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Received: 22 May 2024

Revised: 16 June 2024

Accepted: 24 June 2024

Published: 27 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Understanding the Competition Mechanism between Na2O and
CaO for the Formation of the Initial Layer of Zhundong Coal Ash
Maierhaba Abudoureheman 1,2 , Lanzhen He 1,2, Kunpeng Liu 1,2, Bo Wei 1,2,*, Jia Lv 1,2, Jianjiang Wang 1,2

and Quan Zhu 1,2,3

1 State Key Laboratory of Chemistry and Utilization of Carbon Based Energy Resources, School of Chemical
Engineering and Technology, Xinjiang University, Urumqi 830017, China; marhabaa@xju.edu.cn (M.A.);
helanzhen@stu.xju.edu.cn (L.H.); liukp@stu.xju.edu.cn (K.L.); 107552203814@stu.xju.edu.cn (J.L.);
wangjianjiang@xju.edu.com (J.W.); qzhu@scu.edu.cn (Q.Z.)

2 Xinjiang Key Laboratory of Clean Conversion and Chemical Engineering Process, School of Chemical
Engineering and Technology, Xinjiang University, Urumqi 830017, China

3 Engineering Research Center of Combustion and Cooling for Aerospace Power, Ministry of Education,
School of Chemical Engineering, Sichuan University, Chengdu 610065, China

* Correspondence: wb001@xju.edu.cn; Tel.: +86-187-0302-8892

Abstract: The contents of alkali and alkaline earth metals are higher in Zhundong coal, and there
are serious problems of slagging and fouling during the combustion process. Therefore, it is of
great significance to reveal the mechanism of slagging and fouling in the boiler of Zhundong coal.
In this paper, first-principle calculations based on density functional theory are used to study the
competition mechanism of alkaline metal oxides during the combustion process in Zhundong coal
by establishing the Na2O(110)/CaO(100)-SiO2(100) double-layer interface model. The results show
that the bond lengths of the surface of Na2O(110) and CaO(100) with SiO2(100) after adsorption
were generally lengthened and the value of bond population became smaller, which formed a stable
binding energy during the reaction. The electron loss of Na is 0.05 e, the electron loss of Ca is 0.03 e,
and the electron loss of Na2O is greater than that of CaO. The charge transfer on the surface of Na2O
with SiO2 is obviously higher than that of CaO and the orbital hybridization on the surface of CaO
with SiO2 is weaker than that on the surfaces of Na2O with SiO2. Na2O is easier to react with SiO2

than CaO. The adsorption energies on the surface of Na2O and CaO with SiO2 are −5.56 eV and
−0.72 eV, respectively. The adsorption energy of Na2O is higher than that of CaO, indicating that
Na2O is more prone to adsorption reactions and formation of Na-containing minerals and other
minerals, resulting in more serious slagging. In addition, the XRD analyses at different temperatures
showed that Na-containing compounds appeared before Ca-containing ones, and the reaction activity
of Na2O is stronger than that of CaO in the reaction process. The experimental results have good
agreement with the calculation results. This provides strong evidence to reveal the slagging and
fouling of Zhundong coal.

Keywords: first-principles calculation; interface model; adsorption energy; density of states;
experimental study

1. Introduction

As a large country of coal resources, it is a great significance to make clean, efficient
and rational use of the existing coal resources in China, which has abundant coal reserves,
which are good for power, and low mining costs [1,2]. However, Zhundong coal has a
special quality, with a high content of alkali and alkaline earth metals in the ash. The
Na, Ca, and K salts are precipitated during the combustion process and easily react with
other minerals in the coal ash, which further melts the compounds. The molten inorganic
compounds condense on the lower temperature pipe wall to form a low-temperature
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eutectic, which makes melting and slagging in the high-temperature zone easy. Further, it
results in slagging/fouling of the boiler and reduces its operation efficiency [3–5].

