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A B S T R A C T

Alkali and alkali earth metal ions are normally present in the gels of alkali-activated materials as well as blended 
PC-based materials. Previous studies have revealed that the leaching of these cations can trigger the change in gel 
structure and even the gel decomposition. However, the dissolution of cations was rarely known and the un-
derlying mechanisms remained unclear. To address this issue, five calcium-(sodium, potassium-)aluminum-sili-
cate hydrates (C-(N,K-)A-S-H gels) with different Ca/Si ratios (0.8–1.2) and Al/Si ratios (0.1–0.3) were 
synthesized to investigate the leaching behaviour of Ca, Na and K. For the first time, the dissolution free energies 
of Ca, Na and K in C-(N,K-)A-S-H gels were calculated using molecular dynamics simulations with the meta-
dynamics method. Experimental results showed that Na showed the highest leaching ratio, followed by K and Ca, 
attributed to the lowest dissolution free energy of Na. The gel with a higher Ca/Si ratio or a lower Al/Si ratio 
showed higher charge positivity on the surface, resulting in reduced leaching of the three cations. Additionally, 
the presence of K was found to promote the dissolution of Na in gels.

1. Introduction

Calcium-silicate-hydrate (C-S-H) gels serve as the foundational hy-
dration products within cementitious materials, which play a pivotal 
role in the mechanical properties and durability of concrete structures 
[1]. Calcium-(aluminium-)silicate-hydrate (C-(A-)S–H) gels, emerging 
as variants to the conventional C-S-H gels, tend to form in hardened 
cement systems with the integration of some Al-rich supplementary 
cementitious materials (SCMs) such as fly ash and calcined clay [2]. The 
strategic incorporation of SCMs is of great importance in concrete 
technology. This approach not only facilitates the consumption of excess 
portlandite, resulting in a denser microstructure but also decreases the 
demand for cement. Consequently, it can reduce the carbon footprint in 
the concrete industry and aligns with global initiatives towards 
achieving net-zero emissions. To this end, an increasing number of solid 
waste materials have been utilized as binders, with some natural 

pozzolans containing a large portion of bound alkalis [3]. This not only 
results in an increased pH in the pore solution but also promotes the 
uptake of alkalis by gels. Alternatively, in formulations with lower 
cement content or even in cement-free binders, researchers employ al-
kali activators instead of water to enhance the reactivity of SCMs (or 
precursors), successfully producing sustainable construction materials 
known as “alkali-activated materials” (AAMs) or geopolymer [4]. Most 
of these materials have been proven to efficiently lower carbonation 
emissions in building sections [5].

Due to the high reactivity of Ca-rich precursor and free of high- 
temperature curing, slag blended AAMs, also known as alkali- 
activated slag (AAS), have garnered significant interest in both aca-
demic research and engineering practice. C-(N,K-)A-S-H gels are the 
primary reaction products in AAS systems. Compared with the C-(A-) 
S–H gel in PC-based systems, C-(N,K-)A-S-H gels show lower Ca/(Si +
Al) ratios (0.6–1.2) and higher Al/Si ratios (0.1–0.3) [6,7], resulting in a 
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more cross-linked structure (primarily Q2, with some Q1 and Q3) [8,9]. 
Moreover, it is noteworthy that not only Ca ions but also alkali metal 
ions like Na and K ions can be intercalated into the interlayer of C-(N,K-) 
A-S-H gels, effectively compensating for the negative charges induced by 
the high Al substitution for Si [10,11].

To eliminate the interference of other phases in pastes or concrete, 
researchers have employed synthetic gels to study their chemical and 
physical properties. Myers et al. [11] investigated the relationship be-
tween the structure and chemical composition of C-(N,K-)A-S-H gels 
under equilibrium at 50 ◦C. The gels synthesized using alkaline hy-
droxide solutions exhibited increased basal spacing with lower Ca and 
higher alkali contents, while Al content showed a limited impact. 
Garcia-Lodeiro et al. [12] studied the compatibility between synthetic 
C-A-S-H gels and N-A-S-H gels. In the presence of Ca, N-A-S-H gels 
remained stable only at a pH below 12. Beyond this range, Ca began to 
disrupt the three-dimensional structure of N-A-S-H gels, leading to the 
formation of C-(N-)A-S-H gels. Wang et al. [13] explored the degrada-
tion of synthetic C-(N-)A-S-H and N-A-S-H gels exposed to sulfuric acid 
solutions. Both types of gels showed a higher degree of polymerization 
upon exposure. In addition, dealumination and decalcification in the 
C-(N-)A-S-H gels were observed, along with a considerable and rapid 
loss of Na and a minor loss of Si. Liu et al. [14] investigated the structural 
change in synthetic C-(N-)A-S-H gels under water immersion and found 
that the leaching of Na triggered the structural change of C-(N-)A-S-H 
gels. The charge-compensating role of the leached Na in the interlayer 
was taken over by intralayer Ca, resulting in the decalcification of sili-
cate chains and the formation of a more crosslinked gel structure.

In addition to experimental characterizations, atomic simulations 
including density functional theory (DFT), molecular dynamics (MD) 
simulation and Grand Canonical Monte Carlo (GCMC) simulation are 
powerful strategies for probing the intricate details of gel atomic 
structure, intrinsic mechanical properties and chemical resistance of the 
gels [15,16]. However, most studies focus on C-(A-)S-H gels. Qomi et al. 
[17] theoretically confirmed the affinity of Al-Si substitution at the 
bridging site of silicate chains. In addition, the replacement of interlayer 
Ca with Al has been identified as a healing process, leading to the for-
mation of [AlO5] and [AlO6] species. These substitutions contributed to 
an increased mean silicate chain length, enhanced cross-linkage be-
tween layers and improved mechanical properties. Churakov et al. [18] 
found that the chemical affinity of Al within C-S-H gels was influenced 
by both electrostatic interactions and the molar ratio of Al(OH)4

- /SiO 
(OH)3

- . The most pronounced affinity for Al occurred at pH~11.5, which 
corresponded to the maximum concentration of SiO(OH)3

- . Hou et al. 
[19–21] delved into the transport of water and ions within the nanopore 
of C-(A-)S-H gels (Ca/Si = 0.75 and Al/Si = 0–0.2). Their findings 
indicated that the presence of Al at the surface of C-(A-)S-H gels 
heightened the electronegativity of the solid oxygen atoms. Conse-
quently, this polarization intensified the dipole moment of surface water 
molecules, reinforcing the interfacial hydrogen bonding and prolonging 
the residence time of water near the aluminate substrate. In a recent 
publication [22], Tao et al. revealed the accelerated decalcification 
mechanism of C-S-H gels exposed to seawater using the metadynamics 
simulation method. The “ion exchange” between surface Ca and elec-
trical double layers significantly reduced the dissolution free energy of 
Ca in seawater.

Previous experimental and computational investigations have shown 
that limited research has concentrated on the leaching behaviours of 
cations in C-(N,K-)A-S-H gels, especially concerning alkali metal ions. 
The inclusion of alkali metal ions is one of the most distinguishing 
characteristics of C-(N,K-)A-S-H gels compared to C-(A-)S-H gels. Ac-
cording to [11,13,14], the leaching amount of alkali metal ions in C-(N, 
K-)A-S-H gels was considerably higher than that of other ions, which 
presented specific challenges for AAS materials. On one hand, the 
leaching of alkali metal ions can alter the gel structure [14], potentially 
leading to gel decomposition and reduced mechanical properties of AAS 
materials after long-term water immersion [23–25]. On the other hand, 

efflorescence, characterized by the appearance of white deposits on or 
beneath the surface of materials [26], presents both cosmetic and 
structural problems for AAMs [27]. The formation of efflorescence has 
been directly related to the leaching of alkali metal ions [28]. Finally, 
the leaching stability of K in gels has been scarcely involved in the 
existing literature. Gaining insight into this issue would enhance our 
comprehension of the binding stability of K with gels and how it differs 
from that of Na. To sum up, it is of great importance to understand the 
dissolution of cations in C-(N,K-)A-S-H gels.

