.7 ≤ α ≤ 0.9 and 40 ≤ T ≤ 50 °C and produces an activation 
energy of ~66 ± 4 kJ/mol. The use of the isoconversional method 
therefore supports the existence of two concomitant mechanisms, 
described before as nucleation of 1W layers and water diffusion. 
They control the reaction kinetics sequentially for low α values, 
nucleation at the lower temperature and diffusion at the higher 
temperature (Fig. 1c, Table 1), whereas only diffusion controls 
the reaction at high α values. The activation energy found using 
the Avrami method of ~84 ± 2 kJ/mol (Table 2) for the 2W-1W 
transition is thus intermediate between those of the two individual 
processes involved in the reaction.

In the 1W-0W transition, the increase of 0W layers produces 
a range of m parameter values between 0.73 and 0.31 (Table 1). 
A value lower than that expected for a pure diffusion process 
(m ~0.5) does not refl ect any specifi c rate law. The isotherms at 
100–110°C present an apparent sudden increase of layers with 
%0W, which is due to the dehydration reaction starting before the 
desired temperature is reached (Fig. 5 in Ferrage et al. 2007). Us-
ing the isoconversional method again two slopes appear for low α 
values whereas a single line fi ts the data for higher α values (Fig. 
3d). However, for α values lower than 0.5, the evolution of ln(tα) 
for temperatures higher than 95 °C is a curved line. This shape 
could be due to the fact that, at this experimental temperature 
range, the sample dehydrates partially before reaching the desired 
temperature. For this reason, this method cannot be applied to 
discriminate between one or two processes and to determine their 
activation energy. Additional work using linear heating would 
be necessary to investigate dehydration at this high temperature. 
However, even though it is not possible to assess the presence 
of two concomitant reactions with the isoconversional method, 
as for the 2W-1W transition, the m parameter value close to 
0.75 obtained for data recorded at 90 ≤ T ≤ 95 °C may indicate 
a similar two-step reaction. 

Layer thickness evolution 
The layer thickness of bihydrated layers shows a stable value 

of m between 35 and 40 °C (~0.57 – Table 1), corresponding to 
a two-dimensional diffusion reaction. Although for the isotherm 
recorded at 30 °C the m value close to 0.68 may correspond to 
a coupled nucleation-growth and diffusion process, the isocon-
versional method shows that data lie on a single line (Fig. 3e), 
supporting that a unique mechanism (i.e., the two-dimensional 
diffusion) governs the process. Finally, for mono-hydrated lay-
ers, a constant value of m was found between 0.92 and 1.05 
through the entire range of temperature (45–95 °C; Table 1). 
The isoconversional method shown in Figure 3f supports the 
presence of such single mechanism, related to a fi rst-order re-
action. This mechanism is likely to be related to a modifi cation 
of layer thickness as a result of the removal of interlayer water 
and reorganization of water coordination around the interlayer 
cation (see below). 

Sequential evolution of the dehydration process 
The determination of the two mechanisms controlling hy-

