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ABSTRACT

Smectite, a major barrier material for contaminants in Earth’s critical zone, is a layered aluminosili-
cate mineral with cis-vacant (cv) and trans-vacant (tv) configurations. High-temperature transforma-
tions of smectite are directly related to smectite’s thermal reactions. However, the precise thermal
reaction mechanisms and thermally induced structural transitions of cv and tv smectite remain debated.
In this study, we systematically investigated the mechanism of thermal reactions of cv and tv smectite
models using reactive force field (ReaxFF) molecular dynamics.We explored the deprotonation and the
intralayer dehydration steps of cv and tv smectites at 700 and 900 K. The results revealed that the dehy-
droxylation reaction of cv smectite exhibited more difficulty than tv smectite at 700 K, while demon-
strating less difficulty at 900 K. Furthermore, it was found that the dehydroxylated cv and tv smectites
evolved to a consistent structure spontaneously. Our findings further confirmed that cv smectite has a
higher dehydroxylation temperature than tv smectite and thus provided a theoretical basis for distin-
guishing cv and tv smectites using thermogravimetric analysis (TGA). Moreover, we gathered TGA
data of smectites from different regions, confirming that montmorillonites have a cv structure and
almost all smectites fromChina (over 11 provinces) are cv. This study provides amolecular-level under-
standing of the thermal reaction mechanisms of smectites and a physical basis for further study and
application of smectites.

Keywords: Reactive force field molecular dynamics, metadynamics, smectite, cis-vacant,
trans-vacant, thermal reactions

INTRODUCTION

In recent years, there has been a significant surge of scientific
interest in investigating the properties of smectites due to their
low permeability, high-adsorption capacity, and swelling prop-
erties (Bergaya and Lagaly 2006). These characteristics allow
them to play key roles in various important applications, such
as nuclear waste geologic repositories and natural contaminant
barriers, as well as environmental remediation and material
development (Tournassat et al. 2015; Guimarães and Bobos
2021; Worasith and Goodman 2023).

Smectites undergo spontaneous modification and transfor-
mation as environmental conditions change (Bergaya and
Lagaly 2006). In particular, thermal treatment induces altera-
tions in several properties of smectites, encompassing adsorp-
tion capacities, swelling behavior, thermal conductivity, and
mechanical strength (Heller-Kallai 2013). These changes are
associated with high-temperature transformations influenced
by thermal reactions (Derkowski and Kuligiewicz 2022). There-
fore, a comprehensive understanding of the thermal behavior of
smectites is crucial for elucidating their potential applications
and limitations in both natural and engineering contexts.

Smectite is a family of clay minerals, which consists of two
corner-sharing silicate tetrahedral sheets and one central edge-
sharing alumina octahedral sheet (TOT), exhibiting a 2:1 type

layer structure (Tournassat et al. 2015). In the TOT layer, the octa-
hedral sites are surrounded by four O atoms and two hydroxyl
(OH) groups. According to the position of OH groups, i.e., oppo-
site and adjacent corners, the octahedral sites are distinguished as
trans-octahedra and cis-octahedra. A third of the octahedral sites
are vacant. Hence, the TOT layers can be divided into cis-vacant
(cv) exhibitingC2 symmetry and trans-vacant (tv) structures exhi-
biting C2/m symmetry (Fig. 1a) (Tsipursky and Drits 1984;
Brigatti et al. 2006). The latest research revealed disparities in sur-
face reactivity between the two structures, i.e., the water adsorbed
in the interlayer of cv structures exhibits stronger ordering and
lower density than in tv structures (Subramanian et al. 2020). In
addition, our recent investigations on smectite surface acidity
identified that the edge surfaces of the cv structure exhibit positive
or negative charges depending on the crystal plane orientation
when pH values are below 7, while the tv structure consistently
displays a negative charge in the common pH range (Gao et al.
2023, 2024). These distinctions can affect the smectite adsorption
properties of various pollutants such asmetals or metalloids. How-
ever, despite the extensive utilization of smectites in various fields,
the classification of cv/tv structures in China remains unresolved.