In this study, five C-(N,K-)A-S-H gels were synthesized with different 
Ca/Si ratios (0.8 and 1.2), Al/Si ratios (0.1 and 0.3) and alkali types (Na 
and K), representing the typical compositions of gels in AAS systems. We 
measured the ion concentration in the leachate of gels subjected to 
deionized water immersion with time and quantified the leaching ratio 
of cations from the gels. Solid-state 23Na magic angle spinning (MAS) 
nuclear magnetic resonance (NMR) was performed to explore the co-
ordination condition and mobility of Na within the gels. Additionally, C- 
(N,K-)A-S-H gel models were constructed by cleaving the gel structure 
along the interlayers to form 5 nm slit pores. The dissolution free en-
ergies of Ca, Na and K ions from different gel surfaces were calculated 
using MD simulations with the metadynamics method. Then, scattered 
alkali hydroxide molecules were randomly introduced into the nanopore 
to study the atomic density and the diffusion coefficient of cations at 
different distances from the gel substrates. We hope the insights of this 
work can provide compelling knowledge to better understand the 
dissolution behaviours of cations within C-(N,K-)A-S-H gels.

2. Experiments

2.1. Gel synthesis

The sol-gel method has garnered increasing interest in recent years 
due to its repeatability, controllability, and efficiency. In this work, the 
gels were synthesized through this method as described in [14]. The 
synthetic gels were classified into two types based on the presence or 
absence of K: C-(N-)A-S-H gels and C-(N,K-)A-S-H gels. For the C-(N-) 
A-S-H gels, a 0.6 M Na2SiO3 solution, a 0.12 M Al(NO3)3 solution, and a 
0.24 M Ca(NO3)2 solution were prepared using analytical reagent (AR) 
chemicals and deionized water to serve as the sources of Si, Al, and Ca, 
respectively. A 10 M NaOH solution was used to maintain the pH above 
14, which was similar to the pH of the pore solution in normal AAS 
systems [23]. For the C-(N,K-)A-S-H gels, the sources of Si, Al and Ca 
were identical to those mentioned above, while K was supplied by a 10 
M KOH solution that also served to adjust the pH.

The proportions of chemical solutions are detailed in Table 1. For all 
gels with a target Ca/Si ratio of 0.8, the molar Ca/Si ratio calculated 
from the precursor solutions was lower than 0.8 due to the high solu-
bility of Si and Al and the relatively low solubility of Ca under strong 
alkaline conditions [14]. The gels were labelled using the format “target 
Ca/Si ratio_target Al/Si ratio_target percentage of alkali metal ions”. For 
instance, “0.8_0.3_50Na50K” indicated a gel with a Ca/Si ratio of 0.8, an 
Al/Si ratio of 0.3, and a Na/K ratio of 50/50. The Ca/Si (0.8 and 1.2) and 
Al/Si (0.1 and 0.3) ratios were tailored to cover the common range of 
elemental ratios in AAS systems [23]. The gels labelled “0.8_0.1_100Na”, 
“0.8_0.3_100Na” and “1.2_0.3_100Na” were used to study the impact of 
varying elemental ratios on the dissolution behaviour of cations, while 

Table 1 
Component of chemical solutions for gel synthesis (unit: ml).

Na2SiO3 Ca(NO3)2 Al(NO3)3 NaOH KOH H2O

0.8_0.1_100Na 80 100 40 50 – 80
0.8_0.3_100Na 80 100 120 50 – –
0.8_0.3_50Na50K 80 100 120 25 25 –
0.8_0.3_10Na90K 80 100 120 0 50 –
1.2_0.3_100Na 50 150 75 50 – 25
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the gels labelled “0.8_0.3_100Na”, “0.8_0.3_50Na50K” and 
“0.8_0.3_10Na90K” were employed to specifically investigate the 
dissolution behaviour of Na and K ions.

In a glove box with N2 atmosphere, the solutions were meticulously 
introduced dropwise into a conical flask in the following order: NaOH/ 
KOH, Na2SiO3, Al(NO3)3, Ca(NO3)2 solutions and deionized water [29]. 
The solutions were continuously stirred by magnetic stirrers within the 
airtight conical flasks. After 7 d of reaction, the resulting fresh solid was 
centrifugated, collected and washed. The cleaning process involved an 
ultrasonic bath using deionized water three times and absolute ethanol 
once, with each treatment lasting 2 min, to remove ions adhered to the 
gel [30]. The washed gel was then dried in a vacuum freeze dryer until a 
constant weight was achieved. Subsequently, the dried gel was carefully 
stored in a desiccator, where a RH of 30 % was maintained by a satu-
rated CaCl2 solution [31].

The chemical composition of gels measured by X-ray fluorescence 
(XRF), along with the calculated atomic ratios of synthetic gels are 
presented in Table 2. The obtained atomic ratios of gels closely aligned 
with the designated values. A comparison among the 0.8_0.3_100Na, 
0.8_0.3_50Na50K and 0.8_0.3_10Na90K gels revealed that a higher K 
content resulted in lower contents of Ca and Na. This was probably due 
to the competition among Ca, K and Na ions in gels. The phase assem-
blage of the synthetic gels was identified by XRD using a Bruker D8 
Advance diffractometer with CuKα radiation (1.54 Å), a step size of 
0.02◦ and a dwell time of 5 s per step.

2.2. Leaching test

In order to monitor the leaching behaviour of the gels, around 0.500 
g (± 0.005 g) of gels were immersed in 100 ml of deionized water within 
a polyethene bottle at 20 ◦C. The bottle was shaken every 10 min for the 
first hour and then every 30 min from 1 h to 6h. After 5 min, 10 min, 30 
min, 1 h, 3 h, and 6 h of water immersion, the leachate was extracted 
using a 0.22 μm syringe-driven filter by Millex®, respectively. The ion 
concentration of Si, Al, Ca, Na, and K in the obtained leachate was 
measured using a PerkinElmer Optima 5300DV ICP-OES spectrometer. 
All samples were diluted and acidified using nitric acid (0.2 vol%). For 
each sample, ion concentrations were measured in duplicate, and we 
used the average of these two measurements as the final result. If the 
deviation between the two measurements exceeded 10 %, a third mea-
surement was performed.

The “leaching amount” of ions from gels can be directly determined 
through ICP results. However, to calculate the “leaching ratio”, the 
“total amount” of each ion in the gel needed to be determined first. 
Around 0.100 g (± 0.005 g) of synthetic gels were dissolved into 100 ml 
of 0.1 M HCl solution at 20 ◦C [32]. Upon the complete dissolution of the 
solid phase, the leachate was collected and ion concentration was 
measured by ICP-OES. Finally, the “leaching ratio” of ions could be 
calculated as the “leaching amount”/“total amount”, which can be 
regarded as the “leaching potential” of ions. The term “leaching poten-
tial” refers to the ability of a substance to migrate from solid materials 
into liquid media. This concept has been widely used in studies on the 
leaching of heavy metal ions from solid waste and soil [33–35]. In other 
words, a higher leaching ratio indicates a higher leaching potential of 
ions.