dration state transitions and layer thickness evolution can be 
considered together with the description of the evolution of the 
smectite-water structure from Part 1 to draw a sequential path 
for the dehydration dynamics (Fig. 4). For low temperatures the 
structure consists almost completely of bihydrated layers (Figs. 
4a and 4b). Figure 6a in Ferrage et al. (2007) showed that some 
H2O molecules are coordinated to the interlayer cation but a 
large amount of them are fi lling the interstitial space. With a 
slight increase of the temperature, the layer thickness decreases 
as a result of the removal of some of these water molecules. It 
can be assumed that, in the 2W state, the large amount of water 
in the interlayer space and the multiple H-bonding that can link 
a water molecule with the clay surface or other H2O molecules 
can complicate its pathway to exit the interlayer. This diffi culty 
may explain the dominant diffusion-type reaction obtained for 
this process (Table 2). At some stage of the dehydration process, 
it is possible to assume that a few interlayer cations in the 2W 
layer have lost enough water and that the attractive force with 
the 2:1 clay surface may thus dominate, inducing a local collapse 
of the interlayer (Fig. 4c). This phenomenon is responsible for 
the transition of a few 2W layers into the mono-hydrated state 
whereas the other layers continue to dehydrate slightly in the 
2W confi guration. Note that this collapse occurs although non-
coordinated water molecules are still present in the interlayer 
(Ferrage et al. 2007). The 2W-1W transition may thus start close 
to a cation and propagate to the adjacent cations in the interlayer 
as a collapse-propagation fi rst-order reaction. The H2O molecules 
that are being expelled are likely to diffuse through the interlayer 
space following a two-dimensional diffusion process, as deter-
mined for the variation in 2W layer thickness. However with an 
increasing amount of water forced to diffuse away by the collapse 
of the layer, water molecules would diffuse with more diffi culty 
and cause a greater control of the diffusion mechanism (lower m 
with increasing temperature, Table 1, and change of slope with 
increasing α values and temperature in the isoconversional plot, 
Fig. 3a). In addition, the partial collapse (variable hydration 
state) within the same interlayers is likely to be responsible for 
the apparent increase of structural heterogeneity and the high 
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values of the layer thickness fl uctuation (σz parameter; Fig. 2j 
in Ferrage et al. 2007). 

When the 2W-1W transition starts to take place, the fi rst 
layers reaching the mono-hydrated state (Fig. 4e) contain some 
additional non-coordinated H2O molecules, as determined from 
the number of water molecules per interlayer cation (Fig. 6a in 
Ferrage et al. 2007). Then a stable 1W state is observed between 
45 and 85 °C although a decrease in layer thickness is observed 
together with a decrease in water content from ~8 to ~4 water 
molecules per cation. At this stage it may be assumed that most 
water molecules are linked to the interlayer cations (Fig. 4f). 
The kinetic analysis has revealed a pure fi rst-order reaction for 
the small reduction of the layer thickness of 1W layers (Table 
1). The removal of these few water molecules may thus occur 
as a nucleation-growth process by a successive removal of 
one H2O molecule from the hydration shell of each interlayer 
cation. This local dehydration is likely to be accompanied by a 
coordination rearrangement of the water molecules around the 
interlayer cation as shown by Rausell-Colom et al. (1980) on 
Ca-saturated vermiculite sample. Finally, the 1W-0W transition 
(Figs. 4g and 4h) starts once the limit of ~4 water molecules per 
cation is reached (Fig. 6a in Ferrage et al. 2007). Although not as 
clear for the 2W-1W transition, this one may occur as a two-step 
process, with a fi rst-order and then a diffusion reaction (Table 
1). The fi rst-order reaction is likely to represent the collapse of 
the layer around an interlayer cation and the propagation of this 
collapse toward the adjacent cations. Two possible reasons may 
account for the diffusion type process. First, it may be assumed 
that, below ~4 water molecules per cation, the interlayer cations 
may attract water molecules very effectively and the removal of 
water may thus be slowed down by successive jumps of a given 
water molecule from one interlayer cation to another in its path 
to the edges of the crystal. The second reason may arise directly 
from the collapse of the layer that limits the volume available 
for the diffusion of the water molecules. During this stage of 
dehydration, the lower amount of water present may diffuse 
more easily and thus be responsible for the apparent homoge-
neous 1W-0W transition within a given interlayer, in agreement 
with the low values obtained for layer thickness fl uctuation (σz 
parameter—Fig. 2j in Ferrage et al. 2007). Thus, the transition 
depicted in Figures 3g and 4h (1W-0W transition) is faster than 
that in Figures 4c and 4d (2W-1W transition), so that very few 
interlayers show the coexistence of 1W and 0W states at any 
given moment.

