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Abstract

The precipitation of zeolite nanoparticles involves the initial formation of metastable precursors

such as amorphous entities that crystalize through non-classical pathways. Here, using reactive

force field based simulations, we reveal how aluminosilicate oligomers grow concomitantly to the

decondensation of silicate entities during the first step of the reaction. Aluminate clusters first form

into the solution, thus violating the Lowenstein’s rule in the first instant of the reaction, followed

by the connection with silicate oligomers at the dead-end silanol group and then reorganize to

finally diffuse within the silicate oligomers to form stable amorphous aluminosilicate nanoparticles

respecting the Lowenstein rule. Our results clearly indicate that the aluminate does not serve as

the neuralgic center for the growth of aluminosilicate in a nucleation-like process but rather acts

as an aggregation process. The coexistence of aluminosilicate oligomers and small silicate entities

induces a phase separation promoting the precipitation of zeolites with aging.

Zeolites and alkali activated materials (AAM) are both aluminosilicate materials resulting

from the polycondensation of silicate and aluminate entities at the atomic scale. Silicates

in alkali solution possess a certain degree of connectivity forming dimers, trimers, rings, or

larger oligomers and the protonation rate depends on the nature of the alkali cation and the

hydroxide content[1, 2]. On the other hand, aluminum in alkali solution occupies, as the

silicon, tetrahedral coordination sites but remains under monomeric shape [Al(OH)4]
− [3].

Alkali cations compensate either the negative charge of the aluminum or form ion pairing

with the deprotonated silicate[4]. Mixing alkali silicate with alkali aluminate solution results

in the production of polydisperse aluminosilicate entities that grow and aggregate over time

to form an amorphous hydrogel[5] or a clear solution, according to the initial concentration

of the precursors, that crystallizes into zeolites usually after a hydrothermal treatment[6–8].

In the process of zeolite synthesis, aluminates are often directly available to react with the

silicates in solution whereas in the case of AAM (also named geopolymer), the aluminum

is slowly released into the solution due to the dissolution of a solid aluminosilicate source

as metakaolin[9–11] or by-products such as slag or fly ashes[12]. An aluminosilicate gel is

therefore formed in the bulk around the clay particles[13] and grows over time due to the

dissolution reactions that last few days. At the molecular scale, the interaction between

aluminate and silicate is still to be clarified since they are the precursors of aluminosilicates
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gels that produce zeolites or AAM.

The early stages of the formation of aluminosilicates have been studied by atomistic simu-

lations to understand the localization of aluminum in the chains, showing the importance of

the Loweinstein rule (Si-O-Al linkages are favored energetically over Al-O-Al linkages in alu-

minosilicates) as well as the role of charges and pH on the formation of clusters[14–19]. There

is still a lot of information to unveil, in particular on how those clusters grow in solution.

Chemical reactions are complex to simulate via atomistic simulations but they have to be

considered to investigate each mechanism of this process separately. Recently, several meth-

ods have been suggested to accelerate the dynamics and observe the formation of silica-based

materials including glasses, gels, and solutions[20–23] Using one of those reactive models we

have shown that adding sodium hydroxide to a silicate solution induces the decondensation

of the silicate in complete agreement with time-resolved SAXS experiments[21, 24].

In this letter, we are investigating the aggregation process between some silicate entities

and aluminate monomers in an alkali-rich solution. Our experimental and theoretical results

are in good agreement and indicate a complex reactional path leading to the formation of a

biphasic system.

Initially, the solution that is studied here is a mix of a silicate solution with an alumi-

nate solution, both solutions containing sodium hydroxide. The mixed solution has final

concentrations of [Si] = 1.125 mol.L−1, [Na] = 1.31 mol.L−1, [Al] = 0.12 mol.L−1. After the

mixing, decondensation of silicate chains due to the presence of sodium hydroxide [21] and

condensation of aluminosilicate species happen simultaneously[25]. Simulations are used to

distinguish different mechanisms of the aluminosilicate formation, at the atomic scale, that

can not be observed directly experimentally because of the involved time-scale that are not

compatible with experimental devices. The results are compared to structural measurements

(at equilibrium from an experimental point of view: minute time scale) and several key as-

pects of the simulation are in very good agreement with the experiments. The mechanism,

reaction paths, speciation, and connectivity are extracted from the dynamics and analyzed.