As an important indicator to measure whether the boiler can operate normally, the
melting characteristics are related to the composition of coal ash [6]. Researchers have
shown that Na reacts with SiO2 during combustion to form a thin layer of silicate. Silicate
further reacts with sodium to form portil, which condenses on the pipe wall at low tem-
peratures to form a low-temperature eutectic [7–11]. Some researchers have studied the
deposits on the heating surface of the boiler and found that sulfates containing Na and Ca
deposited on the heating surface are a prominent cause of slagging and fouling problems in
Zhundong coal [12,13]. Previous studies have shown that wollastonite and sodium silicate
generated by the reaction of Na2O and CaO with SiO2 were the main factors causing the
slagging of Zhundong coal. However, the study on slagging characteristics is limited to
the macroscopic viewing analysis of slag samples. Therefore, it is crucial to explore the
influence of its micro-formation mechanism on the slagging and fouling of Zhundong coal.
By calculating the electronic structure and adsorption energy of minerals, slagging, a trend
caused by the reaction of Na2O and CaO with SiO2, is predicted, which provides data
support for the discussion of slagging characteristics.

In recent years, with the development of quantum chemistry theory, the first-principle
calculation has been widely used to determine the structure and ground state properties
of materials [14,15]. It explains the reaction activity of minerals at the molecular level and
provides a theoretical basis for analyzing the reaction mechanism of substances during
the phase transition process [16]. One way to study the relationship between a minerals’
structure and property based on quantum chemistry theory is to model the actual problem,
and selection of model is key to solving the problem. The bilayer model can calculate the
situation of individual molecules that are adsorbed on the surface and the interaction of
molecules between layers, and it can explain the properties of minerals from the electronic
structure and surface reaction. The researchers of [17] applied quantum chemistry theory to
reveal the macroscopic phenomenon of substances from the perspective of the microscopic
characteristics of the molecular structure, which provided a theoretical basis for analyzing
the physical and chemical properties in the reaction process. Researchers have studied the
heterogeneous adsorption of HCN on the CaO(100) surfaces by using the first-principle
calculation, indicating that HCN was more easily adsorbed on the Ca vacancy surface of
the defective CaO(100) surface and the adsorption capacity was decreased with increasing
temperature. Lu [18] studied the action mechanism of Cd on the SiO2(001) surface from
the microscopic point of view and found that the O site is the active site on the SiO2(001)
surface. The adsorption mode of CdO on the SiO2(001) surface was chemical adsorption,
which made the reaction with the SiO2(001) surface easier. The results have provided
theoretical support for the removal of Cd pollutants. Lin [19] used the density functional
theory (DFT) to study the adsorption reaction of CO on different crystal surfaces of Fe2O3
in the chemical ring combustion process. The results showed that a CO adsorption reaction
could occur on both (001) and (100) crystal surfaces of Fe2O3 and that the addition of Fe2O3
could promote the adsorption of CO.

The above research is the application of quantum chemistry theory to the adsorption
and surface properties of a single molecule on the crystal surface. Compared with the
single-molecule model, crystal-surface models with periodic boundary conditions are better
to describe the solid surface. However, there are few studies on the molecular interactions
between layers on crystal surfaces. Han [20] et al. studied the interaction of surface
modified colloidal silica with polyvinyl alcohol by molecular simulation, which showed
that the interaction of modified silica with polyvinyl alcohol molecules was significantly
enhanced. By using quantum chemistry theory, Yang [21] studied the interaction between
the NaCl surface and Fe2O3, Al2O3, and NiO surface in high-alkali coal and found that the
adsorption energy was positively correlated with the slagging condition in the boiler. The
greater the adsorption energy, the more serious the slagging.
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In order to more accurately describe the real situation, the adsorption models of oxides
are established in this paper. Density functional theory plays a key role in the calculation
of micro parameters such as adsorption energy, charge transfer, and the bond length of
gases and solids on the coal surface. The adsorption capacity of different substances on
the coal surface is obtained by calculation. The theory provides an important theoretical
basis for the study of spontaneous coal combustion, gasification, and the combustion
process. Through the analysis of adsorption characteristics, we can deeply understand the
interaction mechanism between substances, that is, a higher adsorption capacity means a
stronger intermolecular interaction.