Activation energy of the observed processes
The activation energy values of the transition reactions are 84 

± 2 and 132 ± 5 kJ/mol for the 2W-1W and the 1W-0W transition, 
respectively (Table 2). Because these transformations contribute 
in a major way to the release of water compared to the loss of 
the more loosely bound interlayer water that induces only a 
slight decrease of layer thickness, these activation energies can 
be compared with others determined for Ca-montmorillonites 
in the literature (Table 3). For this comparison, only studies 
that take into account dehydration in two steps were consid-
ered. For the fi rst dehydration reaction, the activation energy 
determined in the present study is higher than those observed 
by Bray and Redfern (1999) and Poinsignon et al. (1982; ~35 

2:1 layer 2W 1W

b

c

d

a

f

g

h

e

0W
FIGURE 4. Sequential path of Ca-montmorillonite dehydration at 

the layer scale. Cations and water molecules are not shown to scale 
and their distribution within the interlayer is only schematic. Initially, 
most layers are bihydrated. As temperature increases a slight removal 
of water molecules following a diffusion process induces a decrease in 
layer thickness (a,b). At some stage of the dehydration a few cations in 
part of the interlayer region lose some of their water shell starting the 
transition to the mono-hydrated state (c, d). The transition initiates a 
collapse around this interlayer cation (c) and propagates to the adjacent 
cations. Water molecules are pushed laterally by this collapse but diffuse 
slowly and accumulate within the interlayer space, which produces a 
modifi cation of the controlling mechanism from fi rst-order to diffusion 
(d). The fi rst mono-hydrated layers produced have water molecules 
directly bonded to the interlayer cation and additional water molecules 
within void spaces (e). As the dehydration process continues, these 
additional water molecules diffuse away and there is a rearrangement 
of the confi guration of the hydration shell of the interlayer cation that 
causes a small decrease of the interlayer space (f). Finally the transition 
between the mono-hydrated and the dehydrated state occurs as a 
combined fi rst-order and diffusion process (g, h), in a similar fashion 
to the 2W-1W transition.
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and 37 kJ/mol, respectively) but similar or slightly lower to that 
obtained by Zabat and Van Damme (2000; 84 kJ/mol, Table 3). 
On the other hand the activation energy value determined for the 
1W-0W transition is lower than that obtained by Poinsignon et 
al. (1982; 185 kJ/mol) but higher than those observed by Bray 
and Redfern (1999) and Zabat and Van Damme (2000; 47 and 
91 kJ/mol, respectively, Table 3). In addition note that Bray and 
Redfern (1999) determined that dehydration in montmorillonite 
occurred controlled by two concomitant mechanisms, nucleation 
and growth followed by a diffusion-controlled reaction. This 
interpretation is similar to that in the present study for 2W-1W 
and 1W-0W transitions. The differences in activation energy 
values may be related to the type of technique used and the data 
treatment applied to derive those activation energies. Indeed 
these authors used techniques based on thermal analysis, which 
probe water adsorbed in the interlayer, on the external surfaces 
and in micro- and macro-pores, whereas XRD only detects 
water located in the interlayer. It is thus possible to assume that 
the infl uence of water loosely bonded on the external surface 
or between particles decreases the overall activation energy of 
dehydration taking place at low temperature. In addition, other 
parameters may infl uence the activation energy determined 
such as: the recording mode (isothermal vs. dynamic heating), 
the heating rate and the relative humidity conditions of the ex-
periment. Therefore a precise comparison between all the data 
obtained is diffi cult although the values determined in this study 
are in range with those determined in the literature. 

The activation energy values determined for the evolution 
of mono-hydrated and bihydrated layer thickness are similar 
(Table 2). This may indicate that the two reactions involve similar 
types of local hydrogen-bonding interactions. For 1W layers, 
these interactions affect water forming the hydration shell of the 
interlayer cation. As the activation energy is similar for the 2W 
layers, it may be considered that, in the latter layer type, only 
(fi rst-shell) water directly linked to the interlayer cation controls 
the interlayer thickness. 