X-ray diffraction (XRD) techniques, transmission electron
microscopy (TEM), and scanning electron microscopy (SEM)
and advanced spectroscopic techniques can be used to directly
identify and discern structural differences between cv and tv
smectites (Manceau et al. 2000; Subramanian et al. 2020;
Orucoglu et al. 2022). However, spectroscopic measurements
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demand high purity, crystallinity, and stability of the smectite
samples, which makes it challenging to achieve successful
observations. Thermogravimetric analysis (TGA) is the earliest
instrumental method applied to clay minerals and serves as the
original method for classifying smectites (Derkowski and
Kuligiewicz 2022). The distinction between cv and tv smectites
can typically be made based on the boundary temperature of
thermal reactions (Lantenois et al. 2008; Emmerich et al. 2009;
Derkowski and Kuligiewicz 2022). Therefore, comprehending the
thermal properties of cv and tv structures is crucial to understand-
ing the thermal behavior of smectite under diverse conditions,
thereby playing a pivotal role in elucidating the fundamental

characteristics of smectite. Nevertheless, there are no investiga-
tions on the distinction of structural types of smectites in China
through relevant techniques.

The thermal reaction of smectite is observed to occur with
increasing temperature, involving interlayer dehydration and
intralayer dehydroxylation reactions, as well as crystallization
of new phases (Heller-Kallai 2013). Dehydroxylation reactions
include deprotonation and dehydration steps and subsequent
structural transformations (Fig. 1b). Deprotonation and dehydra-
tion reactions in the intralayer occur over a broad temperature
range, about 300–800 °C (Derkowski et al. 2012), which is
ascribed to differences in the local structural environments of

FIGURE 1. Octahedral sheet
with tv and cv configurations
(a), dehydroxylation processes
of deprotonation reactions with
cross and on-site mechanism for
cv and tv models, and schematic
of the intralayer dehydration pro-
cess with structural transforma-
tion (b). (Color online.)
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the hydroxyl (OH) groups (Drits et al. 1995; Molina-Montes
et al. 2008a). For instance, it was proposed that the temperature
of dehydroxylation for the tv smectite (around 300–600 °C) is
lower than cv type (above 600 °C) (Derkowski and Kuligiewicz
2022). Drits et al. (1995) assigned the difference to the probabil-
ity of proton transfer in the two structures and the additional Al
cationmigration step in cv smectite, but the specific mechanisms
involved remain unclear. Besides, XRD results revealed that cv
smectites undergo successive dehydroxylation-rehydroxylation
reactions and transform into a tv structure, which implied distor-
tions in the dehydration structures (Drits et al. 1995). Magic
angle spinning nuclear magnetic resonance (MAS NMR) spec-
troscopic and infrared spectroscopy (IR) analysis showed that
alumina octahedra are transformed into a distorted trigonal-bipy-
ramidal five-coordinated structures upon dehydroxylation,
whereas silicate tetrahedra were also distorted but still intact
(Fitzgerald et al. 1996; Wang et al. 2002). Although these spec-
troscopy methods were used to trace structural changes during
high-temperature transformations of smectite, the transforma-
tions still pose challenges to the experimental study of the ther-
mal reaction mechanism due to low crystallinity, disorder, and
dispersion properties (Geiger 2008).