2.3. 23Na MAS NMR

23Na MAS NMR spectroscopy was utilized to probe the local chemical 
environments of Na and to quantify the Na contents present in the 
synthetic C-(N,K-)A-S-H gels. The 23Na MAS NMR spectra were per-
formed on a Bruker Avance NMR spectrometer operating at a magnetic 
field strength of 14.1 T, using a triple-resonance 1H-X-Y 2.5 mm Bruker 
CP/MAS probe, with a spinning frequency of νR = 25.0 kHz. Since 23Na 
is a quadrupolar nucleus, a short excitation pulse (0.5 μs, corresponding 
to ~11◦ with an rf field strength of γB1/2π = 60 kHz) was used for the 
reliable quantitative evaluation of 23Na sites experiencing different 
quadrupolar couplings. In addition, the intensity of each spectrum was 
corrected with the weight of the sample packed in the rotor. Typically, 
each measurement comprised 4096 scans with a relaxation delay of 2 s. 
The isotropic chemical shifts were referenced to external samples of a 
1.0 M NaCl solution.

3. MD simulations

3.1. Model construction

The above experiments revealed the leaching behaviours of ions 
within different gels, while MD simulations contributed to elucidating 
the underlying mechanisms. In C-(N,K-)A-S-H gels, Na and K ions typi-
cally exhibit similar behaviour to Ca ions, while Al and Si ions serve as 
anionic groups (i.e., [AlO4-6] and [SiO4]) for charge balance [36]. In this 
regard, the equivalent Ca/Si ratio of C-(N,K-)A-S-H was estimated by the 
(Ca + Na + K)/(Al + Si) ratio. This value for synthetic samples was 
similar to (slightly higher than) the Ca/Si ratio of the 14 Å tobermorite, 
thereby making the 14 Å tobermorite a suitable prototype for con-
structing the amorphous molecular models of C-(N,K-)A-S-H gels. The 
model construction procedure is demonstrated in Fig. 1. First, the 
orthorhombic unit cell (Fig. 1B) was constructed by redefining the lat-
tice vectors of an original monoclinic unit cell of 14 Å tobermorite 
(Fig. 1A) obtained from the literature [37]. Then, the orthorhombic unit 
cell was duplicated into a 2 × 4 × 1 supercell of C-S-H gels (Fig. 1C). The 
bridging [SiO4] groups were partly removed or replaced by [AlO4] 
groups to align with the Ca/Si and Al/Si ratios of the C-(N-)A-S-H gels in 
Table 2. Na ions were inserted into the interlayers to achieve the desired 
Na/Si ratios and to neutralize the net negative charges engendered by 
the substitution of Al ions for Si ions (Fig. 1D). However, based on the 
experimentally measured atomic ratios of Si, Al, and Na (Table 2), the 
number of introduced Na ions was insufficient to fully compensate for 
the charge imbalance caused by Al substituting for Si. Hence, additional 
H+ or OH- were introduced into the structures for final charge balancing. 
For C-(N,K-)A-S-H models, Na ions were partly substituted by K ions to 
meet the compositions of synthetic gels.

All the developed C-(N-)A-S-H and C-(N,K-)A-S-H models went 
through a comprehensive annealing process utilizing a reactive force 
field [38] to ensure the structural stability before their use in con-
structing the surface models for cation dissolution (section 3.2) and 
diffusion (section 3.3) calculations. During the annealing process 
(Fig. 1E), the system was heated from 300 K to 500 K in 500 ps and 
equilibrated at 500 K for 1000 ps. Then it was cooled to 300 K in 500 ps 
and equilibrated at 300 K for 1000 ps. The whole process was conducted 
under the isothermal-isobaric (NPT) ensemble with a time step of 0.2 fs. 

Table 2 
Chemical compositions (wt.%) and elemental ratios of the synthetic gels.

CaO SiO2 Al2O3 Na2O K2O Ca/Si Ca/(Si + Al) Al/Si Na/Si K/Si

0.8_0.1_100Na 40.63 50.89 3.67 4.71 – 0.85 0.78 0.09 0.18 –
0.8_0.3_100Na 38.32 46.06 8.50 7.12 – 0.89 0.74 0.21 0.29 –
0.8_0.3_50Na50K 35.66 48.28 9.21 2.77 4.08 0.79 0.65 0.22 0.11 0.11
0.8_0.3_10Na90K 32.86 48.35 9.80 0.76 8.23 0.73 0.60 0.23 0.03 0.22
1.2_0.3_100Na 49.12 41.38 7.54 1.96 – 1.27 1.05 0.21 0.09 –
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The annealing scheme for accelerating the protonation of cement min-
erals has been widely adopted in previous studies [38,39]. The “nano-
pore model” was widely used to investigate the dissolution and diffusion 
of ions in gels [15,22], which was constructed by cleaving the gel 
structure at the interlayer (Fig. 1F). The surface models were con-
structed by cleaving the C-(N,K-)A-S-H structure at the interlayer. Ac-
cording to the nanoscale C-S-H model [40], the gel pore of C-S-H was 
about 2–5 nm. Since our study focused on ion transport, a larger gel pore 
was necessary to increase the transport space and sample ions, ensuring 
the accuracy of the modelling. Therefore, we produced a 5 nm slit pore 
between the gel substrates and saturated it with water (Fig. 1F). Three 
different C-(N-)A-S-H nanopore models are presented in Fig. 2. All C-(N, 
K-)A-S-H gel models have similar dimensions, approximately 45 Å × 30 
Å × 95 Å, with a total atom count of around 11,600. All MD simulations 
were carried out using the LAMMPS software [41].

3.2. Dissolution free energy calculations

Dissolution free energy measures the energy change when a solute 
dissolves in a solvent, essential for predicting solubility and designing 
materials. Dissolution free energy is the most important quantity that 
bridges dissolution thermodynamics and kinetics [42]. However, the 
calculation of free energy from standard MD simulations is infeasible, 
because the ion dissolution process usually takes more than microsec-
onds to be observed while MD simulations typically have a time limit of 
a few nanoseconds. Therefore, advanced sampling methods such as 
metadynamics [43], umbrella sampling [44], steered MD [45], etc. have 
been developed to enhance the sampling of configuration space within 
affordable computational cost. In particular, metadynamics has the 
advantage of no requirement for predefined reaction pathways, making 

it a desirable candidate for simulating complicated processes like 
dissolution where the exact dissolution pathway is unknown before.

To understand the intrinsic leaching properties of Na, K, and Ca ions 
in the C-(N,K-)A-S-H gel, we calculated the dissolution free energy of C- 
(N,K-)A-S-H gels. The calculation was implemented by a well-tempered 
metadynamics method [46,47] with the external library Plumed [48] 
patched in LAMMPS. The dissolution free energy barrier was typically 
determined by the breaking and formation of chemical bonds within 5 Å 
of the surface. Using a larger dissolution distance cutoff did not signif-
icantly affect the accuracy of the free energy calculations but would 
substantially increase the computational load. Therefore, we calculated 
the free energy landscape of cations within 12 Å above the surface, 
which was a very safe cutoff. Based on our previous experience in the Ca 
ion dissolution simulation of belite [49] and C-S-H gels [22], three 
collective variables (CVs) of displacement components of target Na, K, 
and Ca ions in x, y, and z directions were used as the biasing CVs while 
an additional CV of the coordination number of target ions with surface 
oxygen (i.e., number of surface restraints) was calculated as an obser-
vation CV during the metadynamics simulation. To eliminate the in-
fluence of the initial configuration on the ion dissolution, we have 
chosen four representative sites for each type of cation to calculate the 
dissolution free energy, as presented in Fig. 3. All selected sites shared a 
close number of surface restraints around 3, which was a typical value of 
a kink or step site in the classical Terrace-Ledge-Kink model [50,51]. 
The well-tempered metadynamics used the biasing potential of Gauss-
ians with a width of 0.1 Å and added frequency of every 200 timesteps. 
The initial height of Gaussian potentials was 1.5 kJ/mol and changed by 
a bias factor of 10 during the well-tempered metadynamics sampling to 
obtain better convergence. The free energy calculations were performed 
under the NVT ensemble using a reactive force field with a time step of 

Fig. 1. Schematic demonstration of the model construction procedure, taking the “0.8_0.1_100Na” model as an example.
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0.2 fs.

