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Abstract In order to investigate the dissolution

process of metakaline in alkaline solutions, two

6-memebered rings models consisting of AlO4 tetra-

hedron and SiO4 tetrahedron, respectively are firstly

proposed to represent the structure of metakaoline in

this paper. Analysis of the dissolution mechanism of

the two 6-memebered rings models in strongly

solution reveals that the dissolution process of

metakaoline is composed of ring breakage for

releasing HOTO3
” anion, formation of HO–

T(OM)3 by ion-pairing reaction between HOTO3
”

anion and M+ cation, and further interaction between

the remaining broken ring cluster and MOH solu-

tions. A computational chemistry method: Semi-

empirical AM1 calculation is then conducted on the

two models to obtain the details of three steps

involved in dissolution process. The calculated results

showed that 6-member ring model consisting of AlO4

tetrahedron is more reactive than 6-member ring

model consisting of SiO4 tetrahedron. Compared

with local environment, strongly alkaline accelerated

the dissolution of 6-member ring model consisting of

SiO4 tetrahedron. Na+ has stronger ion-pairing inter-

action than K+. The further reaction between the

remaining broken ring cluster and strongly alkaline

solution depended on the types of the remaining

broken ring cluster and alkaline solution. The above

results enhanced our understanding of dissolution

mechanisms of metakaoline in highly alkaline solu-

tions, which is especially important to geopolymer-

ization reaction.

Introduction

In recent years a novel type of high performance

inorganic binder—Geopolymer is rapidly developed

around the world. Compared to Portland cement,

Geopolymer possesses low energy consumption, less

CO2 emission, high early strength, less shrinkage, low

permeability, good fire and acid resistance and excel-

lent durability [1]. These merits make Geopolymer

exhibit promising potentials in the fields of civil,

bridge, pavement, hydraulic, underground and militia

engineering.

At present, research into formation process of

Geopolymer has become a hot topic internationally.

By far most of the researchers describe the formation

process of Geopolymer by means of traditional

hydration mechanism of Portland cement or alkali

slag cement. Only a 3-steps process of dissolution–

reorientation–polycondensation involved in geopoly-

merization reaction is proposed and discussed until

now [1–5]. However, the 3-steps process almost takes

place at the same time. Consequently, the dynamics

of the 3 steps are inter-dependent, so that it is

impossible to isolate the 3 steps in an experimental

study, resulting in no better understanding of the

details of each step.

The rate and extent of dissolution of alumino-

silicate materials in alkali solutions directly determine
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the types and amount of Geopolymeric products.

Hence, it is essential to understand dissolution process

involved in geopolymerization reaction in order to gain

insight into the kinetics and mechanisms of geopoly-

merization. Considering the difficulty in isolating the 3

steps in experiment, molecular simulation is used in

this paper to study the first step of geopolymerization

reaction—dissolution process.

Some theoretical researches into dissolution mech-

anisms of silicates or alumino-silicate materials have

been conducted in recent 20 years [6–29]. In most of

these studies, researchers firstly postulated a molecular

model representing the structure of the raw material,

then analyzed the molecular model to obtain the

kinetics and mechanisms of dissolution. The method is

proved to be very feasible and effective to these

problems that are very difficult to address through

experimental studies.

Semi-empirical AM1 calculation has shown to be

successful in predicting the molecular structure and

physical properties of silicates or alumino-silicate

materials. By far the important conclusions from these

studies are that the major structures and energetics of

silicates or alumino-silicates can be accounted for by

short-range directional forces or covalent bonding in a

traditional sense. As a result, finite molecular clusters

can be used to simulate the local environment and

provide significant insight into the atomic forces and

bonding pictures of silicates or alumino-silicates. With

the development of computational power of PC (per-

sonal computer), it is possible to calculate the bonding,

breaking and formation processes, in particular, the

reaction pathways and energetics involving silicates or

alumino-silicates from the atomic point of view with

AM1 calculation.