Theoretical calculations provide new methods for thermal
reaction mechanism investigations. Density functional theory
(DFT) calculations were applied to study the energy barrier of
the deprotonation process, and various reaction mechanisms have
been proposed (Stackhouse et al. 2004; Molina-Montes et al.
2008a). However, since the static calculation is unable to take into
account the effect of temperature, it is difficult to provide a rea-
sonable explanation for experimental observations. In recent dec-
ades, molecular dynamics (MD) simulations were also employed
to investigate the deprotonation reaction in tv smectite models,
elucidating both on-site (proton migrates in one octahedron)
and cross (proton migrates in the vacant) mechanisms (Fig. 1b)
as reactivepathways throughmetadynamics (Molina-Montes et al.
2008b, 2008c, 2010, 2013;Muñoz-Santiburcio et al. 2012, 2016).
The energy barrier of the deprotonation step at 900 K suggested
that the cross mechanism is favored over the on-site mechanism
(38.3 vs. 49.9 kcal/mol) (Molina-Montes et al. 2008b). In
addition, the energy barrier of the intralayer dehydration step
(around 19–24 kcal/mol) is lower than the deprotonation step
(Molina-Montes et al. 2013). After intralayer dehydration, five-
coordinated Al sites are further found in the TOT layers
(Molina-Montes et al. 2010). Theoretical studies mentioned
above were all based on the assumption that cv smectite is con-
verted to tv smectite during thermal reactions (Drits et al. 1995),
and thus only the tv smectite model was investigated. However, to
the best of our knowledge, the related conversion and thermal
reaction mechanisms of cv smectite have not been reported.

Molecular simulation methods can be categorized into
quantummechanical and classical mechanical based on the cal-
culation methods (Frenkel and Smit 2002). Quantum mechani-
cal methods directly solve the electronic structures of the
system, which can provide accurate results but are computa-
tionally intensive and only suitable for small systems with lim-
ited simulation timescales (∼tens of picoseconds). Classical
mechanical methods employ empirical force fields to calculate
the potential energy of a system, which enables simulations at

much larger spatial and temporal scales. However, the force
fields widely used in geochemical modeling are not capable
of describing chemical reaction processes, e.g., CLAYFF,
INTERFACE, etc. (Heinz et al. 2013; Cygan et al. 2021).
The Reactive force field (ReaxFF) method has demonstrated
its efficacy in simulating chemical reactions across a wide
range of elements and diverse bonding characteristics (van
Duin et al. 2001; Senftle et al. 2016). Because the force field
is bond-order based, ReaxFFMD can easily reach the timescale
of hundreds of picoseconds. Recently, our group has developed
a ReaxFF force field model containing several of the most com-
mon elements in earth materials under high T-P conditions
(Zhang et al. 2024). The force field has been systematically
tested and proven capable of accurately describing the proper-
ties of various systems involving silicate minerals, including
solids, melts, fluids, interfaces, etc. As a result, it can be effec-
tively utilized for modeling the thermal reactions of layered
silicates.

In this study, we carried out ReaxFF molecular dynamics
modeling to systematically investigate the deprotonation reac-
tion within the cross mechanism of cv and tv smectite models,
as well as intralayer dehydration reactions and thermal transfor-
mations at 700 and 900 K at the atomic level. The free energy
surfaces (FES) and energy barriers of the thermal reactions were
obtained using ReaxFF-based metadynamics, which provided a
basis for applying the criteria to determine the cv/tv transition
using dehydroxylation temperature proposed by Drits et al.
(1995). Then, TGA data were used to categorize the structural
types (cv or tv models) of smectite samples from different geo-
graphic regions. This study provides a fundamental understand-
ing of thermal reaction mechanisms for cv and tv smectites,
offering valuable information for future applications of smec-
tites in various fields.

METHODOLOGY

Models
A3 × 2 × 2 periodic supercell of 15.54 × 17.94 × 20.10Åwas constructed for the

cis-vacant (cv) and trans-vacant (tv) structures (as shown inFig. 2) byusing the cv and
tv unit cell, respectively (Online Materials1 Fig. S1). The model size was examined
using a larger supercell, and the similar results suggest that the model is sufficient
(Online Materials1 Fig. S2). Because the Mg content is much lower than Al in the
octahedral sheets of smectites, dehydroxylation reactions primarily occur at alumi-
num sites. Moreover, the interlayer cations generated by isomorphic substitution
are not the most important factor in the dehydroxylation process (Koster van Gross
and Guggenheum 1989). The presence of interlayer water may impact the dehydrox-
ylation reaction energy but has little effect on the free energy barrier. Therefore, only
electrically neutral structures without interlayer water were taken into account in the
simulations. The mineral formulas of the unit cells of our cv and tv smectite models
wereAl4Si8O20(OH)4. For the dehydratedmodel, half of the hydroxyl groups and the
corresponding number of protons were removed compared to the initial models
(Online Materials1 Fig. S3).