The solution has been simulated by accelerated molecular dynamics using the brief-

parallel tempering (PT) method described in Dupuis et al.[21, 22] starting at the moment of

the mixing (with no connectivity between aluminates and silicates) up to the formation of

aluminosilicate clusters. This method has shown efficiency to increase the formation of solid

species in solution. In particular because, contrarily to the usual PT, brief-PT is regularly
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interrupted and the lowest temperature configuration is used to repopulate all the other

temperatures. This bias is useful for liquids because it helps to avoid situations in which the

configurations for two different temperatures are too different – which is likely due to the high

number of configurations and that reduces the probability of exchanges in the PT technique.

It is also very efficient compared to high-temperature MD [20]. The simulations have been

performed using the LAMMPS package[26]. Each system has been simulated at constant

temperature and volume using nosé-hoover thermostat as implemented in LAMMPS with a

damp value of 100*dt. The parameters for the brief-PT are the following: the timestep was

set to 0.25 fs, in order to properly describe the motion of water molecules with ReaxFF [27];

16 temperatures have been used ranging from 300K to 1500K; the length of each parallel

tempering was 1000 steps; every 50 steps an exchange of replica was attempted. The system

size is 42x42x42 Å3 and it contains about 2200 water molecules, 50 Si and 6 Al atoms with

a density of 1.01 g.cm−3.

The interaction between atoms in our MD simulation work has been treated using the

ReaxFF reactive force field (the parameter set that has been used is attached as a S.I.

file). ReaxFF is a bond-order dependent potential that can feature the formation and

dissociation of bonds and thus, is perfectly suitable for studying the formation mechanism

of aluminosilicates in the alkali-rich solution. The parameter set used herein is a combination

of Na/Si/O/H ReaxFF parameterization[28] and Si/Al/O/H ReaxFF parameterization[29],

which essentially shares the same Si/O/H interactions. The validity of this particular set

of parameters has been reported in two distinct studies by Liu et al,. [30] which discusses

the structural feature of aluminosilicate glass network consisting of Si-O-Si, Si-O-Al, and

Al-O-Al and by Muraleedharan et al. [31] which elucidated the sodium transport dynamics

of Na-montmorillonite and vibrational features of Si-O-Si, Si-O-Al bonds. The dynamics

and chemistry discussed are similar to our system of interest in this study, and ensures that

our ReaxFF parameter set is suitable for studying the growth kinetic of aluminosilicates

in the solution environment under varying temperatures. Further details on the ReaxFF

potential can be referred to the above-mentioned publications.

In the very beginning of the simulation, we observe that the aluminates, which were spread

randomly within the simulation cell, quickly connect together and form small 3-members

aluminate clusters. This is in agreement with ab initio calculations that have shown that

3-members aluminate clusters are stable in vacuum [32].
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Figure 1. The formation of aluminosilicate species in a sodium-rich solution at high pH: (a) in

solution, aluminates form small and stable clusters; (b) an aluminate cluster reacts with a primary

silicate cluster in violation of the Loweinstein rule (the aluminosilicate contains Al-O-Al bridges);

(c) the aluminate ring immediatly becomes unstable and dissociates at the surface of the primary

silicates, each individual aluminate start diffusing into the structure. After 10ps, the Loweinstein

rule is respected again and after 50ps, aluminates are in Q4 sites.

The aluminate rings that are formed in solution remain stable at high pH as long as

they remain independent and non-connected to silicates. We have found no events in which

the aluminate ring opens and closes again, in contrast with what is observed for the silicate

species[22]. Since the encounter probability between two [Al(OH)4]
− monomers and between

[Al(OH)4]
− and [Si(OH)4] is similar, this indicates that the energy barrier to form Al-O-Al

bonds is smaller than the one to form Al-O-Si bonds. To confirm this, we have calculated the

energy along the reaction path to form a dimer from two monomers by adding an attractive

force between an Si (or Al) atom and an O atom to force the reaction. The energy barrier

is 30 kJ.mol−1 for Al-O-Al bonds and is 55 kJ.mol−1 for Al-O-Si bonds. This increase in

the energy barrier is consistent with DFT calculations[33]. Note that in the literature, the

energy of enthalpy of reaction show significant variability depending on the bond network

and on the environment[14, 16].