3.3. Diffusion calculations

The variation in the composition of C-(N,K-)A-S-H alters the surface 

charges and textures of the gel, which influences the diffusion and 
transport of the ions in the nanopores as recognized by previous studies 
[20,21]. To gain insights into the experimental leaching outcomes of 
gels, we investigated the diffusion properties of cations in the nanopore 
of C-(N,K-)A-S-H gels with different compositions. The diffusion models 

Fig. 2. Schematic representation of nanopore models of three C-(N-)A-S-H gels. “0.8” and “1.2” refer to Ca/Si ratios, while “0.1” and “0.3” denote the Al/Si ratios. To 
clearly illustrate the entire gel structure, the gel model is rotated 45◦ along the z-axis. A more detailed view of the gel structure at the ab plane is shown in Fig. 3.

Fig. 3. Atom arrangement of the disordered surface with four selected representative sites for Ca, Na and K. All selected sites of cations share a close number of 
surface restraints around 3 with gel substrates. The gel structure of “0.8_0.3_50Na50K” serves as an example as shown. The figure on the right is the zoomed-in view 
of the gel structure on the xy plane.
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were constructed by randomly scattering sixteen NaOH or Ca(OH)2 
molecules in the solution of the nanopore models (Fig. 1), which aimed 
to mimic the mobility of cations at different distances from the gel 
substrates. Considering that the diffusion process was nonreactive and 
that the timespan was considerably long, the diffusion properties were 
calculated using the classical Clay force field (ClayFF) [52] with a time 
step of 1 fs. In ClayFF, free hydroxyl groups (OH-) and hydroxyl of sil-
icate (Si–OH) shared the same parameters of Lenard-Jones and 
quadratic bonding potentials. The detailed atomic charges in ClayFF 
simulations are presented in Table A1. The oxygen charge in free hy-
droxyl groups was -0.95 e, consistent with the original ClayFF parame-
ters. All other atom types also retained their original ClayFF charges, 
except for non-bridging oxygens in the aluminosilicate chains. The 
charge of these oxygens was adjusted to maintain overall charge 
neutrality within the various C-(N,K-)A-S-H gels. We took into account 
the difference of Ca ions in the C-(N-)A-S-H and pore solution as how 
they were defined in ClayFF. The Na ions however took the same set of 
parameters in ClayFF.

The whole system was first equilibrated under canonical (NVT) 
ensemble for 1 ns with cations in the solution being fixed. Then we 
released the cations and ran MD simulations for 10 ns under a micro-
canonical (NVE) ensemble to calculate the mean square displacement as 
a function of time, i.e., MSD(t). The diffusion coefficients of Ca and Na 
ions were calculated from MSD(t) based on the Einstein equation (Eq. 
(1)). A bin size of 7 Å was used and snapshots were recorded every 1 ps, 
resulting in a total of 10000 snapshots over the 10 ns simulation for the 
calculation of MSD and diffusion coefficients. While the pore solution of 
C-(N,K-)A-S-H gels was well-known to be alkaline, containing Na, K, and 
Ca ions [23], accurately determining the exact ion concentration re-
mains challenging. In practice, the solubility of cations within a 5 nm 
pore solution box was constrained. Therefore, to ensure sufficient ion 
statistics for analysis while minimizing the number of introduced ions, 
16 Na (or Ca or K) ions were selected for diffusion coefficient 
calculations. 

D=
1

2N
lim
t→∞

MSD(t)
t

(1) 

where N = 3 is the dimensionality for the bulk diffusion.

4. Results

4.1. Phase assemblage

As observed in Fig. 4, representative reflections corresponding to 14 
Å tobermorite [PDF# 00-029-0331] are identified in the synthetic gels, 
which indicates the presence of the high-purity C-(N,K-)A-S-H gel. The 
intensity of these characteristic peaks changes with the variation of Ca/ 
Si and Al/Si ratios. For instance, the peak referring to d002, located be-
tween 5 and 10◦, correlates with the property of basal spacing. It is re-
ported in [32] that the signal in the gel with a higher Ca/Si ratio is more 
pronounced than that with a low Ca/Si ratio. This is in agreement with 
our results, in which an evident reflection regarding d002 is discernible 
exclusively in the gel with a Ca/Si ratio of 1.2. This phenomenon likely 
arises for two main reasons. First, the gel with a lower Ca and a higher Al 
content possesses a larger interlayer distance [31], potentially resulting 
in a lower peak value of d002 below 5◦. Second, the gel with a lower Ca 
and higher Al content tends to exhibit a less ordered and more cross-
linked structure [8], leading to a faint reflection of the characteristic 14 
Å tobermorite. This hypothesis is supported by the observation that the 
intensity of characteristic peaks is generally higher in the 1.2_0.3_100Na 
gel than in the other four gels. Additionally, the presence of d101 peak is 
also detected across all five gels, which is considered as the Si in bridging 
sites in gels [53]. Notably, the inclusion of potassium in the gels does not 
significantly alter the gel structure, as demonstrated by the comparison 
among the three 0.8_0.3 gels.

4.2. Leaching behaviour of synthetic gels

The leaching behaviours of the five gels were systematically moni-
tored, including the structure formers (Si and Al) and structure modifiers 
(Ca, Na, and K). The leaching amount and the leaching ratio of different 
ions were measured and calculated in this section. The leaching amount 
of a certain ion is prominently dependent on its inherent content in gels 
[11], whereas the leaching ratio can mirror the leaching stability of ions. 
We initially examined the 0.8_0.1_100Na, 0.8_0.3_100Na, and 
1.2_0.3_100Na gels to investigate the influence of Ca/Si and Al/Si ratios 
on the leaching of ions. Then, the gels of 0.8_0.3_100Na, 
0.8_0.3_50Na50K, and 0.8_0.3_10Na90K were compared to understand 
the discrepancy of leaching behaviour among Ca, Na and K in a gel with 
similar Ca/Si and Al/Si ratios.

4.2.1. C-(N-)A-S-H gels
Fig. 5 shows the leaching behaviours of Si and Al in the three C-(N-) 

A-S-H gels with time. Generally, ion concentrations increase with 
leaching time, with most ions reaching a steady state after 360 min of 
water immersion. This rapid leaching behaviour of the synthetic gels 
contrasts with that in pastes or concrete, where the dense matrix slows 
ion leaching. As shown in Fig. 5A and B, the profiles for both ion con-
centration and the leaching ratio of Si are similar. Notably, the gel with a 
lower Ca/Si ratio shows a higher leaching ratio of Si, which suggests that 
the presence of Ca enhances the stability of Si within gels. Additionally, 
the leaching ratio of Si in the 0.8_0.3_100Na gel is slightly higher than in 
the 0.8_0.1_100Na gel. This is probably attributed to the marginally 
lower Ca/(Si + Al) ratio of the 0.8_0.3_100Na gel (0.74) than that of the 
0.8_0.1_100Na gel (0.77) (Table 2).

