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Abstract 
Silico-aluminophosphate and alkali-aluminosilicate geopolymers are increasingly popular as a green alternative to traditional 
Portland cement concrete used in the construction industry. In geopolymer concretes and mortars, the aggregate-matrix 
interface plays a major role in the fracture mechanisms. The adhesion strength between the mineral aggregate and the 
geopolymer matrix is mainly determined by the chemical nature of the components of the aggregate-geopolymer interface. 
However, this aspect remains insufficiently studied. Therefore, we used a Monte Carlo simulation to investigate adhesive 
behavior and interfacial interaction mechanisms of a cyclic aluminosilicate oligomer forming the structure of a geopolymer 
gel with mineral aggregates.
The study determined the low-energy equilibrium configurations of the structure of oligomers adsorbed on the surface of 
quartz, calcite, albite, and microcline, as well as the adsorption energies.
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1. Introduction 
Over the past few years, silico-alumino

phosphate  and  a lka l i -a luminos i l i cate 
geopolymers [1] have been considered as a 
green alternative to traditional Portland cement 
concrete used in the construction industry [2–
4] and as promising binders for a wide range 
of applications [5, 6]. The adjustable pore 
microstructure of geopolymers makes them 
promising materials for thermal, acoustic, and 
vibration insulation [7–9]. Geopolymers also 
exhibit effective immobilization properties and 
can thus be used for the utilization and disposal of 
radioactive waste [10–12]. Owing to their strong 
bonding properties, geopolymers can also be 
used as repair binders for concrete and reinforced 
concrete structures [13, 14]. 

In geopolymer concretes and mortars, the 
aggregate-matrix interface plays a major role in 
the fracture mechanisms and hence determines 
the mechanical properties of the aggregate. The 
properties of the interface affect the process of 
deformation of geopolymer materials, which 
typically deteriorate within the interfacial layer. 
A weak interfacial adhesion between geopolymer 
binders and mineral aggregates often results in 
inferior mechanical properties [15]. The adhesion 
strength between the mineral aggregate and the 
geopolymer matrix is determined by frictional 
forces at the aggregate-geopolymer interface and 
the chemical nature of these components. The 
impact of the latter factor on the final adhesion 
strength is more significant. However, this aspect 
remains insufficiently studied.

In our study, we used a Monte Carlo simulation 
to investigate the adhesive behavior and the 
mechanism of interfacial interaction between 
a cyclic aluminosilicate oligomer forming the 
structure of a geopolymer gel and characteristic 
minerals in the structure of an inorganic 
aggregate (α-SiO2, β-SiO2, calcite, albite, and 
microcline). The article presents low-energy 
equilibrium configurations of the aluminosilicate 
oligomer on the surface of the considered 
minerals and the results of a comparative analysis 
of adsorption energies. 

2. Experimental 
To study the interfacial interaction between 

the geopolymer obtained by means of low-
temperature alkali activation of aluminosilicates 
[16] and mineral aggregates, we used a cyclic 
aluminosilicate oligomer (CAO) with a ratio of 
Si/Al = 3 shown in Fig. 1a. The structure of the 
CAO was optimized using the Dmol3 software 
package [17]. The calculations were performed 
by means of exchange-correlation functional 
approximations using the Perdew–Burke–
Ernzerhof (RPBE) functional [18]. The electron 
density was determined using a double numerical 
plus polarization (DNP) basis set [19]. In order to 
account for the van der Waals forces, we used a 
dispersion-corrected DFT (DFT-D) suggested by 
Grimme [20, 21]. 

The following surfaces were used for the 
simulation of the adsorption behavior of the CAO: 
(100) quartz (α-SiO2) [22]; (100) quartz (β-SiO2) 
[23], (010) calcite (CaCO3) [24], (100) albite 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(1): 154–159