The formation of aluminates in solution prior to the formation of aluminosilicates draws

interrogations on how the Loweinstein rule will be respected in this aluminosilicate forma-
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Figure 2. The evolution of (a) Qn
Al and (b) Qn

Si shows that during the first 1000 steps of the

simulation, aluminum is only in monomeric form. Note that we consider Al-O-Al, Al-O-Si and

Si-O-Si bonds but experimentally by NMR only Si-O-Si and Si-O-Al bonds are measurable. This

implies that in figure (a), during the 2000 first steps before the formation of aluminosilicates, Al-

O-Al bonds are counted as Q2 in the aluminate rings. In figure (b), both Al-O-Si and Si-O-Si

bonds are counted, the quantity of Al is only 10% of the total number of Si+Al. During this stage,

due to the presence of OH groups, silicates start to dissociate, a process that will continue until

pure silicates only contains less than 3 members. After 1000 steps, aluminates start to connect to

silicate clusters to form aluminosilicates. The quantity of Q4
Al increases and shows that aluminates

are migrating to the center of aluminosilicate clusters and help forming larger clusters than pure

silicate ones.

tion process. To recall, the Loweinstein rule states that forming Al-O-Si bonds is always

thermodynamically favored over making Al-O-Al bonds for low aluminate concentrations

[34], therefore aluminum atoms can not occupy two adjacent tetrahedral sites. As it will

be discussed below, the rule is respected due to the reorganization of the aluminosilicate

structure after the first Al-O-Si bond is formed. Interestingly, the formation of aluminate
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structures in solution could explain the appearance of minerals and other structures that

breaks the Loweinstein rule in nature[19]. In constrained processes, it is possible that the

Al-O-Al bonds that are being formed in the solution cannot be reorganized to form Al-O-Si

bonds, which would settle this frustration.

After the connection of the 3-members aluminate cluster with a silicate species, the alumi-

nosilicate will start to reorganize quickly. Aluminate rings are dissociated and the aluminum

atoms diffuse in the silicate cluster. This new process for the formation of aluminosilicate

entities in solution transforms the cluster in an aluminosilicate in which the network is

formed by Si-O-Si and Si-O-Al bridges. This is how the Loweinstein rule is respected in

the formation of the aluminosilicates in solution. For this process, the presence of water is

necessary as the hydrolysis of the Al-O-Al bonds is the bottleneck to the diffusion of the

aluminum atoms into the silicate oligomers to form an aluminosilicate structure.

Figure 3. Final structure obtained after 500 ps of simulation time using brief-PT, corresponding

to an estimated time of a few seconds, aluminates are connected to 4 Al-O-Si bridges. There is a

demarcation between pure silicates that are only in small clusters (monomers, dimers or trimers)

and aluminosilicates made of a minimum of 7 Si or Al members. As indicated by the distances

written on the figure, the environment in a sphere of 3 Å around pure silicates does not contain

sodium whereas all aluminosilicates are surrounded by sodium for charge compensation.

In order to follow the evolution of the connectivity, we have computed Qn
Si and Qn

Al, which
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corresponds to the number of Si-O-Si (or Al-O-Si) bonds for each Si (or Al) atom. The

evolution of Qn
Al, shown in Fig. 2 is characteristic of the process that has been described.

In the early stages of the dynamics, the aluminum is in a Q0 position corresponding to

an aluminate monomer. In the simulations, silicon and aluminum atoms always are in a

tetrahedral site in agreement with experiments[35]. Part of the aluminum form an aluminate

ring cluster that can be seen because of the increase in Q2 (note that we consider both Si-O-

Al and Al-O-Al bonds to calculate Q2, contrarily to NMR experiments that can only show

Si-O-Al connectivity) before 2000 simulation steps. At the end of the trajectory, the majority

of the Al is in a Q4 position and all of them are surrounded by Si only (in agreement with

the Lowenstein rule) indicating that they have migrated at the center of the aluminosilicate

clusters. Meanwhile, a decomposition of the silicate species is observed (Fig. 2 bottom).

In particular, the apparition of Q0 and Q1 is explained by the formation of monomers and

short silicate chains.

