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A B S T R A C T   

Arsenic (As) pollutants are highly toxic and using Ca-based minerals to adsorb As2O3 is effective for emission 
control. In this study, a fixed-bed experimental system was used to study the adsorption of As2O3 by the mixture 
of CaO, SiO2, and Al2O3 at 1200 ◦C. The amount of As adsorbed by multiple minerals was higher than that by 
single minerals, indicating enhanced adsorption of As2O3 under the coupling effects of Ca, Si, and Al. The 
adsorption amount of As first increased and then decreased with an increase in the CaO:(SiO2 +Al2O3) and SiO2: 
Al2O3 ratios. Adsorbed As was mainly enriched in Ca-Si-Al mineral, including Ca2Al2SiO7. Density Functional 
Theory calculation was conducted to study the As2O3 adsorption on the Ca2Al2SiO7 (0 0 1) surface. The analysis 
of Mulliken charge and density of states showed that As2O3 molecules formed Al-O, O-As, and Ca-O bonds with 
the Al, O, and Ca sites. Si and Al in Ca2Al2SiO7 enhanced the adsorption ability of Ca sites by promoting electron 
transfer. Si/Al ratio close to 1:1 is conducive to the formation of Si-O-Al structures, thus further enhancing the 
adsorption. The results can help optimize coal blending strategies and modify adsorbents to further reduce As 
emissions during coal combustion.   

1. Introduction 

Arsenic (As) pollutants in the atmosphere threat human health and 
ecological environment because of their high toxicity [1–4]. As is easily 
volatilized and discharged during coal combustion. Hence, coal com
bustion is an important emission source of As in the atmosphere [5]. The 
As emission from coal-fired devices have been restricted in some coun
tries [6,7]. Although most of the As in the coarse particles can be 
removed by the dust collector and wet desulfurization device, part of As 
in the fine particles and the gas phase is emitted into the air [8–10]. 
Strengthening As retention in the solid phase facilitates the coordinated 
removal of As using air pollution control devices. 

As is retained in both the coal combustion and post-combustion 
stages in a coal-fired system [11,12]. During the coal-combustion 
stage, As is partially retained in the solid products as residual As due 
to thermal stability or the retention by minerals in coal [13–15]. During 
the post-combustion stage, the cooling of the flue gas result in the 
transformation of As from gas phase to solid phase due to chemical re
action with the minerals in the ash or physical adsorption or 

condensation [16–19]. Strengthening the retention of As during coal 
combustion through coal blending or injection of mineral sorbents into 
the furnace can not only reduce As emission [20,21] but also help reduce 
the bioavailability and environmental risk of As in solid products [22, 
23]. Studying the effects of minerals on As at high temperatures is 
helpful for the development of the control technologies. 

The mineral components in coal, namely Ca, Fe, Si and Al, are related 
to the retention of As. Seames et al. [24] found a strong correlation 
between As content and Ca and Fe in fly ash. Xu et al. [18] experimented 
on the As adsorption by ash and discovered that the As enrichment area 
on the fly ash surface mainly overlapped with Ca and Fe. These studies 
showed that Ca and Fe played key roles in As retention. The gaseous As 
in coal-fired systems is mainly in the form of As2O3 [25,26]. Several 
scholars have explored the mechanism of the reaction between mineral 
components and As2O3 at high temperatures. Yu et al. [27] compared 
the adsorption of As2O3 by CaO, Fe2O3, MgO, Al2O3, and SiO2, and 
found that the adsorption capacity of CaO was significantly higher than 
that of other mineral oxides. Cao, Song, He, and Chen et al. [28–31] 
carried out the adsorption experiments of minerals on As2O3, and found 
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that different forms of Ca-based minerals (CaO, CaSiO3, and CaSO4) can 
adsorb As2O3 and generate Ca3(AsO4)2. In the coal combustion envi
ronment, the interaction of Si, Al, and Ca components in coal generates 
complex aluminosilicates [32], which might change the adsorption ca
pacity and mechanism of As2O3 [33,34]. Song et al. [15] reported that 
the adsorption amount of As2O3 by mixture of CaO and kaolin was 
higher than the linear superposition of their individual adsorption ca
pacities, indicating the strengthening of the adsorption ability by the 
co-effect of CaO and kaolin. Additionally, the resulting product exists in 
the form of a Ca-Si-Al-As complex salt rather than Ca3(AsO4)2 [15]. 
Exploring the As2O3 adsorption mechanism under the joint action of Ca, 
Si, and Al minerals helps enhance As2O3 retention during coal com
bustion, which has not been reported yet. 

