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ABSTRACT: This study employs computational chemistry to inves-
tigate the detailed mechanisms behind the dissolution of thermally
activated clays, which are emerging as promising supplementary
cementitious materials (SCM) for enhancing concrete properties and
reducing carbon footprint. Specifically, the study employs a first-
principles methodology for obtaining activation energies (ΔEa) involved
in the dissolution of metakaolinite (MK) silicate units using NaOH and
KOH activators. The investigation includes considerations of hydro-
lyzing oxo-bridging covalent bonds, van der Waals (vdW) interactions,
and the influence of water molecules surrounding alkali cations. The
study employs the enhanced dimer method within density functional
theory (DFT) to propose four models for determining the activation
energies required to break oxo-bridging bonds. The results demonstrate that KOH generally requires lower activation energies than
NaOH, particularly when considering vdW interactions. They also highlight the lower activation energy required for commencing
the dissolution of silicate units and emphasize the significance of the hydration shell around cations. The proposed methodology
contributes to establishing a systematic database of atomistic activation energies, essential for atomistic kinetic Monte Carlo
upscaling and mesoscopic forward dissolution rate calculations in clays. This holds relevance in understanding their reactivity within
cementitious materials.

■ INTRODUCTION
Metakaolinite (MK) is the most important constituent of
calcined clays due to its pozzolanic reactivity1,2 and is used in
various applications in the construction industry.3−7 It is used
as a supplementary cementitious material (SCM) for
production of concrete and geopolymer-based8 materials.
When used to replace from 5% up to 20% of the cement by
weight, the resulting concrete is generally more cohesive and
less likely to bleed, possesses higher compressive strength,
reduces associated CO2 emissions and lowers porosity, and
demonstrates greater resistance against attacks by sulfates,
chlorides, and other aggressive substances such as minerals and
organic acids. MK is derived from dehydroxylation (DHX) of
kaolinite9 within a temperature range of 500−700 °C. These
meta-clay-like materials and industrial byproducts are rich in
reactive silica and aluminum, with their reactivity mainly
governed by their dissolution rates. This is also driving the
ecological efficiency in terms of optimized cement replacement
and geopolymers for the lowest carbon footprint.
In cement-based and alkali activated geopolymer applica-

tions, MK exhibits higher initial pozzolan reactivity than other
pozzolans, enhancing the performance of cementitious
materials. However, the primary challenge in using calcined
clay to partially replace cement or as alternative cement-free
binders is managing the variation in their composition and its
effect on hydration or geopolymerization reactivity. Hollanders

et al.2 investigated the pozzolanic reactivity of eight reference
clay samples (four kaolinitic, three smectitic, and one illitic) in
cementitious materials, calcining them at temperatures
between 500 and 900 °C. Kaolinitic clays (K1, K2, K3, and
H1) showed high reactivity across a broad temperature range,
with higher ordered kaolinites (K1 and K2) exhibiting lower
reactivity at 500 °C compared to medium and low ordered
kaolinites (K3 and H1). Na- and Ca-montmorillonite (S1 and
S2) demonstrated optimum calcination temperature at 800 °C,
with reactivity decreasing at higher temperatures (900 °C).
The optimal activation temperature for illitic clay is 900 °C;
however, even at this temperature, only partial amorphization
occurs, limiting its reactivity. The pozzolanic activity ranking is
as follows: kaolinitic clays > Ca-montmorillonite > Na-
montmorillonite > illite > hectorite. Werling et al.10 reported
on the amount of various phases formed during geo-
polymerization by measuring metakaolinite solubility and
amorphous of SiO2 in NaOH solution at diverse concen-
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trations. An increase in the solubility of metakaolinite calcined
at 700 °C was observed with higher NaOH concentrations. In
metakaolinite, Si solubility was below 5% after 24 h and even
after 7 days in 0.01 and 0.1 mol/L NaOH solutions. However,
in 10.79 mol/L NaOH, Si solubility for the identical
metakaolinite reached 65% after 24 h and 80% after 7 days.
The atomistic computational approach has demonstrated its

effectiveness in comprehending the microstructure of cement
clinker,11,12 hydrated cement phases,13,14 and glasses,15