Fig. 5C shows the ion concentration of Al in the leachate of gels with 
time. The 0.8_0.3_100Na gel exhibits the highest Al concentration, fol-
lowed by the gels of 1.2_0.3_100Na and 0.8_0.1_100Na. Given that the 
initial content of Al in the 0.8_0.3_100Na gel is higher than in the other 
two, it naturally results in a higher leaching amount. Fig. 5D shows the 
leaching ratio of Al in gels with time. Comparing the 0.8_0.1_100Na and 
0.8_0.3_100Na gels, it is evident that an increased content of Al leads to a 
higher leaching ratio of Al. This implies that the extra Al in the 
0.8_0.3_100Na gel shows high leaching potential, probably due to the 
presence of [AlO5] and [AlO6] in the interlayer [17]. Additionally, Fig. 4. XRD pattern of the synthetic gels. ♣: C-(N,K-)A-S-H gels.
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comparing the 0.8_0.3_100Na and 1.2_0.3_100Na gels, the one with a 
higher Ca/Si ratio shows a lower leaching ratio of Al. This suggests that 
the presence of Ca enhances the immobility of Al, consistent with the 
results of Si (Fig. 5B). These findings agree well with the gel solubility 
results reported in [11] and confirm that Ca is essential to the leaching 
stability of both Si and Al tetrahedral in gels.

Fig. 6A and B shows the leaching behaviour of Ca in C-(N-)A-S-H gels 
with time. Both the ion concentration and leaching ratio of Ca follow a 
coherent trend across the three gels. The gel with a higher Ca/(Si + Al) 
ratio shows a higher leaching amount and ratio of Ca, primarily due to 
the initial distribution of Ca in gels. Typically, Ca exists in two forms 
within the gel structure: intralayer Ca and interlayer Ca [37]. Intralayer 
Ca is embedded within the CaO sheet and is generally resistant to 
dissolution unless the structure undergoes severe failure. In contrast, the 
interlayer Ca serving as the charge-balancing ion in between the CaO 
sheets is relatively more mobile and is the main source of leached Ca 
ions [22]. Due to the low content of Ca in the 0.8_0.1_100Na and 
0.8_0.3_100Na gels, the responsibility of compensating the charge is 
extensively taken over by Na ions. This results in a deficiency of Ca ions 
in the interlayer and consequently a lower leaching amount of Ca.

Fig. 6C shows the ion concentration of Na in the leachate of gels with 
time. Overall, the concentration of Na is notably higher than that of Si, 
Al, and Ca, indicating a relatively weak interaction between Na and gels. 
Additionally, the gel of 0.8_0.3_100Na shows the highest leaching 
amount of Na, followed by the 0.8_0.1_100Na and 1.2_0.3_100Na gels. 
This is primarily due to a higher initial Na content in the 0.8_0.3_100Na 
gel (Table 2). Interestingly, the trend of the leaching ratio of Na is 
contrary to that of the leaching amount. As observed in Fig. 6D, the gel 
of 1.2_0.3_100Na shows the highest leaching ratio of Na, while the gel of 
0.8_0.3_100Na shows the lowest. This implies that the gel with an 
increased Ca/Si ratio and a decreased Al/Si ratio has a higher leaching 
potential of Na. The gel with a higher Ca or a lower Al content shows a 
more positively charged surface, which in turn promotes the dissolution 
of Na ions (each carrying a single positive charge). This statement will be 
further corroborated by MD simulation results.

4.2.2. C-(N,K-)A-S-H gels
Fig. 7 shows the ion concentration of Si and Al in the leachate, as well 

as the leaching ratio of Si and Al in C-(N,K-)A-S-H gels. The gel of 
0.8_0.3_100Na exhibits the highest leaching amount and ratio for both Si 
and Al compared to the gels of 0.8_0.3_50Na50K and 0.8_0.3_10Na90K. 
Interestingly, as presented in Table 2, the gels of 0.8_0.3_50Na50K and 

Fig. 5. Leaching behaviours of Si and Al in C-(N-)A-S-H gels within 360 min. 
(A) and (C): Si and Al concentrations in the leachate of gels with time. (B) and 
(D): leaching ratios of Si and Al in gels with time.

Fig. 6. Leaching behaviour of Ca and Na in C-(N-)A-S-H gels within 360 min. 
(A) and (C): Ca and Na concentrations in the leachate of gels with time. (B) and 
(D): leaching ratios of Ca and Na in gels with time.

Fig. 7. Leaching behaviour of Si and Al in C-(N,K-)A-S-H gels within 360 min. 
(A) and (C): Si and Al concentrations in the leachate of gels with time. (B) and 
(D): leaching ratios of Si and Al in gels with time.
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0.8_0.3_10Na90K show higher contents of Si and Al than the gel of 
0.8_0.3_100Na. These findings suggest that the presence of K contributes 
to the immobility of Si and Al. A possible explanation is that K has a 
higher effective charge than Na, which facilitates its ability to bind with 
Si or Al tetrahedral, thereby stabilizing these components in the gel 
matrix. Further discussion is available in section 5.2.

Fig. 8 shows the leaching behaviour of Ca, Na and K in C-(N,K-)A-S-H 
gels with time. As shown in Fig. 8A and B, the 0.8_0.3_100Na gel shows 
the highest leaching amount and ratio of Ca, followed by the gels of 
0.8_0.3_50Na50K and 0.8_0.3_10Na90K. This indicates that the presence 
of K reduces the leaching of Ca, possibly because the gels with a higher K 
content have a correspondingly lower Ca content as indicated in Table 2. 
Fig. 8C shows the ion concentration of Na in the leachate of the three 
gels. The gel with a higher initial Na content shows a higher equilibrium 
concentration. However, as shown in Fig. 8D, the leaching ratio of Na in 
the 0.8_0.3_10Na90K gel is higher than in the other two gels. This in-
dicates that the presence of K promotes the leaching of Na. In C-(N,K-)A- 
S-H gels, both Na and K ions serve as charge-balancing ions in the 
interlayer, implying potential competition between them. Hence, a 
preferential dissolution of Na ions over K ions under the same conditions 
could also be contributing to the observed trend.

Fig. 8E and F show the leaching behaviour of K in gels with time. 
While the leaching amount and ratio of K are lower than that of Na, they 
remain substantially higher compared to Si, Al and Ca. As shown in 

Fig. 8B–, D and F, the leaching ratio of Na (70–80 %) is higher than that 
of K (45–55 %), and both are much higher than that of Ca (0.4–1.0 %). 
This indicates that the leaching resistance of Ca is significantly stronger 
than Na and K, while K exhibits a higher resistance than Na. Despite both 
Na and K belonging to the same elemental group, their leaching be-
haviours are different, probably attributed to their different ionic radius 
and dissolution free energies. Further discussion is provided in section 
4.4.

4.3. Chemical environments of Na

The central transition of 23Na NMR spectra for the five synthetic C- 
(N,K-)A-S-H gels before leaching is shown in Fig. 9A, demonstrating a 
featureless sharp resonance near -2 ppm, without clear second-order 
quadrupolar broadening. This resonance can be assigned to the outer- 
sphere hydrated Na ions ([Na(H2O)x]+, 0 ≤ x ≤ 6) located on the sur-
face of gels or intercalated within the interlayer structure [54,55]. The 
intensities of the 23Na NMR spectra have been corrected for the actual 
sample amounts, packed in the rotor for the 23Na NMR experiments. 
These intensities can be used for the quantification of the amount of Na 
ions present in gels. For the three C-(N-)A-S-H gels, the 0.8_0.3_100Na 
gel shows the highest intensity of Na, followed by the 0.8_0.1_100Na gel, 
while the 1.2_0.3_100Na gel shows the lowest Na content. These results 
are consistent with the chemical composition determined by XRF 
(Table 2), which indicates that the Na amount in the gels increases with 
a decreasing Ca/Si ratio and an increasing Al/Si ratio. When Na is 
partially substituted by K, a clear decrease in the Na content of C-(N,K-) 
A-S-H gels is observed, as evidenced by the lower intensities of 23Na 
NMR spectra. This suggests that K takes a similar role as Na in gels, i.e. 
charge compensator.