Our results indicate clearly that the aluminate does not serve as the neuralgic center

for the growth of aluminosilicate in a nucleation-like process. On the contrary, precursor

aluminate and silicate species can be formed prior to the formation of the aluminosilicate

clusters and the limiting factor is now the diffusivity of aluminum atoms through the silicate

oligomer. Note that only the molecular dynamics enable us to differentiate between a nu-

cleation process or an aggregation process as described herein. Indeed, experimental studies

of aluminosilicate tend to show that aluminates are highly connected and are often in a Q4

position[36, 37], which seemingly indicates that silicates precipitate around an aluminate

monomer. In our simulations, the aluminum atom is indeed highly connected after the for-

mation of the aluminosilicate but it is not the result of a nucleation process. Interestingly,

we observe that after diffusion of the aluminates into the aluminosilicate structure, the size

of the aluminosilicate cluster tends to grow, thus, other silicates species can still connect to

the structure.

In Fig. 3, the formation of several entities is observed. Aluminosilicates form large

species, which is the result of the polycondensation that is started upon mixing the silicate

and aluminate solutions. Meanwhile, pure silicate species that do not contain aluminum,

are decondensed by sodium hydroxide[24] and are present only in short chains or single

monomers. Therefore, the distribution of silicates and aluminosilicates is polydisperse. As

shown on Fig. 3, the sodium remains close to aluminosilicates (at a distance of about 2.3 to
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2.6Å) and there is no sodium near pure silicates. The two main groups of molecules (small

pure silicates and large aluminosilicates) will have distinct superficial charges (that depends

on the quantity of aluminum and on the compensation scheme with protonation of oxygen

or sodium ions), different masses, and interaction forces. Therefore, the simulations suggest

that there should be a phase separation.

Figure 4. Scattering intensity of an aluminosilicate gel and of the silicate remaining in the solution

after the polycondensation reaction measured in Small Angle X-ray Scattering and Wide Angle X-

ray Scattering ([21]). The inset focuses on the scattering of the remaining silicate into the solution

and the water. The contribution of water was subtracted to isolate the contribution of silicate

entities. This latter is fitted by a Guinier-Porod model [38] to compute the radius of gyration

Rg=3.8 Å and a Porod exponent = 2.5.

As previously described, our models were built upon the experimental data in terms

of chemical composition, the density of the solutions, and NMR measurements, Dupuis et

al[21]. In the present experiments, we prepared a gel with a final concentrations of: [Si] =

1.125 mol.L−1, [Na] = 1.31 mol.L−1 and [Al] = 0.12 mol.L−1 corresponding to Si/Al=9.375

and Na/Al=10.92. The addition of aluminates monomers to the silicate solution initiates

the polycondensation reactions to form aluminosilicate entities that grow and interact each

other to form a gel[25]. Figure 4 shows the scattering intensity of the gel in SAXS and WAXS

configuration. The gel is composed of aluminosilicate building blocks that aggregates with

each other to form clusters with a fractal dimension of around 2.1 (for q ≤ 0.1 Å−1) as

described in Keshavarz et al.[25]. In a previous study, we have studied experimentally and
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modeled alkali silicate solution having the same proportions Si/Na as our current system

but by adding sodium hydroxide instead of aluminates. This sodium hydroxide provokes

the decondensation of silicates, [21]. The remaining silicates in solution are observable in

Figure 4 where the scattering of silicate overlap perfectly well on the scattering of the gel

for q ≥ 0.15 Å−1. After removing the contribution of the water the scattering of silicates is

modeled by a Guinier-Porod model [38], (see the inset in Figure 4). From this model, the

radius of gyration Rg=3.8 Å and a Porod exponent = 2.5 were obtained. This result is

consistent with the size of silicate dimers or cyclic trimers (Si-O distance is about 1.6Å in

silicates[39]). The size of the remaining silicate is lower than the aluminosilicate building

blocks that are around 15 Å[25]. It confirms here that the two antagonist reactions take

place, one that produces the gel due to the polycondensation between silicate and aluminate

entities and one that decondensate the silicate that remains suspended in the solution.