Kaolinite is one of the alumino-silicates without

CaO. Its reactivity can be greatly improved after a

suitable calcining regime. When the calcined kaolinite

that is called metakaoline (MK) contacts with

strongly alkaline solutions such as NaOH or KOH,

a large amount of Si and Al clusters are dissolved

to solutions. Rapid dissolution of MK in strongly

alkaline solutions has made it become a key material

of geopolymerization [30–51]. Therefore, it is very

important to understand the kinetics and mechanisms

of dissolution of MK in alkaline solutions. In this

study, we firstly established a molecular model

representing MK structure, and then study the disso-

lution behaviors of the model using semi-empirical

AM1 calculation. The calculation can be used to

understand the dissolution process of MK in alkaline

solutions.

Molecular model representing MK structure

MK is a type of sheet molecular structure alumino-

silicate materials. The sheet structure can be repro-

duced periodically by a few small molecular units [52].

Therefore, it is reasonable to assume that these small

molecular units can be used to represent the structure

of MK. Of course, the correct selection of small

molecular units is a key to understand the kinetics and

mechanisms of dissolution of MK.

Molecular structure of MK

Kaolinite will lose most of the structural H2O after

calcining. However, the sheet molecular structure of

kaolinite can still be sustained in MK. By using

MAS-NMR technique, it is found that the coordination

environment of Si atom is not almost changed and still

kept at 4-fold coordination, while great change will

taken place for the coordination environment of Al

atom varying from 6-fold to 4-fold coordination [53].

Based on the above analysis, we can imagine the

molecular structured of MK, as shown in Fig. 1: MK is

composed of two-sheet structure. One sheet is a SiO4

tetrahedral layer similar to that of kaolinite, the other

sheet is a greatly distorted AlO4 tetrahedral layer

transformed from Al(OH)6 octahedral layer in

kaolinite.

As can be seen from Fig. 1, there are mainly three

types of reproduced units in MK: (1) SiO4 and AlO4

tetrahedral units; (2) Single 6-membered ring structure

clusters consisting of SiO4 and AlO4 tetrahedron,

respectively; (3) Double 6-membered ring structure

clusters consisting of single 6-membered SiO4 ring and

AlO4 ring clusters.

Herein it is worth noting that the metakaolin is

actually X-ray amorphous, and contains a range of Al

coordination [54]. The 6-membered rings of 4-coordi-

nated Al are only an approximation to the actual

structure in fact.

Molecular model representing MK structure

In order to accurately simulate the molecular structure

of MK, and perform molecular calculations in PC, an

important requisition is to choose a suitable molecular

cluster to simulate the bulk solid of MK. Of primary

concern is the size of the molecular cluster used in such

calculations. This is because the computing time

increases dramatically with an increase in the size of

the cluster. On the one hand, the chosen molecular

cluster should be sufficiently large to accurately mimic
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the local environment of the molecular structure of

MK. On the other hand, the molecular cluster

should be sufficiently small to ensure computational

feasibility.

As shown in Fig. 1, SiO4 and AlO4 tetrahedral

units are the smallest reproduced molecular units of

MK. Molecular calculations on these two units are

very simple and easy. However, they do not embody

the ring structural environment of MK, so that they

are not considered as the molecular model represent-

ing the structure of MK. Both single 6-membered ring

structure clusters and double 6-membered ring struc-

ture clusters can exhibit the ring structure environ-

ment. Considering that the computing time and

memory requirements used in molecular calculations

for double 6-membered ring structure clusters are

almost 4–8 times greater than those for single

6-membered ring structure clusters caused by more

atoms in double 6-membered ring structure clusters,

single 6-membered SiO4 and AlO4 tetrahedron ring

structure clusters are finally considered as the molec-

ular models representing the structure of MK and

discussed in detail in this study. In order to minimize

the size of computing model and keep the balance of

potential field, single 6-membered SiO4 and AlO4

tetrahedron ring structure clusters with all suspended

bonds are terminated by OH groups. Figure 2

presents the 6-membered ring models representing

the structure of MK. The bond length and angle of

single 6-membered SiO4 and AlO4 tetrahedron ring

models are also calculated using semi-empirical AM1

restricted Hatree-Fock calculations, as shown in

Table 1.