ReaxFF molecular dynamics
The ReaxFF molecular dynamic simulations were performed using reax/c

(Aktulga et al. 2012) in the LAMMPS package (Plimpton 1995). The ReaxFF force
field developed by our group for Si/Al/O/H/Na/K interactions was used to perform
reactive molecular modeling (Zhang et al. 2024). For MD, the simulations were per-
formed in a canonical (NVT) ensemble employing Nóse-Hoover thermostats with a
time step of 0.25 fs at temperatures of 700 and 900 K (Martyna et al. 1992). The
conjugate gradient (CG) algorithmwas used for the structural relaxation calculations
with a convergence criterion of 10–6 kcal/mol.
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Free energy calculations
The high-temperature transformations of smectites are primarily governed by

dehydroxylation reactions (including deprotonation and dehydration steps) below
the critical temperature of amorphization. The thermodynamics of these reactions
are associated with physical-chemical properties, which are dependent on specific
cv/tv structure types. The metadynamics method implemented in the PLUMED2
package was used to quantitatively access the free energy surface (FES) of the ther-
mal reactions subjected to the specific collective variables (CVs) for cv and tv
smectites (Laio and Parrinello 2002; Tribello et al. 2014). Considering the lower
dehydroxylation energy barrier of the cross mechanism in the tv model (Molina-
Montes et al. 2008b) and the opposite position of OH in the aluminum octahedron
in the cvmodel (Fig. 1), it can be inferred that the crossmechanism ismore feasible.
The deprotonation reaction with the cross mechanism involves a proton (H) migra-
tion from one O atom (denoted as Oi) to another O atom across the octahedral
vacancy (denoted as Ocr) (Fig. 3). The distance H-Oi (CV1) and H-Ocr (CV2) were
employed as CVs, consistent with previous studies (Molina-Montes et al. 2008b;
Muñoz-Santiburcio et al. 2012). For the dehydration step, the distance of the mass

center of apical O atom (Oap1 and Oap2) from Oi in the z-direction (dz) served
as CV1 to ensure the release of water within the layer (Fig. 3). Meanwhile, the
distance component in the xy-plane (dxy) was used as CV2 to observe the possible
migration process of water in the interlayer. Additionally, the H-Oi bonds of the
intralayer water molecule (Fig. 3) were constrained to prevent proton dissociation
in the simulations, thereby making the dehydration step possible. The Gaussian
widths for CVs were set to 0.1 Å with a height of 0.2 kcal/mol, which were added
every 25 fs in the metadynamics runs.

Thermogravimetric analysis
Two smectite samples from China (Gaomiaozi) and the U.S.A. (STx) were

purified by using the sedimentation method (Tong et al. 2023). STx-smectite was
obtained from the source clays repository of the Clay Minerals Society (CMS).
TGA of the samples was performed in the range 20∼830 °C using a Linseis PT
1600 thermal analyzer with a dry N2 flow rate of 50 mL/min and a constant heating
rate of 5 °C/min.