Y. M. Ermolov et al.	 Monte Carlo simulation of interfacial adhesion between geopolymer binders...

Fig. 1. (a) model of a ring-type aluminosilicate oligomer defining the structure of the N-A-S-H geopolymer 
gel; (b) surface models: (100) α-SiO2; (100) β-SiO2; (010) CaCO3; (100) NaAlSi3O8; (100) KAlSi3O8
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(NaAlSi3O8) [25], and (100) microcline (KAlSi3O8) 
[26] shown in Fig. 1b. In order to eliminated 
the effect of the atomic layers associated with 
periodic boundary conditions when simulating 
a mineral surface, we used a 40 Å vacuum layer. 
The simulation was performed by means of the 
Monte Carlo technique in a gas phase using 
the Adsorption Locator software unit [17]. The 
calculations were based on the Metropolis–
Hastings algorithm and involved simulated 
annealing with 20 measurement cycles at different 
temperatures and 2×105 steps for each cycle [27]. 
The energies were calculated using the COMPASS 
force field [28]. The van der Waals energy was 
calculated using the atomic method. The cut-off 
distance of the Lennard-Jones potential was 14 Å. 
The electrostatic interaction was described using 
the Ewald summation technique [29]. 

3. Results and discussion 
The interfacial adhesion between the 

geopolymer binder and the aggregate was 
assessed based on the results of the Monte 
Carlo simulation of the adsorption of the cyclic 
aluminosilicate oligomer on the analyzed 
surfaces. In our study, we determined the most 
stable adsorption configurations of the CAO and 
its adsorption energies. 

The adsorption energy (Eads) was determined 
using the formula: 

Eads = ETotal – (EAdsorbate + ESurface), 

where Eads is the energy of the mineral surface-
adsorbate configuration, EAdsorbate and ESurface are 

energies of the CAO and the mineral surface 
respectively.

The low-energy equilibrium configurations 
of the structure of the CAO adsorbed on mineral 
surfaces (α-SiO2, β-SiO2, CaCO3, NaAlSi3O8, 
KAlSi3O8) determined as a result of the Monte 
Carlo simulation are demonstrated in Fig. 2. We 
can see that as a result of the adsorption, the 
CAO is oriented parallel to the mineral surface. 
This spatial conformation of the CAO allows 
for maximum number of interactions with the 
mineral surface. To determine the main types 
of interactions between the adsorbate and the 
mineral surface, we performed an analysis of 
bond lengths. The shortest distances between 
the atoms of the mineral surface and the nearest 
aluminum and silicon atoms of the adsorbed 
oligomer in the equilibrium state are given in 
Table 1. The distances were calculated based 
on the difference in the Cartesian coordinates. 
To calculate the number of bonds between the 
surface oxygen atoms and the hydroxyl groups 
of the oligomer, we used a geometric criterion, 
according to which the distance between the 
atoms forming the hydrogen bond cannot be 
more than 2.45 Å [30]. In our study, practically 
all the shortest bonds were less than 2.5 Å, which 
indicates the formation of a strong bond between 
chemisorbed oligomers and the mineral surface. 

Fig. 3 presents the calculated Eads for all the 
studied systems. Significantly negative Eads values 
indicate the strongest and most stable adsorption. 
Fig. 3 demonstrates that the absolute values of 
the adsorption energy of the CAO on the studied 

Fig. 2. Most stable low-energy configurations calculated by MC simulations for the adsorption of oligomer on 
the mineral surfaces of aggregate 
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mineral surfaces decrease in the following order: 
CaCO3 > KAlSi3O8 > NaAlSi3O8 > α-SiO2> β-SiO2. 
This tendency correlates well with the number of 
formed ОН-bonds (Table 1). The calculated Eads 
demonstrated that the best adhesion is observed 
during the interaction of the CAO with calcite, 
which is confirmed by the experimental data 
presented in [31, 32].

 4. Conclusions
This study presents Monte Carlo simulation 

results investigating the adhesive behavior 
and the mechanism of interfacial bonding of 
a cyclic aluminosilicate oligomer and mineral 
aggregates. The study determined low-energy 
equilibrium configurations of the structure of 
oligomers adsorbed on the surface of (100) α-SiO2, 
(100) β-SiO2, (010) CaCO3, (100) NaAlSi3O8, (100) 
KAlSi3O8, as well as the adsorption energies. 
The simulation demonstrated that cyclic 
aluminosilicate oligomers can be chemisorbed. 
The absolute values of the adsorption energy 

of the aluminosilicate oligomer on the studied 
surfaces are characterized by the following 
sequence: CaCO3 > KAlSi3O8 > NaAlSi3O8 > α-SiO2> 
β-SiO2. This result is in good agreement with the 
number of the OH-bonds formed between the 
aluminosilicate oligomer and the mineral surface. 
The best adhesion effect was observed for calcite.
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