Semi-empirical AM1 calculation of dissolution process

of single 6-membered SiO4 and AlO4 tetrahedron ring
models in local environment

Single 6-membered SiO4 and AlO4 tetrahedron ring

models will produce bond breaking and releasing of

T(OH)4 clusters (T represents Si or Al) in local

environment. The process can be modeled phenome-

nologically as follows:

Atom arrangement at (010) plane Atom arrangement (001) plane 

Atom arrangement at (100) plane 

Single 6-membered

SiO4 tetrahedral ring 

Single 6-membered 

AlO tetrahedral rin

O2- at 0.0; O2- at 2.19 Si4+at 0.60 Al3 at 3.27

AlO4 tetrahedral layer 

SiO4 tetrahedral layer 

a b

c

Fig. 1 Molecular structure of
metakaoline (a) Atom
arrangement at (010) plane.
(b) Atom arrangement (001)
plane. (c) Atom arrangement
at (100) plane
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ðSi(OHÞ2OÞ6 þ 2H2O) ðOHÞ3SiAðSi(OH)2OÞ3
ASi(OH)3 þHOASi � ðOHÞ3 DE1 ð1Þ

ðAl�ðOHÞ2OÞ6 þ 2H2O) ðOHÞ3Al�AðAl�ðOHÞ2OÞ3
AAl�ðOHÞ3 þHOAAl� � ðOHÞ3 DE2 ð2Þ

Reaction energies DE1, DE2 can be obtained by

using semi-empirical AM1 restricted Hatree-Fock

calculations, shown in Table 2. The molecular models

of the remaining broken ring structure model after

releasing of T(OH)4 from single 6-membered SiO4

and AlO4 tetrahedron ring models are presented in

Fig. 3.

From Table 2, the reaction energy DE2 caused by

a releasing of HO–Al– ” (OH)3 is –1464.21 KJ/mol.

This means that the dissolution process of single 6-

membered AlO4 tetrahedron ring is a strongly

exothermic reaction. However, the opposite is true

for 6-membered SiO4 tetrahedron ring. This indicates

that single 6-membered AlO4 tetrahedron ring is

more reactive than single 6-membered SiO4 tetrahe-

dron ring and more easily dissolved in local

environment.

Semi-empirical AM1 study of dissolution process of

single 6-membered SiO4and AlO4 tetrahedron ring
models in strongly alkaline environment

As mentioned in the introduction, the dissolution of

MK in strongly alkaline solutions is the important

starting step in geopolymerization reaction. The objec-

tive of this study is to gain insight into the dissolution

mechanism of MK in strongly alkaline solutions using

semi-empirical AM1 calculations.

In strongly alkaline environment (pH > 14), more

than 97.47% of Si(OH)4 exists as HOSiO3
” anion that

will participate in ion-pairing reaction with alkali metal

cation M+ (M represents Na or K) to form HOSi(OM)3

species [55]. However, no documented literature

involved the state of Al(OH)4
– anion in alkaline

solution can be found until now. Considering the

similarity in chemical environment, it is reasonable to

assume that Al(OH)4
– anion exists as HOAl(OM)3

–

species in MOH solutions.

The dissolution process of sing 6-membered

ring models can be divided into three steps in strongly

alkaline solutions as shown from Eq. 3 to Eq. 10:

(1) Ring breakage for releasing HOSiO3
” or HO

a 6-membered ring model of SiO4 tetrahedron b 6-membered ring model of AlO4 tetrahedron

Si

AI

O

O

Fig. 2 Molecular models
representing the structure of
metakaoline. (a) 6-membered
ring model of SiO4

tetrahedron. (b) 6-membered
ring model of AlO4

tetrahedron

Table 1 Bond length and
angle in 6-membered ring
models

Note: Obr—bridging oxygen,
Onbr—non-bridging oxygen

Bond length (nm) Bond angle (�)