In this paper, the competition mechanism of alkaline metal oxides during the reaction
between compounds in Zhundong coal is studied by means of simulations and experiments.
Na2O(110)-SiO2(100) and CaO(100)-SiO2(100) models were established and the adsorptions
were calculated using DFT. Orbital density and Mulliken population analysis were used to
reveal the competitive relationship between Na2O and CaO, which reacted with SiO2 on
the surface and predicted the trend of slagging caused by the reaction of Na2O and CaO
with SiO2. In addition, the competition between Na2O and CaO in the mixture was studied
by XRD results of the complex under different temperature conditions. Combined with
the simulation results, it is shown that the formation of Na-containing minerals and other
compounds in the high-temperature zone is more serious, which provides an effective way
to solve the slagging and fouling problem of Zhundong coal.

2. Simulation Calculation and Experimental Research
2.1. Selection of Crystal Cells

The initial layer of coal ash slag mainly consists of volatile substances such as Na2O
and CaO reacting with SiO2 to generate wollastonite and sodium silicate. Therefore, Na2O,
CaO, and SiO2 are selected as the research object to analyze the reaction mechanism of
alkali metals reacting with high-melting point mineral SiO2 in the coal ash. Na2O, CaO,
and SiO2 belong to the cubic crystal system, Na2O and CaO are part of the Fm3m space
group, and SiO2 is part of the Fd3m space group. The cell parameters are shown in Table 1,
and Figure 1 shows the initial crystal cell structure of three compounds.
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Table 1. Lattice constants of Na2O, CaO, and SiO2.

Name Space Groups
Lattice Constants

a/Å b/Å c/Å

Na2O Fm3m 5.568 5.568 5.568
CaO Fm3m 4.817 4.817 4.817
SiO2 Fd3m 7.120 7.120 7.120

2.2. Selection of Stable Crystal Planes

One method to study the adsorption between two compounds is generally conducted
through the interaction forces between surfaces. Therefore, an optimized 3D structural
model was sectioned using Build in the toolbar of the Materials Studio software before
crystal modeling. It is calculated that Na2O(110), CaO(100), and SiO2(100) crystal faces are
relatively stable and easy for interface modeling, so the optimized crystal cell structure is
faceted and the thickness of the three faceted cuts is 5 layers. Clean Na2O(110), CaO(100),
and SiO2(100) surfaces were constructed on this basis, respectively.

2.3. Establishment of a Double-Layer Model

The Na2O(110) and CaO(100) crystal planes were modeled with SiO2(100) crystals
by using the Build Layer tool, and the constructed model is shown in Figure 2. The top
two layers of the crystal cell play a major role in surface adsorption and the deep solid
molecules have little effect on it. The optimization was carried out using the bottom three
layers of atoms fixed for the relaxation of the surface and the vacuum layer thickness
was set at 15 Å to ensure that the bottom liner atoms were not affected by other nearby
atoms in the calculation. Table 2 shows the geometrical parameters after the establishment
of the adsorption model. Compared with Table 1, the lattice parameters changed after
the establishment of the interface model. During the modeling process, it was necessary
to match the adaptability of the upper and lower models by establishing the supercell
structure. To facilitate data acquisition, approximate numerical values were used for both
the upper and lower layers of materials, which were within the error tolerance.
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Table 2. Geometric parameters of the interface models.

Name a/Å b/Å

Na2O(110)-SiO2(100) 5.4224 8.5581
CaO(100)-SiO2(100) 4.3322 5.4189
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2.4. Calculation Methods

Na2O, CaO, and SiO2 crystal cells were cut and interface modeling was carried out
using the Build menu in the Materials Studio software. The ultra-soft pseudopotential
plane wave method based on first principles was adopted to replace the ionic potential
with the pseudopotential, and the electron wave function was expanded with the plane
wave basis set [22]. The BFGS algorithm was used for quantum calculations in the structure
optimization, [23] and the GGA-PBE algorithm in the generalized gradient approximation
was used to describe the electron exchange correlation [24,25]. The CASTEP module was
used for structural optimization and energy calculations. In order to ensure calculation
accuracy, the cut-off energy was set to 300 eV for the optimization, and the convergence
standard for geometric configuration optimization was as follows: the total energy accuracy
was set to an atomic energy of 1.0 × 10−5 eV and each atom experienced a force within the
crystal less than 0.03 eV/Å with a maximum displacement of 0.01 Å to make it as close
as possible to the real structure under the geometric optimization. For the calculation,
the periodic boundary conditions were chosen for the crystallographic protocells of three
types of crystal cells, the spin polarization was neglected, and the pseudopotentials were
processed using Ultrasoft. The Monkhost–Pack method was used for sampling the Brillouin
zone for the k-points, taking the values of 4 × 4 × 1 and 2 × 2 × 1. Convergence of the
structure was achieved by varying the number of iterations.