including atomistic configurations’ relationships to their
reactivity. Density functional theory (DFT),16−20 molecular
dynamic (MD),21−25 and ab initio molecular dynamics (MD)
computations are widely used in chemistry and materials
science to explore properties like reaction mechanisms and
mechanical characteristics.26,27 Izadifar et al.12,14 explored the
mesoscopic forward dissolution rate of β-C2S cement clinker
and portlandite under far-from-equilibrium conditions. Their
study relied on atomistic activation energies (ΔEa) obtained
using the MetaD molecular dynamics (MD) computational
method.11,13 In another study, Izadifar et al.28 examined the
nucleation mechanism of alkaline aluminosilicate gels,
including metakaolinite. They based their analysis on the
binding energies of four different monomer species29 using the
coarse-grained Monte Carlo (CGMC) approach. Martin et
al.30 investigated the dissolution of quartz using a kinetic
Monte Carlo (KMC) upscaling approach. They reported the
formation of each pit, the mesoscopic dissolution rates, and the
macroscopic activation energy dependence with ΔG. Most
recently, Coopamootoo and Masoero31 investigated the
dissolution of tricalcium silicate at screw dislocation within
finite grains with various facet orientation combinations but
without any crystallographic defects. They showed that
dissolution occurs through the consumption of kink particles
in a layer-by-layer manner, starting at low-coordinated sites
found at the intersections of facets such as edges and corners,
and that these sites exhibit similar dissolution rates. The
dissolution rates of finite-sized crystals without crystallographic
defects are linearly related to β, consistent with traditional
transition state theory (TST). Chen et al.32 also carried out an
integrated dissolution model for alite (tricalcium silicate)33 to
deal with various hydrodynamics conditions on dissolution
rates, ranging from low to high. They combined surface
topography and ion transport using a kinetic Monte Carlo
model, which addresses both dilute and near-saturated
conditions. Their simulation results generally align well with
the existing references. Valencia et al.34 recently used coarse-
grained Monte Carlo simulations with octree cells to study
geopolymer nucleation at different pH values. Schliemann and
Churakov35,36 employed an ab initio simulation method to
study the atomistic mechanisms of pyrophyllite dissolution on
the (010) surface and the (110) edge surface. Kurganskaya and
Luttge37 employed a kinetic Monte Carlo approach to
investigate the dissolution of phyllosilicates, predicting the
temporal surface evolution dynamics based on the kinetics of
elementary surface reactions. Ayuela et al.38 provided
compelling evidence of the crucial role certain ionic species
play in forming silicate chains within cementitious materials
through first-principles simulations. Their results indicated that
adding nanosilicate can lead to the development of higher-
performance cement-based materials. Dupius et al.39 also
employed metadynamics to demonstrate that the depolyme-
rization of cement silicate skeletons involves hydroxylation
followed by bond-breaking, a finding confirmed in this study.

Their research recommended that the dissolution of these
minerals occurs via the formation of etch pits at opened screw
dislocation cores through the movement and coalescence of
stepwaves.

The dimer method is a method used to optimize transition
states.40 In VASP calculations, the improved dimer method
(IDM) by Heyden et al.41 is implemented, which is a
technique employed for transition state optimization. The
computed minimum energy pathway illustrates how atoms
evolve between initial and final states, with the maximum
potential energy along the dimer axis and minimized along all
other directions representing the activation energy of the
process under investigation. Izadifar et al.42 lately utilized the
improved dimer method (IDM) and the transition-state theory
(TST) through density functional theory (DFT) to compute
the atomistic activation energies necessary for the dissolution
of MK silicate tetrahedra units by water molecules, excluding
the contribution of van der Waals (vdW) interactions under
far-from-equilibrium conditions. It has been noted that the
atomistic activation energy required to break the oxo-bridging
bond to a silicate neighbor is greater than that to an aluminate
neighbor, which is attributed to ionic interactions. It has been
verified by a single imaginary frequency associated with the
reaction coordinate to determine the atomistic activation
energies (energy barrier) involved in the dissolution of silicate
tetrahedra on the MK surfaces of 001 and 001̅. Cheng et al.43

recently employed the dimer method to identify transition
states, which were subsequently confirmed to have only one
imaginary vibrational frequency through DFT calculations. To
identify the transition states of the reaction pathway for
hydrogen evolution reactions (HERs) on pyrrolic-Ru,
pyridinic-Ru (111), and carbon-Ru surfaces under both acidic
and alkaline conditions at equilibrium, Chen et al.44 also
employed the dimer method in DFT calculations.

Understanding the dissolution mechanism of metakaolin is
crucial for optimizing its use as a supplementary cementitious
material and/or as a cement-free geopolymer binder. Insights
into this process enable the development of more efficient and
sustainable construction materials, enhancing their technical
and environmental performance. The following fundamental
research questions need to be answered to enable under-
standing via a bottom-up computational approach: What are
the atomistic energy barriers (activation energies, ΔEa) at the
transition state for the hydrolysis reaction, elucidating NaOH
vs KOH, vdW interactions, and hydration shell effects? How
does the energy change in reaction enthalpy vary under far-
from-equilibrium conditions for the hydrolysis reaction of
silicate tetrahedra’s (SiO4