Quantum chemical calculations based on the Density Functional 
Theory (DFT) can help understand the microscale mechanism of As2O3 
adsorption. The adsorption mechanism of As2O3 by CaO and CaSO4 has 
been discussed before. Yu and Fan et al. [26,35] studied the adsorption 
of As2O3 on CaO (0 0 1) surface and proposed that both Ca and O acted 
as adsorption sites. Li et al. [36] compared the adsorption of As2O3 on 
CaSO4 with that on CaO and found that S could inhibit electron transfer 
from the O site to As, thus weakening the adsorption capacity. Yu et al. 
[27] found that As2O3 was adsorbed at the O sites on the SiO2 (1 0 0) and 
Al2O3 (0 0 1) surface, while Xing et al. [37] discovered that As2O3 was 
adsorbed at the O and Al sites on the kaolin (0 0 1) surface. However, the 
adsorption energies of As2O3 on the SiO2, Al2O3, and kaolin surfaces 
were significantly lower than those on the CaO surface, indicating that 
the adsorption is less stable [27,35,37]. Previous studies only focused on 
the adsorption of As2O3 by mineral oxides, including CaO, Al2O3, and 
SiO2, but the microscale mechanism of As adsorption under the coupling 
action of these minerals remains unexplored. 

In this study, co-combustion experiments of three mineral oxides 
(CaO, SiO2 and Al2O3) and As model compounds were carried out at 
1200 ◦C using a fixed-bed experimental system. The As adsorption 
amounts of different mineral components were obtained. The phase 
composition and micro-area composition of the adsorption product were 
analyzed to characterize As occurrence. DFT calculations were per
formed using the Cambridge Serial Total Energy Package (CASTEP) of 
Material Studio. The adsorption mechanism of As2O3 on the Ca2Al2SiO7 
(0 0 1) surface was revealed through adsorption energy calculations, 
charge transfer and partial density of states (PDOS) analysis. The 
enhanced As2O3 adsorption under the coupling action of Ca, Si, and Al 

was explored. The results can provide theoretical support for the 
development of As emission control technologies such as fuel blending 
[20] and adsorbent modification [38,39]. 

2. Experimental and calculational settings 

2.1. Experimental settings 

2.1.1. Materials 
The minerals used in this study include CaO, SiO2, and Al2O3 of 

analytical grade and were purchased from Shanghai McLean Biochem
ical Technology Co., Ltd. and p-aminophenylarsenic acid with a purity 
of 99 % was purchased from Shanghai Aladdin Biochemical Technology 
Co., Ltd. Cellulose was purchased from Sigma-Aldrich CO. LLC. with a 
purity of 99.8 %. The As model compound was prepared by mixing p- 
aminophenylarsenic acid with cellulose, which helps disperse p-ami
nophenylarsenic acid and ensure its uniform mixing with minerals. The 
As content of the model compound was 3.12 %. Before the experiments, 
the samples were dried at 105 ◦C for 10 h. 

2.1.2. Experimental setup 
Co-combustion experiments were conducted using a fixed-bed 

experimental system (Fig. 1). The structure of the system was 
described in a previous study [14]. The reaction gas consisted of N2 and 
O2, where the volume fraction of O2 was 21 %. Prior to the experiment, 
the reactor was heated to 1200 ◦C and held for 30 min, and then the 
reaction gas was introduced from the top of the reactor until the at
mosphere stabilized. A crucible with 0.3 g of sample was quickly 
inserted into the constant-temperature zone. After the set reaction time, 
the crucible was quickly removed, and solid products were collected for 
analysis. 