RESULTS AND DISCUSSION

Mechanism of thermal transformation

Deprotonation reaction. The deprotonation process of the
cv/tv models involves the continuous breaking and formation
of H-Oi bonds (Online Materials1 Fig. S4), followed by subse-
quent protonation/deprotonation of the surrounding apical O
atoms (Oap in Online Materials1 Fig. S5), which was also found
in previous studies (Muñoz-Santiburcio et al. 2012). The config-
uration of the proton coordinated to the Oap is a reaction interme-
diate accompanied by local deformation (Online Materials1

Fig. S6). The average Si-Oap distance was 1.65 Å, in the typical
range for the silanol group, while the Al-Oap distance was ∼2.43
Å, larger than the Al-O distance in the alumina octahedra (around
2.00 Å). The results indicated the formation of silanol groups in
the dehydroxylation process, which is consistent with experimen-
tal observations (Vantelon et al. 2001). The hydrated products of
cv and tv smectites with water molecules are displayed in Online
Materials1 Figure S7. Both structures exhibit only slight tetrahe-
dral and octahedral distortion, indicating that the deprotonation
step does not cause significant structural changes.

FIGURE 2. The supercell of cv and tv models. Pink, yellow, red, and
white spheres represent Al, Si, O, and H atoms, respectively. (Color
online.)

FIGURE 3. The relevant atom
labels employed in the cv and tv
smectite models: cis-vacant (a) and
trans-vacant (b). (Color online.)
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The 2D-FES reconstructed from the deprotonation reaction
metadynamics simulation at 700 and 900 K are shown in Online
Materials1 Figure S8, as well as the minimum free energy
path projected on CV1 (Fig. 4). The evolution of the CVs is
shown in Online Materials1 Figure S4, suggesting the deproto-
nation reactions were successfully observed. From the free
energy profile with respect to CV1, we estimated the deprotona-
tion free energy barrier through the cross mechanism to be 38.6
and 36.5 kcal/mol for cv and tv smectites at 700 K, respectively,
which indicated that the deprotonation is more difficult to occur
in cv than in tv. At 900 K, FESs revealed that the free energy
barriers of cv and tv smectites were 32.3 and 35.2 kcal/mol,
respectively (Fig. 4). The values obtained for the tv model are
in accordance with the range of previous first-principles molec-
ular dynamics simulations (153.1–208.8 kJ/mol for tv model)
(Molina-Montes et al. 2008b). The results demonstrated that
an increase in temperature causes a decrease in free energy bar-
riers, similar to previous studies (Molina-Montes et al. 2008b;
Muñoz-Santiburcio et al. 2012). In particular, the free energy
barriers of cv smectites exhibited a more significant decrease
(38.6 vs. 32.3 kcal/mol) with increasing temperature, in contrast
to tv smectites (36.5 vs. 35.2 kcal/mol). This implied that the
deprotonation reaction of cv smectite is more sensitive to tem-
perature than the tv, and at the temperature of 900 K, the depro-
tonation reaction is even more feasible.

Intralayer dehydration reaction. We then investigated
the release of the formed water to the interlayer space of cv
and tv smectites at 700 and 900 K, respectively (Fig. 5; Online
Materials1 Fig. S9). With the evolutions of CVs in metadynamics
(Online Materials1 Fig. S4), we successfully observed the release
of water molecules.

In the metadynamics trajectory, the release of water molecules
from the structural layer to the interlayer space occurswithin a few
tens of picoseconds. Subsequently, there is a migration of the
water molecule occurring in the interlayer (Online Materials1

Fig. S4). The reconstructed 2D-FES obtained from the dehydra-
tion reactions of cv and tv smectites at 700 K (Online Materials1

Fig. S9a), together with its projection onto CV1, are depicted in
Figure 5. The free energy barriers of cv and tv smectites were esti-
mated to be 14.2 and 10.3 kcal/mol at 700 K, respectively. The
results demonstrated that the cv smectite exhibits a higher dehy-
dration energy barrier than tv smectite at 700 K. At 900K, the free
energy barriers of cv and tv smectites were observed to be 7.4 and
9.5 kcal/mol, respectively (Fig. 5). Therefore, similar to the depro-
tonation step, the dehydration step ismore sensitive to the temper-
ature in the cv structure. With increasing temperature, the free
energy barrier gets lower for cv than tv.