4−) dissolution in MK? The main
objective of this study is to compute the atomistic ΔEa at the
transition state for the hydrolysis reaction using the IDM
method and to determine the energy change in the reaction
enthalpy under far-from-equilibrium conditions. The compu-
tations, based on TST, aim to determine the atomistic reaction
rates for silicate tetrahedra (SiO4

4−) dissolution in MK,
incorporating two activators of NaOH and KOH with and
without the contribution of vdW interactions and the
hydration shell around cations. Moreover, to facilitate a
comparison of the calculated ΔEa values derived from high-
alkaline environments (NaOH and KOH), we have also
computed the ΔEa values for the hydrolysis reaction,
considering the presence of water molecules with the
contribution of vdW interactions. The results from this study
will fill the gap in data required for performing mesoscopic
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forward dissolution rate calculations, essential for the atomistic
kinetic Monte Carlo (KMC) upscaling approach.

■ METHODOLOGY AND COMPUTATIONAL
MODELS
Computational Details. The density functional theory

(DFT)45 quantum mechanical modeling method was applied
using the Vienna ab initio simulation package (VASP).46−50

Electron−ion interactions were defined using the projector
augmented wave (PAW) method and pseudopotential.51 For
electron exchange and correlation functionals, the generalized
gradient approximation (GGA) with the Perdew−Burke−
Ernzerhof (PBE) parametrization was used.52 The Brillouin
zone sampling was conducted by a well-converged k-sampling
equivalent to a 1 × 1 × 1 Monkhorst−Pack k-points mech-size
for the entire system.53 Structural relaxations employed a well-
converged plane-wave cutoff energy of 400 eV. The
convergence criterion for electronic self-consistent cycles was
set to 1 × 10−3 eV, and ions were relaxed until forces were
below 1 × 10−3 eV/Å. van der Waals interactions were
calculated using the Grimme DFT-D3 dispersion energy
correction with a zero-damping function in the VASP
package.54 Structural analyses of our models were performed
using three-dimensional visualization software of VESTA.55

To effectively discover transition states in chemical
reactions, a combination of interpolation methods and local
saddle-point search algorithms is utilized. Interpolation
methods, like the growing-string method and the nudged-
elastic band, approximate the minimum-energy pathway and
provide a good initial guess for transition states and the
imaginary mode linking reactant and product states. However,
interpolation methods often involve a limited number of
configurations and show slow convergence near the minimum-
energy pathway. Therefore, local methods such as partitioned
rational function optimization or minimum-mode-following
techniques (e.g., dimer or Lanczos methods) are essential to
accurately reach the transition state. Henkelman and Jońnson40

proposed a modified version of the original dimer method,
reducing the number of gradient calculations per cycle from six
to four or three gradients and one energy calculation, thereby
enhancing algorithm performance, especially on noisy
quantum-chemical potential energy surfaces. Comparisons
between this improved dimer method and the well-established
partitioned rational function optimization methods for post-
interpolation transition state identification showed that the
improved dimer method is highly efficient for medium to large
systems. It often succeeds where partitioned rational function
optimization methods fail to converge.41

Structural Preparation. The surface energy (γ)21 for low
Miller index facets has been computed for different surface
orientations of 001, 010, and 100. The surface energies of
0.0057, 0.116, and 0.18 eV/Å were computed for the surface
orientations of 001, 100, and 010, respectively. Therefore, it is
evident that the surface orientation of 001 is the most exposed
and reactive surface in layered clay-derived materials like MK.
The presented metakaolinite (MK) structure belongs to the
001 and 001̅ surfaces of the crystal structure and has been
simulated for dissolution of the silicate tetrahedra (SiO4

4−)
including semiprotonated (hydrogen-bonded) oxygen ions
bonded to the silicate neighbors, as illustrated in Figure 1. The
dissolution of silicate tetrahedra on the MK 001 and 001̅
surfaces depends on different neighboring atoms, representing
bonding via the bridging oxygen between silicate and

aluminum units. It is essential to note that Figures 1A and
1B illustrate the contribution of NaOH and KOH activators
without hydration shell contribution around each activator on
the MK surfaces of 001 and 001̅. Figure 1C shows the initial
structure of the reactant, including a water molecule as the
absorbent on the MK surfaces of 001 and 001̅. Table 1 exhibits

four models (models 1−4) for dissolution of the silicate
tetrahedra (SiO4

4−), labeled as S0S0, A0S0, A0S1, and S0A1,
respectively. Models 1 and 4, and models 2 and 3 represent the
optimized geometric structures of reactants using NaOH or
KOH activators on the MK surfaces of 001̅ and 001,
respectively. Table 2 presents the total computations
conducted to determine the energy barrier (activation energy)
(ΔEa) of the hydrolysis reaction and the energy change of the
reaction enthalpy (ΔH). These calculations consider both the

Figure 1. Illustration of different scenarios, resulting in dissolution of
silicate tetrahedra (SiO4

4−) through (A) sodium hydroxide (NaOH),
(B) potassium hydroxide (KOH), or (C) water (H2O), depending on
the bridging oxygens bonded to the silicate and aluminate
neighboring units. Silicon ions are shown in blue; aluminum cations,
in light blue; oxygen ions, in red; hydrogen protons, in white; sodium
cations, in yellow; potassium cations, in purple.