2.5. Experimental Verification of Simulation

The reagents Na2O, CaO, and SiO2 were purchased from Aladdin and used as reagents
without any treatment.

To verify the accuracy of the simulation results, Na2O, CaO, and SiO2 with the same
molar fraction as the simulated Na2O-CaO-SiO2 system were selected as the raw materials
for the experiment. The three oxides were weighed and fully ground in a molar ratio of
1:1:1 to prepare synthetic coal ash. The mixture was placed in a corundum crucible and put
into a muffle furnace for calcination. The experimental combustion temperature range was
between 400 and 750 ◦C and a sample was taken at 50 ◦C intervals. The combustion time
was set to 2 h. After calcination, the samples were measured to analyze the reaction of Na
and Ca in the mixture, and three parallel experiments were conducted on each group of
sample. Their chemical structures are shown in Figure 3.
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3. Results and Discussion
3.1. Selection of Crystal Planes

When cutting the surface of a block, the surface energy (SE) is the energy required to
break chemical bonds, which directly determines the stability of the crystal surface. The
stability of the crystal surface directly reflects the bonding and properties of surface atoms
and is related to the bonding characteristics of atoms in the crystal cell. We calculated
the surface energy of different crystal planes of SiO2, Na2O, and CaO cells to determine
the relatively stable crystal planes. Table 3 shows the optimized structural parameters
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of different crystal planes. The calculation formula of surface energy is as shown in
Equation (1): [26,27]

SE = (Esur f ace − N ×
(

Ebulk
n

)
)/(2 × A) (1)

Table 3. Structural parameters of SiO2, Na2O, and CaO after optimization of different crystal faces.

Unit Cell Crystal Face a/Å b/Å c/Å α β γ
Vacuum Layer
Thickness/Å

SiO2

(001) 5.2883 5.4991 38.4782 90 90 90 15
100 5.3005 5.5416 40.1540 90 90 90 15
110 7.4630 5.2771 26.8735 90 90 90 15

Na2O 100 3.9871 3.9871 27.6870 90 90 90 15
110 5.7398 3.8099 26.0571 90 90 90 15

CaO
100 6.7492 6.7492 24.7179 90 90 90 15
110 4.6202 3.5715 21.5845 90 90 90 15

In Equation (1), SE is the surface energy, Esurface is the energy of the surface model,
Ebulk is the energy of the system cell, N is the number of atoms contained in the surface, n is
the number of individual atoms in the bulk, A is the surface area of the surface, and a, b
and γ are the lattice constants of the crystal cell. The calculation formula is as follows: [28]

A = a × b × sinγ (2)

The most commonly used crystal planes of SiO2, Na2O, and CaO are selected for
calculation [29,30]. The calculation results of surface energy for SiO2, Na2O, and CaO
with different crystal planes are shown in Table 4, from which the surface energy of
different crystal planes of the same cell is different. In the SiO2 cell, the (001) surface
energy is 2.38 eV/Å2, the (110) surface energy is 2.49 eV/Å2, and the (100) surface energy
is 2.36 eV/Å2; the relationship between the surface energy is E(100) < E(001) < E(110). The
(100) surface energy of Na2O is 0.10 eV/Å2, and the (110) surface energy is 0.03 eV/Å2; the
relationship between the surface energy is E(110) < E(100). The (100) surface energy of CaO
is 0.03 eV/Å2, and the (110) surface energy is 0.08 eV/Å2; the relationship between the
surface energy is E(100) < E(110). The lower the surface energy of the cell, the more stable the
cell structure is, so subsequent calculations are performed on SiO2(100), Na2O(110), and
CaO(100) surfaces.