With our simulations, we can confirm that aluminum is a strong bond-maker[15] whereas

sodium hydroxide is a bond-breaker. We clarify that aluminosilicate chains are being pro-

tected by the integration of aluminate. This is due to a more stable Al-O bond compared to

Si-O bond, a change in the charge compensation scheme with more sodium in the vicinity of

the molecule, and an increase in the connectivity of the molecule that is, therefore, less sub-

ject to OH− attacks. Moreover, the simulation confirms also that the initial concentration of

silicates does not react entirely with the aluminates. The presence of aluminates produces

some aluminosilicates oligomers of finite size. The final result of the Qn
Al presented in figure

2 is also in agreement with NMR experimental data available in the literature on this kind

of gels or on geopolymers. Indeed, it is well known that Al sites are bridged with 4 Al-O-Si

as Q4
Al[36, 40]

In the simulations, we observe that the size of the aluminosilicate clusters is dependent

on the quantity of Al. As shown in Fig. 5, clusters having no Al have only 1 to 4 members

maximum, which indicates that they are primarily targeted by the sodium hydroxide leading

to decondensation. On the contrary, the cluster having the maximum number of Al (3 Al

and 18 Si) is the largest macromolecule in the system. The increase in size is monotonous

and linear with respect to the number of Al. The clusters containing more members also

have a larger gyration radius. Unfortunately, it is not possible experimentally to have access

to this accurate evolution of sizes since the population of oligomers is averaged by scattering

techniques. Only the minimum and maximum mean sizes of polydisperse scatterers are ob-
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servable. However, the comparison between simulation and calculated is very good in terms

of aluminosilicate and remaining silicates sizes namely around 20 Å and 4 Å respectively.

Due to the effect of the aluminum incorporation in aluminosilicates, the solution contains

heavy aluminosilicate aggregates and light short silicate chains. This indicates a phase sepa-

ration or a demixing due to the different densities of the species and their different affinities.

The scattering results suggest this finding (see Figure 4 and Keshavarz et al.[25]) since,

after the formation of the gel, we observe an aluminosilicate phase composed of aggregates

of the size of about 20 Å whereas the floating phase is a pure silicate with only short-range

structure. This finding indicates that the complex chemical path that has been described

by the simulations is the first step towards the formation of zeolites. However, in the zeolite

structure that is formed in the long term with the chemical composition studied here, namely

Chabazite, there is a ratio Si/Al = 2, which does not correspond to the initial composition

of the solution (Si/Al = 10)[25]. Therefore, demixing is an essential process to reequilibrate

the stoichiometry in order to form zeolite compounds with the desired stoichiometry.

To conclude, the decondensation and polymerization, happening simultaneously, of alu-

minosilicates in an alkali-rich solution has been reproduced for the first time with a fully

atomistic calculation concomitantly with experimental synthesis and structural characteri-

zation of the hydrogels. Advanced molecular dynamics methods have been used to acceler-

ate the dynamics and classical reactive force fields have been used to take into account the

bond-forming and dissociation, essential to study and give some new insights on the polycon-

densation process from very short timescale to longer times. The process of aluminosilicate

formation shows that first aluminates and silicates can be formed independently and are

stable in water. Those species start forming clusters when they enter into contact which

triggers the diffusion of aluminum atoms into the aluminosilicate species after ring-opening.

An aggregation process rather than a nucleation-like one seems then most likely as suggested

by the simulation. The Lowenstein rule, which is broken at the moment the macromolecule

is formed, is recovered after a few picoseconds. In agreement with experiments and other

simulations, this shows that aluminosilicate species are more stable than pure silicates and

pure aluminates and are forming larger aggregates in alkali-rich solutions. The size of the

cluster is dependent on the number of aluminum atoms that are included in the cluster.

Therefore, non-Al containing species will be decondensated due to the presence of sodium

hydroxide and form only short polymeric chains or monomers. On the contrary, the species
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Figure 5. In blue, average cluster size (number of members) versus the number of Al atoms in

the cluster in the final configuration. In red, average radius of gyration. The average number of

members increases with the number of Al in the aluminosilicate as well as it’s gyration radius.

The average radius of gyration for pure silicates is 4Å(not considering monomers) which is close to

the experimental value of 3.8Å. The difference in environment and size between pure silicates and

aluminosilicates indicates that these phases will have significantly different affinity and density,

which leads to phase separation. The snapshots are reproduced in larger size in supplemetary

materials.

that contains the most Al is composed of more than 20 (Si+Al) atoms indicating the stability

of the structure. This result is in extremely good agreement with the experiments showing a

phase separation of a heavy aluminosilicate phase and a lighter pure silicate phase contain-

ing only short silica chains. This study paves the way to the understanding of the formation

of aluminosilicate species in solution that are the precursors of various materials such as

zeolites and alkali-activated materials. Further research is needed to confirm the phase sep-

aration underlined in this study and the aggregation process between aluminosilicate species

forming clusters using fully atomistic large simulations.
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