Table 1. Illustration of Four Scenarios Modeling Optimized
Geometric Structures of Reactants Using NaOH and KOH
Activatorsa

aModels 1−4 are also labeled as S0S0, A0S0, A0S1, and S0A1,
respectively.
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presence and absence of the hydration shell surrounding
cations as well as the contribution of van der Waals (vdW)
interactions.

■ RESULTS AND DISCUSSION
DFT Results without Contribution of Hydration Shell.

Dissolution of silicate tetrahedra (SiO4
4−) in MK depends on

the nature of their neighboring units, which exhibit distinct
bonding characteristics via bridging oxygen with neighboring
silicate ions and aluminum cations, as illustrated in Figure 1.
This process has been promoted using two activators, NaOH
and KOH, both with and without the involvement of the vdW
interaction, as shown in Figures 1A and 1B, respectively.
Additionally, Figure 1C illustrates the impact of water
molecules, which contribute solely through vdW interactions.
As depicted in Figures 1A−1C, the initial scenario (model 1 or
S0S0) occurs when the bridging oxygen (i), linked to the
adjacent silicate neighbor (Si1), undergoes protonation due to
the influence of cations from any activator, e.g., NaOH and
KOH, as depicted in Figures 2 and 3, respectively. The second

scenario (model 2 or A0S0) entails that the bridging oxygen
(j) bonded to the neighboring silicate (Si2) is protonated by a
cation, as shown in Figures 4 and 5. In the third scenario
(model 3 or A0S1), the optimized geometry structure of the
product obtained from the first scenario (model 1C) is used as
an optimized geometry structure of reactant (model 3A),
involving the dissolution of the silicate tetrahedra monomer

through the protonation of the bridging oxygen (j) bonded to
the silicate neighbor (Si2) by cations, as depicted in Figures 6
and 7. In the fourth and last scenario (model 4 or S0A1), the
optimized geometry structure of the product obtained from the
second scenario (model 2C) is exerted as an optimized
geometry structure of the reactant (model 4A), involving the
protonation of the bridging oxygen linked to the silicate
neighbor (Si1) by a cation, as shown in Figures 8 and 9.

In recent study conducted by Liu et al.,56 it was observed
that the oligomerization of poly silicic acid molecules occurs
through lateral attacks accompanied by simultaneous proton
transfer from the incoming molecule. This process leads to the
formation of 5-coordinated silicon species as the transition
state, ultimately leading to the release of a water molecule from
the poly silicic acid structure. Hence, in our recent
publication,42 we benchmarked our IDM against the results

Table 2. Total Various Computations Conducted Aimed to
Determine ΔEa and ΔHa

DFT
vdW/hydration

shell vdW
hydration

shell
excluding vdW/
hydration shell

NaOH yes yes yes yes
KOH yes yes yes yes
H2O no yes no no

aThese calculations utilized first-principles methods, including and
excluding the influence of the hydration shells surrounding cations
and the contribution of van der Waals (vdW) interactions. This
analysis was applied to NaOH, KOH, and H2O as absorbents on the
MK surfaces of 001 and 001̅, employed for all four models.

Figure 2. Model 1. (A) The optimized geometric structure of the
reactant, including the (NaOH)1 molecule as the absorbent on the
MK surface (001̅) with the contribution of vdW interactions (Table
S1) for breaking of the bridging oxygen (i) bonded to the silicate
neighbor (Si2). (B) The transition state was identified at the saddle
point using the improved dimer method. (C) The optimized
geometric structure of the product after full saturation of the bridging
oxygen (i) with sodium cations (ionic bond) bonded to the silicate
neighbor (Si1). The energy barrier (activation energy) of the
hydrolysis reaction (ΔEa) and the energy change of reaction enthalpy
(ΔH) were obtained from first-principles calculations.

Figure 3. Model 1. (A) The optimized geometric structure of the
reactant, including (KOH)1 molecules as the absorbent on the MK
surface (001̅) with the contribution of vdW interactions (Table S3)
for breaking of the bridging oxygen (i) bonded to the silicate neighbor
(Si2). (B) The transition state was identified at the saddle point using
the improved dimer method. (C) The optimized geometric structure
of the product after full saturation of the bridging oxygen (i) with
potassium cations (ionic bond) bonded to the silicate neighbor (Si1).
The energy barrier (activation energy) of the hydrolysis reaction
(ΔEa) and the energy change of reaction enthalpy (ΔH) were
obtained from first-principles calculations.