Table 4. Calculation process and results of surface energy of SiO2, Na2O, and CaO.

Unit Cell Crystal Face Esurface (eV) A (Å2) N Ebulk n SE (eV/Å2)

SiO2

001 −10,404.41 29.08 30 −8434.11 24 2.38
100 −10,403.60 29.37 30 −8434.11 24 2.36
110 −10,402.00 38.38 30 −8434.11 24 2.49

Na2O 100 −15,290.27 15.90 15 −12,234.92 12 0.10
110 −15,292.20 21.87 15 −12,234.92 12 0.03

CaO
100 −28,954.63 45.55 40 −5791.64 8 0.03
110 −7236.76 16.50 10 −5791.64 8 0.08

3.2. Study of the Reaction Competition between Na2O and CaO in the Combustion Process of
Zhundong Coal
3.2.1. Reactive Activity Calculation

Based on the stable structure planes obtained after the geometric optimization of the
interface model, the relevant calculations of its reactivity were analyzed. The adsorption
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model is shown in Figure 2, the upper layer of the model is Na2O(110) and CaO(100) crystal
planes, and the lower layer is SiO2(100) crystal planes. The calculated number of partial
atomic charges is shown in Table 5.

Table 5. Partial atomic charge numbers of the interface models.

Model Atom
Charge

Before Adsorption After Adsorption

Na2O-SiO2 Interface
model

O1 −1.17 −1.15
O8 −1.21 −1.20

O13 −1.21 −1.20
O18 −1.17 −1.15
Si1 1.22 1.16
Si3 2.38 2.35
Si8 2.36 2.35

Na3 0.12 0.15
Na13 0.14 0.15

CaO-SiO2 Interface
model

O1 −1.19 −1.18
O8 −1.19 −1.18

O36 −1.24 −1.23
O60 −1.19 −1.18
O69 −1.24 −1.23
Si1 1.23 1.19
Si2 1.25 1.19
Si15 2.46 2.45
Si30 2.48 2.47
Ca1 1.12 1.13

Ca15 1.11 1.12
Ca23 1.12 1.13

The static charge of some atoms was calculated from Na2O(110)-SiO2(100) and CaO(100)-
SiO2(100) models. Comparing the static charge of atoms, it is concluded that Na, Ca, and Si
atoms are positively charged, while O atoms are negatively charged. Due to adsorption
resulting in the transfer of electrons from the metal surface by adsorbed O atoms to make
them negatively charged, and the fact that the metal surface is positively charged, the
charge population changes. This phenomenon indicates that adsorption occurs between
Na2O, CaO, and SiO2.

3.2.2. Mulliken Population and Bond Lengths

According to the electronic layer arrangement rule of elements in the periodic table,
the valence electrons are set in a 1s22s22p63s1 configuration for Na, 1s22s22p63s23p64s2

for Ca, 1s22s22p4 for O, and 1s22s22p63s23p2 for Si. The reaction is mainly related to the
outer electrons, so the outer orbitals of atoms are analyzed and studied through the charge
population and the density of orbital states.

Table 6 shows the change data of Mulliken bond populations and bond lengths both
before and after the adsorptions of the interface model. It can be seen from the table
that after adsorption, the bond population and bond length of Na-O and Ca-O remain
unchanged. Compared with before adsorption, the Mulliken bond population of Si-O
decreases, the number of Si2-O6 bonds decreases from 0.51 to 0.50 e, and the number
of Si4-O8 and Si6-O13 bonds decreases from 0.52 to 0.51 e after the adsorption reaction
between Na2O and SiO2. After the adsorption reaction between CaO and SiO2, the number
of Si-O bonds decreases from 0.51 to 0.50 e, indicating that the O in Na2O and CaO was not
involved in the reaction during the adsorption reaction and that Na and Ca reacted with
SiO2. The Si-O bond length of the two models is generally elongated and the structure is
unstable, which makes them prone to adsorption reactions.
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Table 6. Changes in Mulliken populations and bond lengths both before and after adsorptions in
interface models.