Dehydroxylation mechanism. The thermal reaction energy
barriers for the deprotonation and intralayer dehydration
steps and the total energy barriers are summarized in Figure 6.

FIGURE 4. The FES
projection on CV1 for
the deprotonation reac-
tion simulations of cv
(a) and tv (b) smectites
with cross mechanism
at 700 and 900 K.
(Color online.)

FIGURE 5. The FES
projection on CV1 for
the intralayer dehydra-
tion reaction simulations
of cv (a) and tv (b) smec-
tites at 700 and 900 K
(Color online.)
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The total energy barrier for the cv smectite at 700 K was higher
by 6 kcal/mol than that of the tv (i.e., 52.8 vs. 46.8 kcal/mol),
indicating that dehydroxylation is more difficult for the cv
smectite than the tv at this temperature. However, as the tem-
perature increases to 900 K, the total energy barrier of the cv
smectite decreased significantly, even lower than that of tv
smectite (i.e., 39.7 vs. 43.7 kcal/mol), which means that the
thermal dehydroxylation reaction becomes relatively feasible
for the cv. As we see, the dehydroxylation reaction of cv smec-
tite demonstrated more sensitivity to elevated temperature,
suggesting that as the temperature increased from 700 to
900 K, the dehydroxylation reaction of cv smectite gets similar
to that of tv smectite. This finding provides a mechanistic basis
for the observed different dehydroxylation temperature ranges
for cv and tv smectites in TGA analysis (Derkowski and Kuli-
giewicz 2022).

To reveal the structures of the dehydroxylation products, we
performed equilibrium ReaxFF molecular dynamics on dehy-
droxylated cv and tv smectites (for the initial see Online Materi-
als1 Fig. S3). Figure 7 illustrated the snapshots of the cv and tv
models at 700 K derived at different simulation times. We car-
ried out an analysis of the structures derived from the simulation
trajectories. The initial structures (i.e., 0 ps) of cv and tv dehy-
droxylated smectites are shown in Figure 7a. The aluminum
sheet consists of unstable five-coordinated aluminum sites, char-
acterized as quadrangular-pyramids, where each site is sur-
rounded by four central O atoms and one bridging O atom
(Ob) (Fig. 7a). It is worth noting that in tv models, the bridging
O atom serves as a single bridge connecting two aluminum
atoms, whereas, in cv dehydroxylation models, the bridging O
atom and one central O atom simultaneously connect two alumi-
num atoms (Fig. 7a), implying that the structural transformation
is more complicated in the cv dehydroxylated model than in the
tv dehydroxylated model.

As structural transformations occur (150 ps), the layer
structure of the cv model was significantly distorted (Fig. 7b).
However, only a slight distortion was observed in the silicate
tetrahedra of the tv smectite during the process, and the Al
quadrangular-pyramid was easily transformed into Al trigo-
nal-bipyramids through the single bridging O atom movement
only (Fig. 7b). Consequently, elevated temperature can
overcome the structural transformation barrier of cv smectite,
thereby significantly reducing the thermal reaction barrier
(39.7 kcal/mol at 900 K and 52.8 kcal/mol at 700 K, respec-
tively), while it is not obvious for tv smectite.

At 300 ps, the dehydroxylated structure of cv and tv smectites
no longer changes significantly and are found to be identical
(Fig. 7c). In this structure, the initial five-coordinated aluminum
sites (quadrangular-pyramid) in bothmodels (Fig. 7a) transformed
into five-coordinated aluminum sites (trigonal-bipyramids)
(Fig. 7c). Meanwhile, the structure found was also consistent with

FIGURE 6. Free energy barriers (in kcal/mol) of thermal reactions for
cv and tv smectites. (Color online.)