Figure 4. Model 2. (A) The optimized geometric structure of the
reactant, including (NaOH)2 molecules as the absorbent on the MK
surface (001) with the contribution of vdW interactions (Table S1)
for breaking of the bridging oxygen (j) bonded to the aluminum
neighbor (Al1). (B) The transition state was identified at the saddle
point using the improved dimer method. (C) The optimized
geometric structure of the product after full saturation of the bridging
oxygen (j) with sodium cations (ionic bond) bonded to the silicate
neighbor (Si2). The energy barrier (activation energy) of the
hydrolysis reaction (ΔEa) and the energy change of the reaction
enthalpy (ΔH) were obtained from first-principles calculations.
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published by Liu et al., affirming the excellent repeatability of
their findings. Our IDM implementation has proven to be an
accurate method for evaluating the structure configurations
and calculating the total energy of the new metakaolinite (MK)
system at the saddle point. We have established four distinct
models (scenarios) for the dissolution of silicate tetrahedra
(SiO4

4−) in MK, each incorporating a different activator. The
computation results have been reported in Tables S1−S5,
corresponding to hydrolysis by NaOH and KOH activators
with and without the inclusion of van der Waals (vdW)
interactions as well as in the presence of water molecules as an
activator with the contribution of vdW interactions,
respectively. Based on the computed energies at the reactant,
transition state (TS), and product for each model as outlined
in the tables, the results include the ΔEa for the hydrolysis
reaction in both eV and kJ/mol. Additionally, the tables

provide ΔH reported in eV and kJ/mol for each respective
scenario.

The first scenario represents model 1, depicted in Figures 2
and 3, including (NaOH)1 and (KOH)1 molecules as
absorbents on the MK surface (001̅) with contribution of
vdW interactions for the breaking of the bridging oxygen (i)
bonded to the silicate neighbor (Si2). The initial optimized
structure (Figure 2A), which incorporates NaOH as the
activator, reveals that the sodium cation is positioned 0.08 Å
farther away from the bridging oxygen of (i) in comparison to
the potassium cation in the KOH activator (Figure 3A). In
contrast, at the transition state, the sodium cation approaches
the bridging oxygen (i) more closely compared to the
potassium cation. Simultaneously, the hydroxyl (OH) from
NaOH or KOH bonds to the neighboring silicate ion (Si2),

Figure 5. Model 2. (A) The optimized geometric structure of the
reactant, including (KOH)2 molecules as the absorbent on the MK
surface (001) with the contribution of vdW interactions (Table S3)
for breaking of the bridging oxygen (j) bonded to the aluminum
neighbor (Al1). (B) The transition state was identified at the saddle
point using the improved dimer method. (C) The optimized
geometric structure of the product after full saturation of the bridging
oxygen (j) with potassium cations (ionic bond) bonded to the silicate
neighbor (Si2). The energy barrier (activation energy) of the
hydrolysis reaction (ΔEa) and the energy change of reaction enthalpy
(ΔH) were obtained from first-principles calculations.

Figure 6. Model 3. (A) The optimized geometric structure of the reactant, including (NaOH)3 molecules as the absorbent on the MK surface
(001) obtained from model 1C (Figure 2) with the contribution of vdW interactions (Table S1) for breaking of the bridging oxygen (j) bonded to
the aluminum neighbor (Al1). (B) The transition state was identified at the saddle point using the improved dimer method. (C) The optimized
geometric structure of the product after full saturation of the bridging oxygens (i, j) with two sodium cations (ionic bond) bonded to the silicate
neighbors (Si1, Si2). The energy barrier (activation energy) of the hydrolysis reaction (ΔEa) and the energy change of reaction enthalpy (ΔH)
were obtained from first-principles calculations.

Figure 7. Model 3. (A) The optimized geometric structure of the
reactant, including (KOH)3 molecules as the absorbent on the MK
surface (001) obtained from model 1C (Figure 3) with the
contribution of vdW interactions (Table S3) for breaking of the
bridging oxygen (j) bonded to the aluminum neighbor (Al1). (B) The
transition state was identified at the saddle point using the improved
dimer method. (C) The optimized geometric structure of the product
after full saturation of the bridging oxygen (i, j) with two potassium
cations (ionic bond) bonded to the silicate neighbors (Si1, Si2). The
energy barrier (activation energy) of the hydrolysis reaction (ΔEa)
and the energy change of reaction enthalpy (ΔH) were obtained from
first-principles calculations.
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leading to the creation of a trigonal-bipyramidal silicate
structure with 5-fold coordination. Upon achieving the
optimized geometric structure of the product, the bridging
oxygen (i) breaks from Si2, resulting in the formation of
silicate tetrahedra with 4-fold coordination for Si2. Addition-
ally, the bridging oxygen (i) becomes saturated with the
neighboring Na or K cations. In contrast to the initial structure,
the ground state structure, obtained as the optimized
geometry, reveals that the sodium cation (Figure 2A) is
positioned 0.63 Å closer to the bridging oxygen (i) in

comparison to the potassium cation in the KOH activator
(Figure 3A).