Models Bond
Population/e Bond Length/(Å)

Before After Before After

Na2O(110)-SiO2(100)

Na3-O3 0.10 0.10 2.3415 2.3591
Na8-O9 0.07 0.07 2.3413 2.3640
Si2-O6 0.51 0.50 1.6218 1.6262
Si4-O8 0.52 0.51 1.6293 1.6298

Si6-O13 0.52 0.51 1.6283 1.6298

CaO(100)-SiO2(100)

Ca9-O7 0.15 0.15 2.4168 2.4592
Ca8-O3 0.15 0.15 2.4168 2.4497
Si4-O26 0.51 0.50 1.5810 1.5810
Si9-O21 0.51 0.50 1.5826 1.5826

3.2.3. Orbital Density of States

Combined with the Mulliken population analysis, the orbital state densities on the
surfaces of Na2O(110), CaO(100) and SiO2(100) were well analyzed in terms of the orbital
hybridization of atoms on the cell surface. These results can explain the interaction between
atoms and further reveal the adsorption characteristics of the interface model.

The Partial Density of States (PDOSs) before and after adsorption on the surfaces of
Na2O(110) and SiO2(100) are shown in Figure 4. Compared with Figure 4a,b, it is found
that the peak of O orbital energy level on Na2O(110)’s surface was almost unchanged after
adsorption; the peak values of the 3s orbitals of Na decreased between −70 and −67 eV,
the peak value of the 3s orbital disappeared near the Fermi level, and the peak value of
the 2p orbital decreased slightly at the high energy level, indicating that Na atoms lose
charge after adsorption. Figure 4c,d show the PDOS diagram of SiO2 before and after
adsorption. It can be seen from the figure that the peak of 2p orbital high energy state of
O(SiO2) decreases after adsorption, and the peak values of 2p orbital increase between −10
and −5 eV. The peak values of the 2s orbital are become widen at the low energy level, with
the localization weakened. The peaks of the 3s and 3p orbitals low energy states of Si are
reduced, and there is a significant shift to high energy states after adsorption. In addition,
combined with Mulliken population, it is shown that Na exhibits charge exchange with
Si and O and Na exhibits orbital hybridization with Si and O between −10~0 eV, which
results in significant coupling to the substrate atoms.

Figure 5 shows the PDOS diagram on the surface of CaO(100) and SiO2(100) both
before and after adsorption; comparing Figure 5a,b, it can be seen that after adsorption, the
peaks of high energy states of 4s and 3p orbits of Ca decrease, while the peaks of low energy
states of 4s orbits increase. The peaks of O orbitals on the surface of CaO(100) are almost
unchanged. Figure 5c,d show that the peak value of the 2p orbital with low energy state of
O(SiO2) is reduced after adsorption, the 2s orbitals broaden in the states at the low energy
level, and the localization is weakened. The peaks of the 3s and 3p orbitals of Si increase at
the high energy level of −10~0 eV, and there is a significant shift to the left of the Fermi
energy level after adsorption. Combined with the Mulliken population, Ca undergoes
charge exchange with Si and O. The 4s and 3p orbitals of Ca lose electrons and transfer to
the SiO2 substrate, while the substrate Si returns part of the charge to the 3p orbitals of Ca.
At 10−15 eV, the 4s orbitals of Ca are coupled with Si and O to varying degrees.
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3.2.4. Adsorption Energy

As one of the important reactions occurring between solid–solid surfaces, adsorption
mainly includes the adsorption of reactants to the solid surface, diffusion of intermediates
on the surface (where the breaking of old bonds and the formation of new bonds occurs),
and the desorption reaction of products from the surface [31,32]. Determination of the
electronic and geometrical determinants of the adsorption energy on the material surface is
the core goal of surface science. The calculation process of adsorption energy is that when
the system energy converges, it indicates that the system reaches the equilibrium state, and
the adsorption energy is calculated. Firstly, the model of structural stability is restored to
the molecules fixed in the lower layer, and then Et, Es1, and Es2 are calculated respectively.
The calculation formula of the adsorption energy is as shown in Equation (3): [33]

Ei = Et − (Es1 + Es2) (3)

where Et is defined as the total energy of the system after adsorption; Es1 is defined as the
surface energy after removal of Na2O(110) and CaO(100); and Es2 is defined as the energy
to remove the SiO2(100) surface. The adsorption energy is positive, which means that the
adsorption is an exothermic reaction, and the higher value indicates that the interaction
is stronger, the adsorption process is more likely to occur, and the adsorption structure is
more stable [34]. The calculated data are shown in Table 7.