A small shift of the centre of gravity (δcg) of the 23Na NMR spectra 
towards higher frequency is observed for the C-(N,K-)A-S-H gels, 
whereas the C-(N-)A-S-H gels show comparable values (Fig. 9B). This 
shift may indicate an increase of coordination number of Na ions with 
water molecules, e.g. obtained by weaker bonding of Na to the C-(N,K-) 
A-S-H gels, due to the substitution of Na by K. Moreover, the linewidths 
of 23Na NMR spectra, obtained from the full width at half maximum 
(FWHM), of K-containing gels are slightly narrower than the K-free gels 
(Fig. 9C). The reduction of spectral linewidth may ascribe to the higher 
mobility or stronger dynamic processes for Na ions, caused by weaker 
bonding associated the gels with the substitution of Na by K. This is 
further supported by the leaching data in Fig. 8D, where the gel with 
higher K substitution level (0.8_0.3_10Na90K) shows higher Na leaching 
ratio than the other two gels with similar Ca/Si and Al/Si ratios 
(0.8_0.3_100Na and 0.8_0.3_50Na50K). The δcg of 23Na NMR spectra 
shifts to higher frequency due to the substitution of Na by K was also 
reported by Duxon et al. [56]. The δcg of 23Na NMR spectrum for the 
geopolymer prepared by a hybrid activator (Na:K = 1:1) shifts to a 
higher frequency as compared to that of the sample prepared with pure 
Na-based activators.

4.4. Dissolution free energy of Ca, Na and K ions

In this section, we first compare the dissolution free energies of Ca 
and Na in three C-(N-)A-S-H gels to investigate the impact of chemical 
composition on the leaching potential of cations. Then, we calculated 
the dissolution free energy of Ca, K, and Na in an identical gel 
(0.8_0.3_50Na50K) to understand their leaching potential in gels.

Fig. 10 illustrates a 2D map depicting the dissolution free energies of 
Ca and Na from C-(N-)A-S-H gels as a function of both the dissolution 
distance and the coordination number of cations with gels. Here, 
“cation-Os” denotes the coordination number of surface cations with the 
oxygen atoms in the silicate/aluminate chains, which accounts for the 
number of restraints on the surface cations [22]. Only the dissolution 
distance along the z-axis is considered, since their movement along the 
x- and y-axes is confined by other ions on the gel surface. Each system 

Fig. 8. Leaching behaviour of Ca, Na and K in C-(N,K-)A-S-H gels within 360 
min. (A)(C)(E): Ca, Na and K concentrations in the leachate of gels with time. 
(B)(D)(F): leaching ratios of Ca, Na and K in gels with time.
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undergoes multiple free energy minima (intermediate states) and saddle 
points (transition states) until the cations are fully dissolved. The dif-
ference in free energy between the minimum points and saddle points 
represents the dissolution free energy barrier, which is inversely related 
to the ease of cation dissolution. In general, the free energy barrier in-
creases with the coordination number, as the dissolution of cations be-
comes more difficult with the increase of restraints. Additionally, the 
initial dissolution position on the x-axis is below zero, as an indicator of 
the initial absorption of cations by gels. This is probably due to the 
presence of vacancies and defects on the surface of C-(N-)A-S-H gels 
[22].

Fig. 10A–C show the dissolution free energy of Ca ions from three C- 
(N-)A-S-H gels. Initially, Ca shows a coordination number of 2–5 with 
the surface oxygen atoms of gels. As dissolution progresses, Ca gradually 
detaches from the surface, resulting in a decrease in cation-Os (i.e. more 
surface restraints are broken) until it reaches zero. The general profile of 
the free energy landscape of Ca is similar across the three gels, whereas 
the gel of 0.8_0.3_100Na shows a larger energy barrier, as indicated by 
the red regions (deep free energy basin) in Fig. 10B.

Fig. 10D–F show the dissolution free energy of Na from three C-(N-) 
A-S-H gels. The initial coordination number of surface Na ions is com-
parable to Ca before dissolution. However, the gradient of free energy of 
Na is much shallower, indicating a lower energy barrier for dissolution 
and thus a higher leaching potential. Interestingly, the initial coordi-
nation number of surface Na in the gel of 1.2_0.3_100Na (Fig. 10F) is 
lower than in the other two gels. This reduction in coordination with the 
gel matrix is probably due to the higher Ca/Si ratio of gels. The gel with 
a higher Ca/Si ratio shows a shorter mean chain length [14], which 
makes it more accessible to water molecules. Consequently, the Na ions 
at the gel surface experience enhanced interaction with water and 

reduced interaction with the gel.
Based on the free energy landscape, the overall dissolution free en-

ergy barrier can be calculated by searching the transition states using the 
nudged elastic band method [57]. Considering the complexity of gel 
surfaces, we calculated the average dissolution free energies of four 
representative sites for each type of cation (Fig. 3). The average disso-
lution free energy for Ca and Na are compared in Fig. 11. It can be seen 
that the dissolution free energy of Ca is generally higher than that of Na, 
consistent with the leaching result (Fig. 6). Additionally, both Ca and Na 
in the gel of 0.8_0.3_100Na have higher dissolution free energy than in 
the other two gels, which indicates that cations in the gel with a lower 
Ca/Si ratio and a higher Al/Si ratio show lower leaching potential. In 
addition, the dissolution free energy of the 1.2_0.3_100Na gel is lower 
than the 0.8_0.1_100Na gel, which suggests that the effect of an elevated 
Ca/Si ratio in promoting the dissolution of cations is larger than that of a 
reduced Al/Si ratio. These findings align well with the experimental 
results shown in Fig. 7, likely due to the difference in the surface charge 
of gels.

Fig. 12 shows the 2D dissolution free energy landscape of Ca, K and 
Na from the gel of 0.8_0.3_50Na50K as a function of coordination 
number with gels and dissolution distance. Among the three cations, Ca 
ions exhibit the most complex dissolution steps and the highest free 
energy barrier, followed by K and then Na, indicating that the dissolu-
tion of Ca is much more difficult than the other two ions. Fig. 13 shows 
the average dissolution free energy for Ca, K, and Na, indicating that the 
leaching potential of cations from identical C-(N,K-)A-S-H gels follows 
the order: Ca < K < Na. This aligns with the leaching results shown in 
Fig. 8. Furthermore, the dissolution free energy of Na in the gel of 
0.8_0.3_50Na50K (~30 kJ/mol) is slightly lower than in the gel of 
0.8_0.3_100Na (~32 kJ/mol). This suggests that the incorporation of K 

Fig. 9. (A) 23Na NMR spectra (14.1 T, νR = 25.0 kHz) of five C-(N,K-)A-S-H gels with different chemical compositions before being exposed to water. (B) the centre of 
gravity for the central transition (δcg

1/2,-1/2) of the spectra. (C) Full width at half maximum (FWHM) of the spectra.
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promotes the dissolution of Na, which agrees with both the leaching 
result (Fig. 8) and the 23Na NMR result (Fig. 9).

4.5. Diffusion coefficient of Ca and Na in the nanopore of gels

In this section, we investigate the diffusion behaviour of Ca and Na 
ions at different distances from the gel substrate. Atomic density dis-
tribution refers to the spatial distribution of atoms within the system. It 

involves analyzing the quantity or concentration of atoms in different 
regions of the simulated space. Fig. A1 shows the atomic density dis-
tributions of Ca and Na ions along the Z direction (Z = 42–92 Å) in the 
nanopore with time. At the very beginning (t = 0), Ca and Na ions are 
uniformly distributed in the nanopores. As the simulation proceeds, 
however, the atomic density of both cations becomes higher near the gel 
substrates, which indicates that the cations are to some extent adsorbed 
onto the upper and lower surfaces of C-(N-)A-S-H gels. This is due to the 
negative surface charges of gels, as documented in previous work [58,
59]. This adsorption capacity reflects the ability of C-(N-)A-S-H gels in 
bearing cations and serves as an indicator to inversely compare the ease 
of cation leaching from the gel.