2.1.3. Methods 
Co-combustion experiments were carried out using 150 mg of min

erals and 150 mg of As model compounds to study the adsorption of 
As2O3 by minerals. Our previous research [15] reported that the release 
ratios of As at 1200 ◦C were negatively correlated with the contents of 
Ca, Fe, Si, and Al in coal, which means that As was retained under the 
joint action of these mineral components. Therefore, the adsorption 
experiments were conducted at 1200 ◦C to reveal the mechanism. To 
compare the adsorption capacity of mineral oxides acting individually or 

Fig. 1. Structure diagram of the fixed-bed experimental system [14].  
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jointly, the ratios of CaO, SiO2, and Al2O3 were changed, while keeping 
the total mineral mass constant. Table 1 lists the mineral compositions 
used for different working conditions. The CO2 in the outlet gas was 
detected using a Fourier transform infrared spectrometer (FTIR; Thermo 
Fisher Scientific Nicolet 6700, USA), and it was found that its concen
tration reached 0 after 10 min, which means that the sample was 
completely burned. The As in p-aminophenylarsenic acid will either be 
released or adsorbed by mineral components within 10 min 

The As contents of the solid products were analyzed by first con
ducting digestion on the samples, which was described in a previous 
study [40]. An inductively coupled plasma emission spectrometer 
(ICP-OES; Leeman Labs Prodigy 7, USA) was used to analyze the As 
content. The sensitivity was 4.89 × 10− 5 μg/mL. The analytical method 
was tested on the standard samples and the recovery rates of As were 
99.1–100.2 %, which proved the accuracy of the method. The amount of 
As adsorbed by the minerals (mg/g) was calculated using Eq. (1). 

RAs =
mmi,p × Cmi,p

mmi,r
(1)  

where mmi,r is the mass (g) of the minerals before the reaction, mmi,p is 
the mass (g) of the solid products after the reaction, and Cmi,p is the As 
content of the solid products (mg/g). 

An X-ray diffraction (XRD; D8 Discover, Bruker, Germany) instru
ment was used to analyze the phase compositions of solid products. The 
2θ range was set as 5–80◦ and the resolution was 0.02◦. The microscale 
element distributions in the solid samples were analyzed by an electron 
probe microanalysis (EPMA; JXA8230, JEOL, Japan) system. 

2.2. Calculational settings 

DFT calculations were performed using the CASTEP program in 
Material Studio [41]. The Perdew-Burke-Ernzerhof (PBE) exchange and 
correlation functions of the Generalized Gradient Approximation (GGA) 
were chosen to describe the exchange and correlation interactions [42]. 
The electronic wave functions were expanded on a plane-wave basis 
[43] with a cut-off energy of 400.0 eV. The 
Broyden-Flechter-Goldfarb-Shanno (BFGS) method was used for geom
etry optimization [44] and the convergence criteria were as follows: (1) 
self-consistent field (SCF) < 1.0 × 106 eV/atom; (2) energy < 1.0 × 105 

eV/atom; (3) displacement < 0.001 Å; (4) force < 0.03 eV/Å; (5) stress 
< 0.05 Gpa. 

In this study, Ca2Al2SiO7 was used as a typical calcium aluminosili
cate mineral to investigate the adsorption of As2O3. Cell parameters 
were obtained from Swainson et al. [45]. Considering the Si-Al disorder 
in aluminosilicate, the Si-Al order, which ensured the lowest energy of 
the system according to Thayaparam et al. [46], was adopted to build 
the cell and slab models. The optimized cell parameters are listed in 
Table S1, and the relative deviation from the results of Swainson et al. 
[45] was within 1 %, which proved the reliability of the calculation 

method. The (0 0 1) surface was reported as the dominant crystal plane 
of Ca2Al2SiO7 [47]; therefore, it was used to study the adsorption of 
As2O3. A series of m-layer slab models with n × n horizontal planes were 
established to compare the adsorption energies. The superficial layer of 
atoms was relaxed, whereas the remaining layers were fixed. The vac
uum region between the slabs was set at 15 Å. The energy of optimized 
slabs when calculating with different cut-off energies and k-points are 
shown in Tables S2 and S3. It can be seen that when the cut-off energy 
was 400 eV or higher, the change in energy was within 0.01 eV/atom, 
which means that the accuracy was sufficient. A k-point mesh of 
2 × 1 × 1 was chosen for the calculations. The adsorption energy Ead 
(kJ/mol) was calculated using Eq. (2): 

Ead = Eproduct − Eadsorbent − Eadsorbate (2)  

where Eproduct, Eadsorbent, and Eadsorbate are the energies (kJ/mol) of the 
adsorption product, adsorbent, and adsorbate, respectively. 

As shown in Table S4, the Ead obtained by the two-layer slab model 
with a 2 × 2 horizontal plane was − 237.19 kJ/mol, and the relative 
deviation from those obtained by the larger slab models was within 1 %. 
To improve the calculation efficiency, a two-layer slab model with a 
2 × 2 horizontal plane was used for further calculations (Fig. 2). 