Figures 4 and 5 illustrate the second scenario, referred to as
model 2, which includes (NaOH)2 and (KOH)2 molecules as
absorbents on the MK surface (001). This model considers the
contribution of vdW to break the bridging oxygen (j) bonded
to the aluminum neighbor (Al1). The distribution of electron
density within the molecule, influenced by the electronegativity
of the cations, potentially affects bond lengths, resulting in a
shorter bond length for the Na cation (2.26 Å) due to its
higher electronegativity with respect to OH compared to the K
cation (2.62 Å) in the initial optimized structure. At the
transition state, the OH group approaches Al1 by 0.07 Å (from
1.79 to 1.72 Å) for both systems, as depicted in Figures 4B and
5B. Additionally, both sodium and potassium cations approach
the bridging oxygen (j) more closely. The optimized geometric
structure of the product is achieved as the bridging oxygen (j)
breaks from neighboring Al1, resulting in the formation of an
ionic bond between the dangling oxygen (j) bonded to the
silicate neighbor (Si2) and cations. Due to higher electro-
negativity, the Na cation also gets 0.35 Å closer to dangling
oxygen (j) in comparison to the K cation.

The initial optimized structures are depicted in Figures 6A
and 7A, representing the third scenario introduced as model 3,
derived from model 1C in Figures 2 and 3, respectively. In
both of these initial models, the Na cation exhibits a shorter
bond length with OH due to higher electronegativity when
compared to the K cation. Like model 2, at the transition state,
the OH group approaches Al1, and both sodium and
potassium cations draw closer to the bridging oxygen (j).
The product’s optimized geometric structure is achieved as the
bridging oxygen (j) debonded from the neighboring Al1,
leading to the formation of an ionic bond between the dangling
oxygen (j) bonded to the silicate neighbor (Si2) and the
cation, along with the dissolution of SiO(OH)3− Na+. The

Figure 8. Model 4. (A) The optimized geometric structure of the reactant, including (NaOH)4 molecules as the absorbent on the MK surface
(001̅) obtained from model 2C (Figure 4) with the contribution of vdW interactions (Table S1) for breaking of the bridging oxygen (i) bonded to
the silicate neighbor (Si2). (B) The transition state was identified at the saddle point using the improved dimer method. (C) The optimized
geometric structure of the product after full saturation of the bridging oxygens (i, j) with two sodium cations (ionic bond) bonded to the silicate
neighbors (Si1, Si2). The energy barrier (activation energy) of the hydrolysis reaction (ΔEa) and the energy change of reaction enthalpy (ΔH)
obtained from first-principles calculations.

Figure 9. Model 4. (A) The optimized geometric structure of the
reactant, including (KOH)4 molecules acting as the absorbent on the
MK surface of (001̅) obtained from model 2C (Figure 5) with the
contribution of vdW interactions (Table S3) for breaking of the
bridging oxygen (i) bonded to the silicate neighbor (Si2). (B) The
transition state was identified at the saddle point using the improved
dimer method. (C) The optimized geometric structure of the product
after full saturation of the bridging oxygen (i, j) with two potassium
cations (ionic bond) bonded to the silicate neighbors (Si1, Si2). The
energy barrier (activation energy) of the hydrolysis reaction (ΔEa)
and the energy change of reaction enthalpy (ΔH) were obtained from
first-principles calculations.
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fourth and final scenario presented as model 4, derived from
model 2C in Figures 4 and 5, is denoted in Figures 8A and 9A,
respectively. In this model, dissolution of SiO(OH)3− Na+ also
takes place when the (NaOH)4 or (KOH)4 molecules as the
absorbent break the bond between bridging oxygen (i) and
Si2, leading to the full saturation of oxygen (i) with K or Na
cations.
The ΔEa attained for the hydrolysis reaction in the presence

of the KOH activator (precise values also presented in Tables
S3 and S4) is more negative or less positive than NaOH
(precise values also presented in Tables S1 and S2) in both
systems, whether vdW interactions contribute or not. This
indicates that the activation energy required for the KOH
reactant to reach the transition state is lower than that for the
NaOH reactant. In simpler terms, the KOH reactant
undergoes the reaction more readily. In other words, it is
kinetically more negative or less positive under certain
conditions, compared to the NaOH reactant. The computed
energy changes in reaction enthalpy (ΔH) indicate that model
1, which represents the breaking of the oxo-bridging bond to
the silicate neighbor (Si2), and model 2, which represents the
breaking of the oxo-bridging bond to the aluminum neighbor
(Al1) in the presence of the KOH activator for both with and
without the involvement of vdW interactions, exhibit more