To quantitively describe the mobility of cations impacted by the 
absorption of gel surfaces in confined nanopore water, the diffusion 
coefficients of Ca and Na ions were calculated using the trajectory of 
cations at various distances from the gel substrates, as shown in Fig. 14. 
In general, the diffusion coefficient of Na ions is higher than that of Ca 
ions at equivalent locations within the nanopore. This is mainly due to a 
higher intrinsic diffusion coefficient of Na than Ca [60,61]. Additionally, 
the diffusion coefficient of both cations in proximity to the gel substrate 
is notably lower than that of ions positioned in the middle of the 
nanopore. This further confirms the adhesive behaviour of the gel 
substrates.

Fig. 15 illustrates the average diffusion coefficients of Ca and Na ions 
in the nanopore between the C-(N-)A-S-H gel substrates. The average 
diffusion coefficient of Ca ions is consistently lower than that of Na ions 
in all three gels. Additionally, the diffusion coefficient of both Ca and Na 
ions in the gel of 1.2_0.3_100Na is higher than that in the gels of 
0.8_0.1_100Na and 0.8_0.3_100Na. This indicates that a high Ca/Si ratio 
results in less effective absorption of cations. On the other hand, the 
comparison of the diffusion coefficient of Na between the 0.8_0.1_100Na 
and 0.8_0.3_100Na gels implies that a higher Al incorporation promotes 
the absorption of Na. The average diffusion coefficient of K in the 

Fig. 10. 2D dissolution free energy landscape for Ca and Na from the gels of “0.8_0.1_100Na”, “0.8_0.3_100Na” and “1.2_0.3_100Na” as a function of dissolution 
distance and “cation-Os” coordination number (i.e., number of surface restraints). “Os” refers to the surface oxygen of the solid (gels). The maximum free energy in 
each system is normalized by zero.

Fig. 11. The average dissolution free energy barrier (between the transition 
state and initial state) of Ca and Na located at four representative sites. The 
average dissolution free energy of Ca in the three gels is ~43, ~53 and ~39 kJ/ 
mol, respectively. The average dissolution free energy of Na in the three gels is 
~29, ~32 and ~22 kJ/mol, respectively.
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nanopore of the two C-(N,K-)A-S-H gels was also calculated, as shown in 
Fig. A2. It is observed that the mobility of K is higher than that of Ca and 
Na. As the cations are free in the nanopore solution, their diffusion co-
efficients are more dependent on their intrinsic properties. Under 
aqueous conditions, K has a larger ionic radius than Na, and the hy-
dration shell formed by water molecules around K is more loosely bound 
than that around Na. As a result, the friction between hydrated K ions 
and surrounding water molecules is lower than that of Na, resulting in 
higher mobility of K [61].

5. Discussion

5.1. Impact of gel chemistry on the dissolution potential of cations

Fig. 16 shows the relationship between the dissolution free energy 
and diffusion coefficient of Ca and Na in the three C-(N-)A-S-H gels. It is 
observed that the dissolution free energy of both Ca and Na is negatively 
correlated with their respective diffusion coefficients. As for the same 
cation, the diffusion coefficient is closely related to the charge on the gel 
surface. Therefore, this indicates that the binding energy between gels 
and cations is also related to the surface properties of gels. More spe-
cifically, the gel with a lower Ca/Si ratio and a higher Al/Si ratio shows 
increased surface negativity, which strengthens the binding between 
cations and gel substrates, thereby hindering the dissolution potential of 
cations.

5.2. Mechanisms behind the different dissolution potential of cations

Typically, the discrepancy in the dissolution of cations is dependent 
on the interaction between cations and silicic (or aluminium) acid an-
ions, a concept explained by the electric double-layer theory and the 
charge screening effect of cations [62–64]. Fig. 17A shows the sche-
matical representation of the electric double layer surrounding a silicic 
acid anion and Fig. 17B shows the potential energy distributed in these 
layers. When these anions (e.g., SiO(OH)3

- or SiO2(OH)2
2-) are present in 

an electrolytic solution, a double layer forms around their charged 
surface. Positively charged species from the solution are attracted to this 
surface, resulting in a higher concentration of ions in the absorbed layer 
(double layer) compared to the adjoining bulk solution. The inner part of 
this absorbed layer is known as the “Helmholtz layer” or “Stern layer” 
[65], which is tightly bound to the surface. The outer part of this 
absorbed layer is designated as the “diffusion layer”, where the force 
from the anion gradually diminishes, eventually reaching an equilib-
rium with that of the bulk solution, as the distance from the Stern layer 
increases.

The formation of silicate chains involves the condensation of Si or Al 
tetrahedrons, and the strength of binding between two anions is closely 
associated with the property of a double layer. As the two anions 
approach each other in a solution, there exists a certain distance at 
which they begin to experience a repulsive force. This force, represented 
by the total potential energy, is determined by the competition between 
repulsive potential energy and attractive potential energy (Van der 
Waals), as shown in Fig. 17C. It can be seen that the gel condensation 
process can only occur if the two anions collide with sufficient velocity 
to overcome this potential barrier. However, this barrier can be sub-
stantially lowered through the addition of cations, which can form a 
shielding double layer. This shielding effect of cations is particularly 
effective at a higher valence [67,68], as shown in Fig. 17D. The previous 
results have shown that the required ion concentration of monovalent 
alkali metal ions (Li, Na, K) for gel condensation is nearly 100 times 
higher than that of divalent alkali earth metal ions (Mg, Ca, Ba) [68]. 
This indicates that Ca is more effective than Na and K in promoting gel 
formation, thereby the binding between Ca ions and Si/Al anions is more 
robust. As a result, the leaching potential of Ca ions is lower than that of 
Na and K ions.

However, the aforementioned theory may not fully explain the dif-
ference in dissolution free energy between Na and K ions, as both of 
them belong to monovalent alkali metal ions. The charge screening ef-
fect of cations needs to be taken into account. Fig. 17E and F show the 
schematical illustration of the surrounding environments of Na and K 
ions in a hydrated condition. Due to the polarity of water molecules, the 
hydrolysis of cations happens in an aqueous solution, resulting in a 
slightly positive charge at H atoms and a slightly negative charge at O 
atoms. The layer of water molecules surrounding cations forms a tightly 
bound hydration shell, regarded as a solid part of hydrated cations. It is 

Fig. 12. 2D dissolution free energy landscape for Ca, K and Na from the gel of 0.8_0.3_50Na50K as a function of dissolution distance and cation-Os coordination 
number (i.e., number of surface restraints). “Os” refers to the surface oxygen of the solid (gels). The maximum free energy in each system is normalized by zero.

Fig. 13. The average dissolution free energy barrier (between the transition 
state and initial state) of Ca, K, and Na located at four representative surface 
sites of the 0.8_0.3_50Na50K gel. The average dissolution free energies of Ca, K, 
and Na are ~59, ~35, and ~30 kJ/mol, respectively.
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reported that the cations with the same valence but smaller radius 
exhibit stronger bonding with hydrated water molecules [67]. This 
statement is consistent with our simulation results (Fig. A3) regarding 

the radial distribution function (RDF) of Na-OW and K-OW (OW indicates 
the oxygen in water molecules). As shown in Fig. A3, the bond length of 
Na-OW (~2.35 Å) is significantly shorter than that of K-OW (~2.85 Å), 

Fig. 14. Diffusion coefficient distributions of Ca and Na ions along the Z-axis of the nanopore solution perpendicular to the surface of the gels of “0.8_0.1_100Na”, 
“0.8_0.3_100Na” and “1.2_0.3_100Na”. In each inset, the locations near 40 Å and 95 Å at the “distance in Z” correspond to the gel substrates while that at 67 Å is near 
the centre of the nanopore of gels.