NUMERICAL MODEL FOR SMECTITE CRYSTAL 
DEHYDRATION AND ITS APPLICATIONS

Empirical model for crystal dehydration 

The evolution of the proportion of 2W, 1W, and 0W layers as 
a function of temperature indicates that the samples either reach 
an equilibrium state at the end of each experiment or are very 
close to it (Fig. 5 in Ferrage et al. 2007). To build up a kinetic 
model for the structural dehydration of smectite, it is necessary 
to determine the evolution of the equilibrium value for the layer 
thickness of 1W and 2W layers and the relative proportion of 
2W and 0W layers. The evolution of the δi

t=∞ values determined 
above from a least square fi tting of Equation 6 is plotted in 

Figure 5 as a function of temperature. To compute the observed 
evolution of the several parameters, the data are fi tted, by a 
least square fi tting procedure, to a sigmoid function based on 
the Boltzmann model: 
δ δ δ δ( , ) max, ( min, (  [  – T t
i

(T t
i

T t
i

=∞ =∞ =∞= +) ) TT t T T Tmax,
i

0] / {1 exp[(  – )/ ]}=∞ +) Δ
(11)

where δi
(T,t=∞) is the value of the parameter i (%0W, %2W, LT 2W, 

LT 1W) at equilibrium (t = ∞) as a function of temperature (T, 
in Kelvin), δi

(Tmin,t=∞) and δi
(Tmax,t=∞) represent the expected values at 

the minimum and maximum temperature, T0 is the center of the 
sigmoid curve and ∆T the width of the sigmoid curve (in Kelvin). 
The best-fi t parameters are reported in Table 4. 

By combining Equations 4, 7, and 11 the evolution of LT 
2W, LT 1W, and %2W can be expressed as a function of time 
(in seconds) and temperature (in Kelvin) using the m, Ea, and A 
parameters in Table 2, the δi

(T,t=∞) values from Equation 11 and 
parameters reported in Table 4:

δ δ δ( , ) ( min, ( min,    – [  – T t
i

T t
i

T t
i= =∞ =∞) ) δδ( , ) ]

            {1 – exp[–( exp(

T t
i

iA

=∞ ×

⋅ –– /R ) ]}  mE T ta
i × )

 (12)

Note that for the kinetic parameters of the 2W-1W and 1W-
0W transition reactions in Table 2, the values of m, A, and Ea 

represent average kinetic parameters involving two mechanisms. 
As a result, the values of m (calculated as a mean value from all 
temperatures for the 2W-1W transition and from the 90 and 95 °C 
isotherms for the 1W-0W transitions and, ranging between those 
expected for F1 and D2 processes, 1.0 and 0.5, respectively) do 
not have a physical meaning and are used here for simplicity.

For the determination of the relative abundance of 0W layers 
Equation 12 becomes:

δ δ δ( , ) ( min, 
0W

( , )    [T t
W

T t T t
W%

)
% %0 0= +=∞ =∞   – ]

             {1 – exp[

( min, δ T t
W

=∞ ×)
%0

––( exp(– /R ) ) ]} mA E T tW
a

W% %0 0⋅ ×
    

(13)

The relative abundance of 1W layers is therefore logically 
determined as:

δ δ δ( , ) ( , ) ( , )  1 –  –  T t
W

T t
W

T t
W% % %1 2 0=  (14)

As we have considered a fi xed thickness for the dehydrated 
layers of 9.7 Å, the average layer thickness (in angstroms) in the 
crystal can be expressed as:

δ δ δ δ( , )
Thick.