negative or less positive enthalpy energies in comparison to the
NaOH reactant. On the other hand, models 3 and 4,
representing the dissolution of SiO(OH)3−K+ in the presence
of the KOH activator for both systems with and without vdW
interactions (precise values also presented in Tables S3 and
S4), demonstrate less negative or more positive enthalpy
energies in comparison to the NaOH reactant (precise values
also presented in Tables S1 and S2). Moreover, the highest
(less negative or more positive) and lowest (more negative or
less positive) ΔEa needed to initiate the reaction for breaking
the bond are presented in models 4 and 1 with either an
NaOH or KOH activator under conditions with and without
the involvement of the vdW interactions (precise values also
presented in Tables S1−S4), respectively. In contrast, models
4 and 1 with a water molecule under conditions with the
involvement of vdW interactions, as presented in Table S5,
exhibit the lowest (more negative or less positive) and the
highest (less negative or more positive) activation energies,
respectively.
DFT Results with Contribution of Hydration Shell. To

thoroughly understand the impact of the hydration shell on
both the activation energy (ΔEa) of a hydrolysis reaction and
the energy change in reaction enthalpy (ΔH) computations,
we focus on identical molecular structures depicted in Figures

Figure 10. (A−D) Minimum energy path for computation of the energy barrier (activation energy) of the hydrolysis reaction (ΔEa) along with the
associated energy change in reaction enthalpy (ΔH), including (NaOH)1−4 absorbents surrounded by hydration shells with the contribution of
vdW interactions as presented for four models (1−4), respectively.
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1A and 1B. Each activator within these structures is
surrounded by precisely three water molecules. This deliberate
selection allows for a consistent comparison and assessment of
the subtle nuances arising from the hydration shell’s influence.

Irrespective of the considerations from model 1, our
investigation reveals that the activation energies (ΔEa)
obtained for the hydrolysis reaction in the presence of the
KOH activator consistently exhibit greater favorability when

Figure 11. (A−D) Minimum energy path for computation of the energy barrier (activation energy) of the hydrolysis reaction (ΔEa) along with the
associated energy change in reaction enthalpy (ΔH), including (KOH)1−4 absorbents surrounded by hydration shells with the contribution of vdW
interactions as presented for four models (1−4), respectively.

Figure 12. Comparing ΔEa computed for four models with and without vdW interaction contributions, under the influence of NaOH or KOH
activators, without (A) and with (B) hydration shells. Models 1−4 are also labeled as S0S0, A0S0, A0S1, and S0A1, respectively.
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compared to those with NaOH. Yao et al.57 and Hu et al.58

experimentally illustrated that the geopolymerization rate in
KOH solution significantly outpaces that in NaOH solution,
highlighting the heightened reactivity of KOH compared to
NaOH. This trend holds true across both systems, whether
vdW interactions are considered or not. The minimum energy
path versus kinetic barrier representations in Figures 10, 11,
S1, and S2 vividly illustrate this pattern, emphasizing the
noteworthy advantage of KOH over NaOH in influencing the
activation energy of the hydrolysis reaction. Upon meticulous
examination of the data extracted from the figures, a distinctive
trend emerges with respect to the enthalpy energies associated
with the breaking of the oxo-bridging bond to the silicate
neighbor (Si2) in model 3. It becomes evident that all values
pertaining to both KOH and NaOH activators in this model 3
exhibit less negative or more positive enthalpy energies,
indicative of an endothermic reaction. This nuanced
observation sheds light on the intricate interplay between
activators and the enthalpy changes during the breaking of
specific bonds, offering valuable insights into the thermody-
namic aspects of the hydrolysis reaction under consideration.
Furthermore, it has been observed that in model 2, the
majority of activation energies required to break the oxo-
bridging bond to the aluminum neighbor (Al1) are lower than
those in all other models across both systems and activators.