FIGURE 7. Snap-
shots of cv and tv smec-
tites dehydration models
at 700 K for 0 ps (a),
150 ps (b), and 300 ps
(c). (Color online.)
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previous simulation studies of the tv smectite dehydroxylated
model (Guggenheim et al. 1987; Molina-Montes et al. 2010;
Muñoz-Santiburcio et al. 2012), which deserves experimental ver-
ification in the future.

Thermogravimetric analysis and China smectite types

The molecular simulation results elucidated the mechanisms
by which the dehydroxylation temperature boundary can be
employed to determine the cv/tv type. Hence, we collected repre-
sentative smectite samples from China (Gaomiaozi) and the
U.S.A. (Stx) and conducted TGA to elucidate the structural types
(Fig. 8). The dehydroxylation temperatures determined by differ-
ential thermal analysis (DTA) were found to be 639 and 674 °C
for Gaomiaozi- and Stx-smectites, respectively. The results indi-
cated that the Gaomiaozi-smectite in China and STx-smectite in
the U.S.A. exhibited characteristics of cv structure. Together with
previous studies (El-Barawy et al. 1986; Ding and Frost 2002;
Wolters and Emmerich 2007; Che et al. 2011; Skoubris et al.

2013; Derkowski andKuligiewicz 2022; Plevová andVaculíková
2024), STx-, SAz-, and SWy-smectites (montmorillonite) were
found to be the cv structures, while SCa-smectite (montmorillon-
ite), SWa-, Nau-, NG-smectites (nontronite), and SBId-smectite
(beidellite) were tv structures. It can also be seen that most mont-
morillonite samples predominantly exhibit cv structure, whereas
nontronite and beidellite primarily exhibit tv structure in Europe
and the U.S.A. (Fig. 9).

Based on a comprehensive review of existing literature, we
summarized the dehydroxylation temperatures from TGA for
smectite samples sourced from various regions across China
(Fig. 10) (Wu et al. 1999; Hou et al. 2003; Qin et al. 2021).
The samples are from 10 provinces in China and are the most
representative smectites in China. As we see, the smectites
from most regions in China exhibit cv structures, which is con-
sistent with previous findings reported in other geographical
areas (Subramanian et al. 2020; Orucoglu et al. 2022). The
peak value of the Santai sample is near 600 °C, and the

FIGURE 8. DTA curves of
Gaomiaozi- (a) and Stx-smectite
(b). (Color online.)

FIGURE 9. Dehydroxylation tem-
peratures range and peak values of
DTA and cv/tv types of smectites from
various regions in Europe and the
U.S.A. (Color online.)

754 GAO ET AL.: THERMAL REACTION MECHANISM OF SMECTITES FROM MD MODELING

American Mineralogist, vol. 110, 2025



temperature range is 525–640 °C, implying that it consists of
both structures. In particular, Gaomiaozi smectite is suggested
as a candidate backfill material for China’s nuclear waste
repository (Chen et al. 2014). Therefore, future research on
the properties of its buffering performance, such as adsorption
and swelling properties, should focus on the cv model. Molec-
ular-level modeling studies on the cv are in urgent need, con-
sidering that most of the previous molecular simulation studies
were based on the tv.

IMPLICATIONS

Our ReaxFF molecular dynamics simulation results eluci-
dated the thermal reaction mechanism and high-temperature
transformation of cis-vacant (cv) and trans-vacant (tv) smectites
at the atomic level. The findings provide a theoretical basis for
the application of the dehydroxylation temperature boundary
method in determining smectite type. We summarized the dehy-
droxylation temperatures of smectite samples from China,
U.S.A., and Europe. Classification results suggested that mon-
tmorillonites predominantly exhibit cv structure, whereas non-
tronite and beidellite are primarily tv structures. Furthermore,
almost all smectites fromChina exhibit cv structures. At themost
fundamental level, our study reveals the thermal behavior differ-
ence between cv and tv smectites, further emphasizing the neces-
sity that the investigation of natural smectite properties should
be grounded in realistic models. Overall, this work serves as a
basis for future applications of smectites in various fields.
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