( , ) ( , )
 

( ,   T t T t
W

T t
LT W

T t= × +%2 2
)) ( , )

 
( , )  .7% %1 1 0 9W

T t
LT W

T t
W× + ×δ δ .  (15)

Validity of parameters derived from the kinetic analysis is 
proven by the inversion of Equations 12, 13, and 14, for the 
evolution of the relative abundance of layers at 37 and 95 °C in 

TABLE 3. Activation energy of Ca-montmorillonite dehydration from this and other studies
Sample Technique Ea (kJ/mol),  Ea (kJ/mol),  Authors
  First dehydration step Second dehydration step
Ca-montmorillonite (<2 μm) Isothermal thermogravimetry 35.5(5) 47(6) Bray and Redfern (1999)
Ca-montmorillonite (<2 μm) Dynamic thermogravimetry 71 91 Zabat and Van Damme (2000)
Ca-montmorillonite (<2 μm) Diff erential Thermal Analysis 37 185 Poinsignon et al. (1982)
Ca-montmorillonite (<1 μm) Isothermal XRD 84(2) 127(5) This study
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at maximum time can be expressed as a function of temperature 
as:

δ δ δ δ( , )
Thick.

( , ) ( , )
  T t T t

W
T t
LT W

=∞ =∞ =∞= × +%2 2
(( , ) ( , )

 
( , )   .T t

W
T t
LT W

T t
W

=∞ =∞ =∞× + ×% %1 1 0 9δ δ 77 . (16)

In Figure 7a, the layer thickness calculated with Equation 16 
is shown with the corresponding data from the expected values at 
t = ∞ derived from Equation 6. For temperature near 45 °C, this 
model indicates a total variation of the average crystal thickness 
of about 15%. Note that the combination of a temperate climate 
(T < 35 °C) and low humidity in the atmosphere could easily lead 
to these changes. For higher temperature conditions as in nuclear 
waste repositories the reduction of smectite layer thickness would 
be of about 25% and 35% at 100 and 150 °C, respectively. Obvi-
ously, this study is only concerned with the behavior of smectite 
crystals in an open atmosphere where water can evaporate and 
diffuse away. Additional investigation is necessary to assess 
the effect of a confi ned system and of the corresponding crystal 
shrinking on the micro- and macropore sizes and on the clay 
texture, to assess the possible development of cracks.

Although the water content is best quantifi ed using water 
vapor adsorption-desorption experiments (Bérend et al. 1995, 
Cases et al. 1992, 1997; Michot et al. 2005; Rinnert et al. 2005), 
it was shown in part 1 of the present paper that an approximate 

TABLE 4.  Parameters used to calculate the equilibrated values at t 
= ∞ using Equation 11 for the fourth variables i (relative 
abundance 2W and 0W layers and layer thickness of 2W 
and 1W layers)

i δi
(Tmin,t=∞)  δi

(Tmax,t=∞)  T0 ∆T r2

% 2W  0.93 0.00 311.13(28) 3.51(24) 0.994
% 0W 0.024 1.00 385.15(43) 12.83(36) 0.996
LT 2W 15.40 14.90 305.30(11) 3.07(10) 0.997
LT 1W 12.90 11.60 335.23(38) 20.00(35) 0.995
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Figure 6. The original values obtained from XRD modeling fi t 
very well the calculated equations and these kinetic parameters 
can thus be used confi dently for further prediction. However, 
because the system reaches the equilibrium very fast, the values 
obtained at the maximum experimental time are more applicable 
to natural conditions. 

Implications of the defi ned model for natural conditions
The prediction of volume change and water release in soil 

and smectite-based waste barriers are the two most important 
parameters that need to be established. Indeed, the change in 
volume can induce a dramatic modifi cation of the texture by 
the formation of cracks and lead to a much reduced effi ciency 
of the waste barrier.