The As2O3 molecule was placed in a 20 × 20 × 20 Å3 periodic box, 
and geometry optimization was conducted. A k-point mesh of 1 × 1 × 1 
was chosen, and the cutoff energy was 380.0 eV [35]. The As2O3 
molecule may be presented as a chain-type, horn-type, or trigonal 
bipyramid-type. The most stable structure of As2O3 is the chain type at 
temperatures above 1173 ◦C [48], which was adopted in this study. The 
calculated bond lengths and angles of the As2O3 molecules are shown in 
Table S5. 

3. Results and discussion 

3.1. Experimental study of As2O3 adsorption by composite minerals of 
CaO, SiO2, and Al2O3 

The adsorption amounts of As when CaO, SiO2, and Al2O3 acted 
alone or together after the mineral and As model compounds were 
burned at 1200 ◦C for 10 min are shown in Table 2. The amounts of 
adsorbed As in CaO, SiO2, and Al2O3 were 3.0, 0, and 0.2 mg/g, 
respectively. When CaO was blended with SiO2 in a mass ratio of 1:2, the 
adsorption amount of As reached 2.0 mg/g, which was higher than the 
linear superposition of As adsorption amount when each mineral acted 
individually (1.0 mg/g). This indicates that As adsorption was enhanced 

Table 1 
Mass of minerals in the co-combustion experiments (mg).  

Sample CaO SiO2 Al2O3 

1 150 0 0 
2 0 150 0 
3 0 0 150 
4 50 100 0 
5 50 0 100 
6 0 75 75 
7 50 75 25 
8 50 67 33 
9 50 50 50 
10 50 33 67 
11 50 25 75 
12 30 60 60 
13 70 40 40 
14 100 25 25  Fig. 2. Structures of Ca2Al2SiO7 slab model and As2O3 molecule.  

G.-c. Song et al.                                                                                                                                                                                                                                 



Journal of Environmental Chemical Engineering 11 (2023) 110271

4

by the coupling of SiO2 and CaO. A similar phenomenon was observed 
between Al2O3 and CaO. 

The adsorption capacity of As was further improved when CaO, SiO2, 
and Al2O3 were blended. The mass of CaO in the mineral was maintained 
at 50 mg, and the total mass of SiO2 +Al2O3 was 100 mg. The ratio of 
SiO2:Al2O3 varied, and the adsorption amounts of As are shown in Fig. 3. 
With the decrease of the SiO2:Al2O3 ratio, the adsorption amount of As 
first increased and then decreased, reaching the maximum value of 
3.8 mg/g when SiO2:Al2O3 = 1:1. This indicates a coupling effect be
tween Si and Al, which can further enhance the adsorption of As by Ca- 
Si-Al minerals. The coupling effect was stronger when the ratio of the 
two was 1:1. 

Fig. 4 shows the change in As adsorption amount as the mass ratio of 
CaO: (SiO2 +Al2O3) was adjusted while keeping the SiO2:Al2O3 ratio 
constant at 1:1. Adding 1/3 mass fraction of SiO2 +Al2O3 to CaO led to a 
significant increase in As adsorption. However, the adsorption amount 
of As gradually decreased with the increasing ratio of SiO2 +Al2O3 
because of the decrease in the effective component Ca. When only Si and 
Al were present in the minerals, the As adsorption amount was less than 
0.2 mg/g. 

The effect of the Si-to-Al ratio on As adsorption is related to the 
morphological changes of Ca-based minerals. Fig. 5 shows the XRD 
patterns of the solid products obtained when CaO:(SiO2 +Al2O3)= 1:2 
and SiO2:Al2O3 were 1:0, 1:1, and 0:1. When SiO2: Al2O3 = 1:0, CaO 
reacts with SiO2 to produce Ca2SiO4 with some unreacted CaO and SiO2. 
When SiO2: Al2O3 = 0:1, CaO reacted with Al2O3 to produce CaAl4O7 
and Ca12Al14O33. Cao et al. [28] found that CaSiO3 had a stronger 
adsorption capacity for As2O3 than CaO. He et al. [29] found that the 
CaO–Ca12Al14O33 system had a stronger adsorption capacity for As than 
CaO. Therefore, the coupling of Si and Al with Ca enhanced the As 
adsorption owing to the formation of calcium silicate and calcium 
aluminate. When Si and Al were present simultaneously, the product 
contained Ca2Al2SiO7 in addition to Ca2SiO4, CaAl4O7, and Ca12Al14O33. 