Si–Onbr Si–Obr Obr–Si–Obr Obr–Si–Onbr Onbr–Si–Onbr Si–Obr–Si

a. Bond length and angle in 6-membered ring model of SiO4 tetrahedron
0.16931 0.1615 110.2564 106.8573 115.3440 159.8111
Bond length (nm) Bond angle (�)
Al–Onbr Al–Obr Obr–Al–Obr Obr–Al–Onbr Onbr–Al–Onbr Al–Obr–Al

b. Bond length and angle in 6-membered ring model of AlO4 tetrahedron
0.17331 0.1755 98.0483 104.9156 131.2312 132.6833
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AlO3
–IV anion; (2) Formation of HO–Si(OM)3 or

HO–Al–(OM)3 species by ion-pairing reaction be-

tween HOTO3
” or – IV anion and M+ cation; (3)

Further interaction between the remaining broken

ring cluster and MOH solutions.

ðSi(OH)2OÞ6 þ 3NaOH) (OH)3SiAðSi(OH)2OÞ3
ASi(OH)3 þHOASi � (ONa)3 þH2O DE3 ð3Þ

ðSi(OH)2OÞ6 þ 3KOH) (OH)3SiAðSi(OH)2OÞ3
ASi(OH)3 þHOASi � (OK)3 þH2O DE4 ð4Þ

ðSi(OH)2OÞ6 þ 4NaOH) (OH)3SiAðSi(OH)2OÞ3
ASi(OH)2AONaþHOASi � (ONa)3 þ 2H2O

DE5 ð5Þ

ðSi(OH)2OÞ6 þ 4KOH) (OH)3SiAðSi(OH)2OÞ3
ASi(OH)2AOK+HOASi � (OK)3 þ 2H2O

DE6 ð6Þ

ðAl�ðOHÞ2OÞ6 þ 3NaOH)
ðOHÞ3Al�AðAl�(OH)2OÞ3 AAl�(OH)3

þHOAAl� � (ONa)3 þH2O DE7 ð7Þ

ðAl�ðOHÞ2OÞ6 þ 3KOH) (OH)3Al�AðAl�(OH)2OÞ3
AAl�(OH)3 þHOAAl� � (OK)3 þH2O

DE8 ð8Þ

ðAl�ðOHÞ2OÞ6 þ 4NaOH)
(OH)3Al�AðAl�(OH)2OÞ3AAl�(OH)2AONa

þHOAAl� � (ONa)3 þ 2H2ODE9 ð9Þ

ðAl�ðOHÞ2OÞ6 þ 4KOH) (OH)3Al�AðAl�(OH)2OÞ3
AAl�(OH)2AOK+HOAAl� � ðOKÞ3
þ 2H2ODE10 ð10Þ

Equations (3) and (4), (7) and (8) represent the ring

breakage as well as formation of HOT(OM)3 species in

strongly alkaline environment, which is similar to that

in local environment (Eqs. 1, 2).

Equations (5) and (6), (9) and (10) include not only

the ring breakage and formation of HOT(OM)3

species, as in the case of Eqs. 3 and 4, 7 and 8, but

also further interaction between the remaining broken

ring cluster and MOH solutions. Therefore, the values

of (DE5–DE3), (DE6–DE4), (DE9–DE7) and (DE10–

DE8) actually represent the further interaction ener-

gies between MOH solutions and the remaining

broken ring clusters.

Figures 4 and 5 show the molecular models of

HOT(OM)3 and the remaining broken ring clusters.

Table 3 lists the reaction energies for Eqs. 3–10 using

semi-empirical AM1 calculations. The bond length and

angle of the remaining broken 6-membered SiO4 and

Table 2 Reaction energies of single 6-membered rings structure
models in local environment

Molecular structure cluster Formation heat
(a.u)

Reaction heat
(KJ/mol)

DE1 DE2

(Si(OH)2O)6 –1491.44763 77.43 –1464.21
(Al–(OH)2O)6 –619.66576
(OH)3Si–(Si(OH)2O)3–

Si(OH)3

–1294.64502

(OH)3Al––(Al–(OH)2O)3–
Al–(OH)3

–776.45042

HO–Si ” (OH)3 –296.86927
HO–Al– ” (OH)3 –310.33831
H2O –59.25069

a Molecular model of the remaining b Molecular model of the remaining 

broken ring after release of Si(OH)4 broken ring after release of Al(OH)4

O

Si

O

Al

Fig. 3 Molecular models of
the remaining broken ring
after dissolution.
(a) Molecular model of the
remaining broken ring after
release of Si(OH)4.
(b) Molecular model of the
remaining broken ring after
release of Al(OH)4

–
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AlO4 tetrahedron ring models are also calculated using

AM1 method in this paper. The changes in bond length

and angle of the 6-membered rings models before and

after dissolution in strongly alkaline solution are shown

in Figs. 6 and 7.