From Equation 15, the average layer thickness (in angstroms) 

FIGURE 5. Calculated values of some parameters at t = ∞ from Equation 6, as a function of temperature. The lines are a best fi t using Equation 11.
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linear correlation could be found between the layer thicknesses 
of 1W and 2W layers and the total layer water content (Fig. 6 in 
Ferrage et al. 2007). This correlation can be used to derive the 
interlayer water content as a function of temperature. According 
to this correlation, the contribution of water content from mono-
hydrated layers can be expressed as:

δ δ δ( , ) ( , ) ( , ) [T t
nH W

T t
W

T t
L

=∞ =∞ =∞= ×2 0 1 1( ) % TT W 1 2 46 28 38× −. . ]. (17)

And the contribution from bihydrated layers is:

δ δ δ( , ) ( , ) ( , ) [T t
nH W

T t
W

T t
L

=∞ =∞ =∞= ×2 0 2 2( ) % TT W 2 4 46 61 14× −. . ] . (18)

Because the water content in 0W layer is null, the total amount 
of water in the system is:

δ δ δ( , ) ( , ) ( , T t
nH Tot

T t
nH W

T t=∞ =∞ == +2 20 0 1. ( )
∞∞)

nH W2 0 2( ) . (19)

This is the amount of water per unit cell, which can be trans-
formed into a more representative unit; for example, in grams of 
water released per gram of clay. Thus, from Equation 19:

δ δ( ,  )
Tot

( 298.21 K, )T t
nH

T t
nH

=∞ = =∞=2 20 0. ([ 11 0 1
1

2 18W
T t
nH W

W

T

M) ( ) ] /

[

 – ( , )

( 298.2

δ

δ

=∞

=

× +

11 K, ( , ) – t
nH W

T t
nH W

=∞ =∞ ×)
( ) ( ) ] /2 20 2 0 2 18δ MM W2

     (20)

where the total water amount released is then expressed as grams 
of water per gram of clay or liters of water per kilogram of clay as 
respect to the fully hydrated state (initial state). The equations

δ( 298.21 K, )T t
nH W

= =∞
2 0 1( )

and 

δ( 298.21 K, )T t
nH W

= =∞
2 0 2( )

represent the initial water content for mono-hydrated and bihy-
drated layers, respectively, determined at 25 °C using Equations 
17 and 18. M1W and M2W represent the molecular weight of mono-
hydrated and bihydrated layers based on their water content at 
t = 0 (initial state). 

Figure 7b shows the data points from the XRD modeling and 
the calculated lines using Equation 20. For temperatures less 
than 45 °C, the amount of water released, determined using this 
model, represents about 80 mL per kilogram of clay. For higher 
temperatures, up to 100 °C, 130 mL of water per kilogram of 
clay could be released. If this evaporated water could condense 
somewhere else within the clay matrix, it could lead to additional 
processes of pollutant transport or local dissolution. 
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FIGURE 6. Calculated proportion of layers in the several hydration 
states vs. time, for two selected temperatures. The lines and the symbols 
correspond to the predicted values from Equations 12, 13, and 14 and to 
values obtained from XRD profi le modeling, respectively. 

FIGURE 7. (a) Average layer thickness and (b) the corresponding 
water content released as a function of temperature. The lines are 
calculated with Equations 16 and 20, respectively and represent the 
predicted values from the proposed model. Open symbols represent 
extrapolated values at t = ∞ from the XRD profi le modeling procedure 
using Equation 6.
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Further development of the proposed model for                
application to natural systems

The empirical models of layer thickness and water released 
evolution can be used to predict the evolution of the system at 
the crystal scale in a natural context. As discussed by Ferrage 
et al. (2007), the global path of smectite dehydration seems to 
be similar whatever the cause of dehydration (increasing tem-
perature at constant humidity or decreasing relative humidity at 
constant temperature) although the fi nal hydration state differs 
depending on the specifi c physical conditions. As the hydration 
state depends mainly on the nature of the interlayer cation and 
relative humidity, their infl uence needs to be assessed. Studies 
of smectite dehydration in variable conditions and with different 
interlayer cations could be integrated to create a comprehensive 
model of the process at the crystal scale. Finally, supplementary 
studies would be necessary to assess the infl uence of the decrease 
of crystal swelling on macroscopic textural modifi cation. 
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