Table 7. Adsorption energy on the surface of the interface models.

Models Et/eV Es1/eV Es2/eV Ei/eV

Na2O(110)-SiO2(100) −87,067.29 −31,207.71 −55,854.03 −5.56
CaO(100)-SiO2(100) −104,194.42 −64,863.76 −39,347.85 −0.72

Through simulation calculations, the adsorption energy of the Na2O(110) and SiO2(100)
surface is −5.56 eV and that of the CaO(100) and SiO2(100) surface is −0.72 eV. The
adsorption energy of the Na2O(110) surface is larger than that of the surface of CaO(100),
which indicates that the adsorption model generated by the reaction between Na2O(110)
and SiO2(100) is relatively stable. In addition, the adsorption energy is positively correlated
with the amount of coal ash slagging, so the effect of Na2O and SiO2 on the slagging of
Zhundong coal is stronger than that of CaO.

3.3. Experimental Verification of Basic Metals in Model Compounds

According to the calculation results of the Na2O(110)-SiO2(100) and CaO(100)-SiO2(100)
models, it is concluded that the effect of Na2O on the slagging of Zhundong coal is stronger
than that of CaO during the alkaline metal oxides’ reaction with high melting point minerals.
In this experiment, the model compounds were calcined in the experimental combustion
temperature range of 400–750 ◦C, and samples were taken at 50 ◦C intervals. The competi-
tive relationship of alkaline metals in the mixture was studied by X-ray diffraction, and the
results are shown in Figure 6.

It can be seen from the figure that both Na2O and CaO participate in the reaction
within the mixture’s temperature increase. The peak of Ca6Si4O14 gradually diminishes at
700 ◦C, while the peak of CaSiO3 gradually disappears when reaching 750 ◦C. At 2θ of 30◦,
CaSiO3 belongs to the (120) crystal plane (PDF Card no.29-0372). However, the peaks of
CaO and Na2Si2O5 persist throughout, indicating that CaO does not partake in the reaction
at 750 ◦C. Na2Si2O5 is always present at 2θ of 60◦ (PDF Card no.19-1236). And it is a (421)
crystalline surface. The reactivity of Na2O progressively emerges with higher temperatures
during the reaction process. The reaction of the formation process is as follows:

Na2O + 2SiO2 → Na2Si2O5 (Sodium silicate) (4)

CaO + SiO2 → CaSiO3 (Wollastonite) (5)
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Figure 7 shows the SEM images of Na2Si2O5 and CaSiO3 models. It can be seen from
the figure that the mineral morphology generated after the reaction of Na2O, CaO, and
SiO2 is blocky. The previous thermodynamic calculation results also show that the Gibbs
free energy change (∆G) for the generation of sodium containing minerals in coal ash is
smaller at 1000 ◦C and occurs more easily at high temperatures. The ∆G (−442.0 KJ/mol)
of the reaction of Na2Si2O5 and Na2Ca2Si3O9 generated by the reaction of Na2O with SiO2
is significantly lower than that of wollastonite (−88.57 KJ/mol). The results demonstrate
that the formation of wollastonite with high melting point is effectively inhibited by Na2O
present in coal ash, ref. [35], indicating its preferred reaction with SiO2 before CaO. The
results are in agreement with the simulation results.
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3.4. Reaction Mechanism of Alkaline Metal Oxides in Zhundong Coal Ash