■ DISCUSSION
Figure 12 depicts various bond types without (A) and with (B)
the hydration shell contribution. It also demonstrates the
noticeable effect of water molecules around the cation and OH
group, applied to the surface of MK exactly above the targeted
oxo binding (−O−), where it will split during the hydrolysis
reaction, emphasizing the importance of incorporating van der
Waals interactions for water simulations. This emphasizes the
necessity of accounting for the influence of liquid water with
dissolved cations and OH groups, which can significantly
impact the scenario. It is advisible to proceed with the lowest
number of water molecules to compute the activation energy in
a conservative manner because increasing the water shell
around cations typically reduces the energy barrier or
activation energy for dissolution processes. This is primarily
due to the stabilizing effect of the hydration shell, which shields
the cations and facilitates their interaction with the
surrounding solvent molecules. By surrounding the cations
with water molecules, the hydration shell effectively lowers the
energy required for the cations to break away from the solid
phase and enter the solution, thus reducing the overall
activation energy of the dissolution reaction. It is evident that
none of the four presented models exhibit ΔEa values lower
than 1 eV (96.485 kJ/mol) in the absence of hydration shells
around cations, as illustrated in Figure 12A. However, 37.5% of
the ΔEa values with the influence of hydration shells around
cations are less than 1 eV (96.485 kJ/mol), as shown in Figure
12B. Moreover, 50%, and 75% of the ΔEa values are observed
for models lower than 1.55 eV (150 kJ/mol) in the absence
and presence of hydration shells, respectively. Overall, it is
clear that the presence of a hydration shell around cations leads
to a less demanding ΔEa values compared with when hydration
shells are absent around cations. Comparing our results with
former studies, Pelmenschikov et al.59 reported that hydrolysis
of the (OH)3Si−O−Si(OH)3 linkage of β-cristobalite by single
water molecules in a cluster with Q1-Q1 configuration requires
an activation energy of 71 kJ/mol. Moreover, for the cluster

model of the siloxane bridge, the activation energy of 95 kJ/
mol is required for hydrolysis of the Si−O−Si. Nangia and
Garrison60 also computed the activation energy value of 157
kJ/mol for hydrolysis of the Si−O−Si bridge bond by an H2O
activator in a quartz cluster with Q1-Q2 configuration using ab
initio density functional theory calculations, which is almost
identical to our computation (161.13 kJ/mol, as shown in
Table S5). In another study, Nangia and Garrison61 also
reported that the activation energy for the hydrolysis of the
Si−O−Si bridge bond in a quartz cluster decreases at higher
pH levels, a finding we have confirmed here. Recently, we
demonstrated that our approach establishes a foundation for
future studies of aluminosilicate dissolution mechanisms. This
is based on a systematic database of atomistic activation
energies derived from various scenarios using DFT (or MD)
computational methods. Consequently, this facilitates meso-
scopic forward dissolution rate calculations, which are essential
for developing an atomistic kinetic Monte Carlo (KMC)
upscaling model.

■ CONCLUSIONS
This work employs an improved dimer method (IDM) within
the density functional theory (DFT) computational quantum
mechanical modeling method to optimize transition states and
calculate enthalpy activation energies for silicate dissolution
mechanisms from metakaolinite (MK). Reaction mechanisms
involve breaking oxo-bridging bonds between two silicates and
silicate−aluminate MK units under far-from-equilibrium
conditions. In this way, four distinct scenarios were presented,
considering two different activators, NaOH and KOH, with
and without the inclusion of van der Waals (vdW) interactions.
Furthermore, it examines the influence of water molecules
(hydration shell) surrounding alkali cations as well as
incorporating vdW interactions to compute the activation
energies required to break oxo-bridging bonds between silicate
or aluminate units at the TST. The results revealed that the Na
cation forms a shorter bond length with OH due to higher
electronegativity when compared to the K cation. The optimal
activation energy for initiating the reaction is identified during
the breaking of the initial bridging oxygen bonded to the
silicate neighbor. Conversely, the least favorable activation
energy is observed when breaking the final bridging oxygen
bonded to the silicate neighbor, as the bridging oxygen bonded
to aluminum is already broken, leading to the dissolution of
silica species SiO(OH)3− Na+. The obtained database of
atomistic activation energies is crucial for scaling up dissolution
rate computations using atomistic kinetic Monte Carlo (KMC)
to obtain mesoscopic forward dissolution rates. Further
research is needed to investigate other crystal surfaces to
provide additional inputs for KMC upscaling.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
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Energy barrier (activation energy) for the hydrolysis
reaction (ΔEa) and the energy change of reaction
enthalpy (ΔH) computations for four presented models
with contribution of vdW interactions, hydrolyzed by
NaOH activator, Table S1; without contribution of vdW
interaction, hydrolyzed by NaOH activator, Table S2;
with contribution of vdW interaction, hydrolyzed by
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KOH activator, Table S3; without contribution of vdW
interaction, hydrolyzed by KOH activator, Table S4;
with contribution of vdW interaction, hydrolyzed by
H2O activator, Table S5; minimum energy path for
computation of energy barrier (activation energy) of the
hydrolysis reaction (ΔEa), along with the associated
energy change in reaction enthalpy (ΔH) without
contribution of vdW interactions as presented for four
models (1−4) surrounded by hydration shells, including
(NaOH)1−4 absorbents, Figure S1; including (KOH)1−4
absorbents, Figure S2 (PDF)
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