As can be seen from Figs. 6 and 7, the bonds on

boundary (Si–Obr) and bonds on ring (Si–Onbr) are both

stretched, while the angles on ring (Obr–Si–Obr) are

reduced and the angles (Si–Obr–Si) are increased after

the releasing of Si(OH)4 cluster regarding single 6-

membered SiO4 tetrahedron ring model. This suggests

that single 6-membered SiO4 tetrahedron ring model

contracts inwards after dissolution in strong alkaline

environment, which can seen clearly in Fig. 5a, b.

Fig. 4 Optimized molecular
structure model of HO–
T(OM)3 (T represents Si or
Al). (a) Molecular structure
of HO–Si(OM)3.
(b) Molecular structure of
HO–Al–(OM)3

Fig. 5 Optimized molecular structure model of the remaining
broken ring after dissolution of ion cluster (a) Molecular
structure of (OH)3Si–(Si(OH)2O)3–Si(OH)2–ONa. (b) Molecu-

lar structure of (OH)3Si–(Si(OH)2O)3–Si(OH)2–OK. (c) Molec-
ular structure of (OH)3Al––(Al–(OH)2O)3–Al–(OH)2–ONa. (d)
Molecular structure of (OH)3Al––(Al–(OH)2O)3–Al–(OH)2–OK
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For single 6-membered AlO4 tetrahedron ring

model, the reduction in the bonds on boundary (Al–

Onbr) and increase in the bond on ring (Al–Obr) are

found after the releasing of Al(OH)4
– cluster. The

angles on ring (Onbr–Al–Obr) and (Al–Obr–Al) show a

diminishing trend. This indicates that single 6-mem-

bered AlO4 tetrahedron ring model expands outwards

after dissolution in strong alkaline environment, which

can be seen in Fig. 5c, d.

Based on the above analysis, we know that the single

6-membered ring models are readjusted after dissolu-

tion, resulting in some changes in bond length and

angle.

From Table 3, the following observations could be

obtained:

Alkaline environment significantly accelerate the

dissolution process of single 6-membered ring models

with much higher exothermal energies than local

environment. For instance, dissolution energies in local

environment (DE1) is 77.43 KJ/mol that means it is

endothermic reaction, while the corresponding value in

NaOH (DE3) is –60.89 KJ/mol that is exothermal

reaction regarding single 6-membered SiO4 tetrahedron

ring model. In the case of KOH, dissolution energy

(DE4) shows less endothermic demand than local

environment (DE1).

It is also found that dissolution in NaOH exhibit

higher heat releasing than that in KOH (|DE3| > –DE4,

|DE5| > |DE6|, |DE7| > |DE8|, |DE9| > |DE10|), which

means that NaOH favors the dissolution of MK. This

result has been verified by our experimental results.

As can be seen from comparison of Eqs. 3 and 4,

both of them include the releasing of HOT3
” anion,

and ion-pairing reaction between HOT3
” anion and

M+ cation. The only difference between Eqs. 3 and 4 is

that ion-pairing reaction in Eq. 3 is between HOSiO3
”

anion and Na+ cation, while ion-pairing reaction in Eq.