Theoretical and experimental studies have shown that compared with other coals,
Zhundong coal has a higher content of alkali/alkaline earth metals, and the phase transition
temperature of alkali metals is relatively lower during combustion. Gasification occurs at a
certain temperature, and gaseous alkali/alkaline earth metals condense on the surface of the
heat exchanger, trapping solid particles in the gas, resulting in slagging and contamination
problems [36,37]. The slag sample formed at the high temperature will form stratification
phenomena. The initial layer has the highest content of CaSiO3 and Na2Si2O5, mainly due
to the reaction of volatile substances such as Na2O and CaO with SiO2 to form wollastonite
and sodium silicate, which forms a very viscous initial layer [2,38]. The reaction equation
for the formation process is shown in Section 3.3.
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The reaction mechanism diagram of alkali metal with high melting point mineral SiO2
in Zhundong coal ash is shown in Figure 8. Figure 8a is the reaction of the Na2O and SiO2
surface reaction, and the given and loss of electrons between Na, Si, and O atoms are shown
through the differential charge density. The cross-sectional diagram shows that Na and O
atoms lose electrons and Si atoms accept electrons (blue indicates that atoms lose electrons
and red indicates that atoms accept electrons). When Na2O reacts with SiO2 in reverse, the
bond population and bond lengths of Na and O are basically unchanged; the population of
the Si-O bond decreases and the bond lengths are generally lengthened (Table 6), indicating
that the covalence of the Si-O bond is weak during the reverse adsorption reaction. Also,
it is prone to fracture and react with Na2O to produce sodium-containing minerals such
as Na2Si2O5.
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The reaction between the CaO and SiO2 surface is shown in Figure 8b. During the
reaction between CaO and SiO2, electron exchange occurs between Ca, Si, and O atoms.
The bond population and bond length of Ca-O remain basically unchanged after the adsorp-
tion reaction; the Si-O bond populations are reduced and the bond lengths are generally
elongated (Table 6). The results show that the Si-O bond has strong ionic properties and
is prone to fracture during the adsorption reaction. Calcium minerals such as CaSiO3 are
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formed by the reaction between CaO and SiO2. According to the conclusion of the above
adsorption energy, Na2O reacts with SiO2 to form sodium-containing minerals and other
compounds, and the slagging performed at the high temperature is more serious. Na2O
has a greater effect on slagging during the combustion of Zhundong coal. Sodium silicate
further reacts with other minerals to form low-temperature eutectic, which aggravates the
slagging and fouling phenomenon of Zhundong coal.

4. Conclusions

DFT was used to study the adsorption between Na2O, CaO, and SiO2 surfaces. Firstly,
the surface energy of different crystal surfaces of cells was calculated, and the most stable
crystal surface was determined. Then, the bonding characteristics of Na2O, CaO, and SiO2
surfaces were studied, and the reaction difficulty of alkaline metals was analyzed, which
provides a theoretical basis for preventing slagging of Zhundong coal. In addition, the
accuracy of the simulation results was verified by experiments. The main conclusions are
as follows:

(1) Comparing the partial charge numbers of each atom in the two models, it is found
that the O atom is negatively charged, while the Na, Ca, and Si atoms are positively
charged. The charge numbers change after adsorption. The electron loss of Na is
0.05 e, and the electron loss of Ca is 0.03 e, indicating adsorption on the surfaces of
both models. The electron loss of Na2O is greater than that of CaO, and it is prone to
react with SiO2 to form silicates containing Na.

(2) After adsorption, the adsorption energy of Na2O is −5.56 eV and that of CaO is
−0.72 eV. The value of Na2O is greater than CaO, and Na2O is more likely to undergo
an adsorption reaction and preferentially form silicate. Based on Mulliken population
analysis, the charge transfer between Na2O(110) and SiO2(100) crystal planes is higher
than that of CaO (100) during interface model adsorption. The orbital hybridization
between CaO(100) and SiO2(100) crystal planes is weaker than that of Na2O(110). The
adsorption effect on the surface of Na2O and SiO2 is stronger, making it easier to form
slag containing Na minerals and other substances in the high-temperature zone. This
also explains that the slag fouling situation of Zhundong coal is more significant than
that of CaO.

(3) XRD results at different temperatures show that the compounds containing Na appear
earlier than those containing Ca, and the reactivity of Na2O is stronger than that of
CaO. This conclusion is consistent with the simulation results.
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