Fig. 15. Average diffusion coefficients of Ca and Na ions in the nanopore of the 
gels of “0.8_0.1_100Na”, “0.8_0.3_100Na” and “1.2_0.3_100Na”. The average 
diffusion coefficients of Ca ions in the three gels are 0.44, 0.43 and 0.56 × 10-9 

m2/s, respectively. The average diffusion coefficients of Na ions in the three 
gels are 0.9, 0.69 and 1.1 × 10-9 m2/s, respectively. The error bars represent the 
standard deviation calculated from 16 individual measurements.

Fig. 16. Relationship between the dissolution free energy and diffusion coef-
ficient of Ca and Na in the gels of “0.8_0.1_100Na”, “0.8_0.3_100Na” 
and “1.2_0.3_100Na”.
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indicating a stronger binding and charge screening effect of Na-OW. As a 
consequence, K ions retain a higher positive charge and are more 
effective in balancing the charge within the gel interlayer. The binding 
between K ions and the gel surface is stronger than that of Na ions. This 
result not only explains the lower dissolution potential of K than Na but 
also elucidates why materials activated by K-based activators show 
higher compressive strength than those activated by Na-based ones [69,
70].

5.3. Perspective on the dissolution of cations in gels

During the MD simulation process, we observed that some OH- ions 
can leach away from gel substrates along with cations. This might 
indicate the increase in the pH of the host solution. However, the vari-
ation of pH due to the dissolution of cations is not considered in this 
study, since our focus is primarily on the dissolution behaviour of 
limited cations at very early ages, which may not significantly impact 
the pH of the host solution on their own. In reality, the leaching of gels 
results in elevated pH in the solution [14]. The increase in pH can in-
fluence the solubility of various species, including cations, and can alter 
the kinetics and thermodynamics of dissolution processes. Understand-
ing these complex interactions between pH changes, cation dissolution, 
and the stability of gels is crucial for accurately modelling and pre-
dicting the behaviour of these materials in practical applications. The 
insights of this work contribute to tailoring the chemical composition of 
gels to minimize leaching and further optimizing the mixture design of 
AAMs. Further investigations into these reactions are warranted to 
comprehensively grasp their implications and optimize the performance 
of gels in various environmental and engineering contexts.

6. Conclusions

In this work, the dissolution behaviour of cations (Ca, Na and K) from 
C-(N,K-)A-S-H gels was investigated by experiments. The underlying 
mechanisms were revealed by MD simulation. Several conclusions can 
be drawn as follows. 

1. The gel with a higher Ca content showed an increased degree of 
crystallization. The influence of Na and K on the gel structure was 
comparable. In addition, an increased content of Ca and K enhanced 
the immobilization of Si and Al.

2. An elevated Ca/Si ratio and a reduced Al/Si ratio of gels promoted 
the dissolution of cations. This was because a higher Ca/Si ratio and a 
lower Al/Si ratio reduced the charge negativity of gel surfaces, 
resulting in weaker binding and absorption between cations and gel 
surfaces. Additionally, the gel with a higher Ca/Si ratio featured a 
shorter and more defective aluminosilicate chain, which resulted in 
fewer surface restraints on cations, lessening the prohibition of ion 
leaching.

3. The gel with the incorporation of K showed a higher leaching po-
tential of Na. The 23Na NMR spectra showed that the presence of K 
weakened the binding between Na and gels and enhanced the 
mobility of Na within the gels. The MD simulation results also indi-
cated that the dissolution free energy of Na in K-containing gels was 
slightly lower than in K-free gels.

4. In the gel of 0.8_0.3_50Na50K, the dissolution free energies of Ca, K 
and Na were ~59 kJ/mol, ~35 kJ/mol and ~30 kJ/mol, respec-
tively. This accounted for the higher dissolution potential of Na and 
K than Ca. This was attributed to the binding between cations and the 
gel, which was influenced by both the valence and the effective 
charge of the cations.
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Appendix 

Fig. A1 shows the atomic density profiles of Ca and Na ions along the Z-axis of 5 nm nanopore of three C-(N-)A-S-H gels with simulation time. The 
1.2_0.3_100Na gel shows a higher atomic density of Na than the gels of 0.8_0.1_100Na and 0.8_0.3_100Na in the middle of the nanopore at the 
simulation time τ. This means that the effect of electrostatic adhesion is less intensive in the gel with a higher Ca/Si ratio.

Fig. A1. Atomic density profiles of Ca and Na ions along the Z-axis of 5 nm nanopore (from 42 to 92 Å) perpendicular to the surface of the gels of “0.8_0.1_100Na”, 
“0.8_0.3_100Na” and “1.2_0.3_100Na”. τ is the total simulation time. In each inset, the locations near 42 Å and 92 Å at the “distance in Z” correspond to the gel 
substrates while that at around 67 Å is considered the centre of the nanopore of gels.

Fig. A2 shows the diffusion coefficient distribution of K at different positions along the Z-axis of the nanopore of the two C-(N,K-)A-S-H gels. Similar 
to Ca and Na, the diffusion coefficient of K near the gel substrate is lower than that in the centre of the nanopore. Based on Fig. A2, the average 
diffusion coefficient of K in gels 0.8_0.3_50Na50K and 0.8_0.3_10Na90K is calculated to be 1.37 × 10-9 m2/s and 1.4 × 10-9 m2/s, respectively, which is 
higher than that of Ca and Na. 
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Fig. A2. Diffusion coefficient distributions of K along the Z-axis of the nanopore solution perpendicular to the surface of the two C-(N,K-)A-S-H gels.

Fig. A3 shows the radial distribution function (RDF, g(r))(solid lines) and the coordination numbers (dashed lines) of Na and K ions with water 
molecules. As implied by the X-axis value of the peak of g(r), the average bond length of K (~2.85 Å) is significantly higher than that of Na (~2.35 Å). 
According to the cutting distance of the RDF of Na (~3.6 Å) and K (~3.0 Å), the coordination numbers of Na and K with hydrated water molecules 
(obtained from the integral of g(r)) are 6 and 8, respectively.

Fig. A3. Radial distribution function (solid lines) and the coordination numbers (dashed lines) of Na and K ions with OW in water molecules.

The ClayFF assigns different charges to oxygen ions in hydroxyl groups based on their local bonding environment, as illustrated in Table A1. The 
charge of non-bridging oxygen in aluminosilicate chains is variable to maintain charge neutrality for different C-(N,K-)A-S-H gels.

Table A1 
Atomic charge parameters in ClayFF simulations.

Atom type Element type Charge (e) Description

Cao Ca 1.36 Intralayer calcium in C-(N,K-)A-S-H gels
Ca Ca 2 Interlayer calcium and aqueous Ca
St Si 2.1 Silicon atoms in C-(N,K-)A-S-H gels
At Al 1.575 Aluminium atoms in C-(N,K-)A-S-H gels
Na Na 1 Sodium ions
K K 1 Potassium ions
Hw H 0.41 Hydrogen atoms in water
Ho H 0.425 Hydrogen atoms in hydroxyl groups
Ow O -0.82 Oxygen atoms in water
Oh O -0.95 Oxygen atoms in free hydroxyl groups
Ohs O -1.0808 Hydroxyl O in aluminosilicate chains
Ob O -1.05 Bridging oxygen ions in aluminosilicate chains
Onb O -1.23 ~ -1.31 Non-bridging oxygen in aluminosilicate chains
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