4 is between HOSiO3
” anion and K+ cation. Therefore,

|DE3|> –DE4 indicates that ion-pairing reaction be-

tween HOSiO3
” anion and Na+ cation is stronger than

that between HOSiO3
” anion and K+ cation. Similarly,

|DE3| < |DE7|, –DE4 < |DE8| also show Na+ has stron-

ger ion-pairing capacity with HOAl–O3
” than K+. By

using MAS-NMR techniques, McCormick et al. [56–

58] and Swaddle et al. [59] also found that alkali metal

cation of smaller size favor ion-pairing reaction with

silicate monomer species in alkaline solution, which is

consistent with our calculated result.

|DE3| < |DE7|, –DE4 < |DE8| show ion-pairing reac-

tion between HOAl–O3
” and M+ is stronger than that

between HOSiO3
” and M+ in the same strongly

alkaline solution.

before dissolution

after dissolutionFig. 6 Bond length change of
single 6-membered rings
models before and after
dissolution in strongly
alkaline solution

before dissolution

after dissolution

Fig. 7 Bond angle change of
single 6-membered rings
models before and after
dissolution in strongly
alkaline solution

Table 3 Reaction heat of
single 6-membered rings
models in strongly alkaline
solution

Reaction heat (KJ/mol)

DE3 DE4 DE5 DE6 DE7 DE8 DE9 DE10

–60.89 12.79 –227.43 –156.30 –1292.28 –1066.31 –1342.31 –1059.24
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The difference in reaction energy between |DE9| and

|DE10| is 283.07 KJ/mol, which is the sum of 225.97 KJ/

mol (|DE7| – |DE8|) and 57.10 KJ/mol (|DE9| – |DE7|)–

(|DE10| – |DE8|). In other words, 20.20% of the

difference in the dissolution energy for T(Al) center

dissolved in NaOH and KOH solution is contributed

by stronger ion-pairing reaction, while 79.80% comes

from further interaction between the remaining broken

ring clusters and alkaline solution, as shown in Fig. 8.

Similarly, the contribution on the difference in reaction

energy caused by different type of alkaline solution

(NaOH and KOH) for single 6-membered SiO4 tetra-

hedral ring model is also calculated, as shown in Fig. 9.

For single 6-membered AlO4 tetrahedral ring

model, the further interaction energy between the

remaining broken ring clusters and NaOH (|E9| –

|E7| = 50.03 KJ/mol) is less than that between the

remaining broken ring clusters and KOH (|E10| –

|E8| = –7.07 KJ/mol). For single 6-membered SiO4

tetrahedral ring model, the similar trends is also shown

(|E5| – |E3| = 166.54 KJ/mol, |E6| – |E4| = 143.51 KJ/

mol). This means that both Na+ and K+ can stabilize

the remaining broken ring clusters with K+ being

slightly better.

Conclusion

Semi-empirical AM1 restricted Hatree-Fock calcula-

tions have been conducted on optimized geometries of

6-membered AlO4 and SiO4 tetrahedral ring models in

order to better understand the dissolution process of

Metakaoline in alkaline solutions. Based on the calcu-

lated results, the following conclusions can be drawn:

(1) Single 6-membered SiO4 tetrahedron ring model

shows a contracting inwards after dissolution in

strong alkaline environment, while a moving

outwards trend is found in single 6-membered

AlO4 tetrahedron ring model, which indicates

that the structure of metakaoline will obviously

distorte after the releasing of T(OH)4.

(2) The dissolution mechanism of the 6-membered

rings models in strongly alkaline solution is

revealed to consist of ring breakage for releasing

HOTO3
” anion, formation of HO-T(OM)3 by ion-

pairing reaction between HOTO3
” anion and M+

cation, and further interaction between the

remaining broken ring cluster and MOH solutions.

(3) 6-membered rings model of AlO4 tetrahedron

compared with 6-membered rings model of SiO4

tetrahedron is more reactive and is easily broken

to release HOTO3
” anion in alkaline environ-

ment. Na+ cation show stronger ring breakage

and ion-pairing interaction than K+ cation. The

further reaction between the remaining broken

ring cluster and strongly alkaline solution de-

pended on the types of the remaining broken ring

cluster and alkaline solution. KOH has slightly

better in stabilizing the remaining broken ring

clusters than NaOH. Therefore, NaOH solution

compared with KOH is expected to give a higher

dissolution extent of metakaoline and a faster

formation of geopolymeric products.
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