Therefore, the coupling effect of Si and Al further strengthened the 
adsorption of As by Ca-containing minerals, which might be attributed 
to the formation of calcium aluminosilicate. 

Fig. 6 shows the results of the micro-area composition analysis of the 
adsorption products when CaO: (SiO2 +Al2O3)= 1:2 and SiO2: Al2O3 
= 1:1. It can be seen that the As enrichment region had both Si and Al 
enrichment (region 1), whereas the As content in the region with only Si 
or Al enrichment was significantly lower (regions 2 and 3). The XRD 
characterization results suggest that As was enriched in Ca-Si-Al min
erals (such as Ca2Al2SiO7). The adsorption capacity of Ca aluminosili
cate on As2O3 was stronger than that of calcium silicate and calcium 
aluminate. Therefore, in the system of CaO+SiO2 +Al2O3, when SiO2: 
Al2O3 = 1:1, it is most advantageous to convert CaO into calcium 
aluminosilicate to achieve the largest adsorption amount of As. 

The components of Si and Al can strengthen the adsorption capacity 
of Ca-based minerals to As and have a coupling effect between them. The 

Table 2 
Adsorption amount of As by single mineral/multi-minerals (mg/g).  

Minerals Adsorption amount of As 

150 mg CaO 3.0 
150 mg SiO2 0 
50 mg CaO + 100 mg SiO2 2.0 
150 mg Al2O3 0.2 
50 mg CaO + 100 mg Al2O3 1.5 
75 mg SiO2 + 75 mg Al2O3 0.2  

Fig. 3. Adsorption amount of As by Ca-Si-Al minerals with different SiO2: 
Al2O3 ratios. 

Fig. 4. Effects of CaO:(SiO2 +Al2O3) ratio on the adsorption amount of As.  

Fig. 5. XRD patterns of adsorption products with Si:Al= 1:0, 1:1, and 0:1.  
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results of the phase composition and micro-area composition analysis of 
the product show that the existence of this coupling effect is because of 
the formation of Ca-Si-Al minerals (such as Ca2Al2SiO7). These minerals 
have a stronger adsorption capacity for As2O3 than calcium silicate and 
calcium aluminate. Therefore, the adsorption mechanism of Ca2Al2SiO7, 
which was a typical Ca-Si-Al mineral, to As2O3 was analyzed by DFT 
calculation in Section 3.2. 

3.2. DFT study of As2O3 adsorption on Ca2Al2SiO7 surface 

Fifty-six adsorption structures of As2O3 molecules on the Ca2Al2SiO7 
(0 0 1) surface were obtained after structure optimization, and the 
adsorption energy ranged from − 557.29 kJ/mol to − 135.14 kJ/mol. 
The maximum adsorption energy of Ca2Al2SiO7 to As2O3 reached 
− 557.29 kJ/mol, which was significantly higher than the reported 
adsorption energy of CaO, SiO2, Al2O3, and kaolin to As2O3 (− 391.40, 
− 156.40, − 203.23, and − 385.00 kJ/mol, respectively) [25,35,37]. This 
indicates that Ca2Al2SiO7 had a stronger adsorption capacity for As2O3. 

According to the order of the adsorption energy from high to low, the 
adsorption structures were numbered G1–56. The top and side views of 
each adsorption structure are listed in Table S6. The active adsorption 
sites on Ca2Al2SiO7 (0 0 1) surface include unsaturated Al, nonbridging 
O, and Ca sites. The O atom in the As2O3 molecule was usually located at 
an unsaturated Al or Ca site, whereas the As atom was usually located at 
a nonbridging O site. The structure G1 with the highest adsorption en
ergy was taken as an example to analyze the adsorption mechanism of 
As2O3 on the Ca2Al2SiO7 (0 0 1) surface. 

Fig. 7 shows the structural diagram of G1. As(1), As(2), O(1), O(2), 
and O(3) originally belonged to the adsorbate As2O3 molecule. 
Compared with Fig. 2, it can be seen that As2O3 molecules underwent 
deformation after adsorption, and the distance between As(1) and O(2) 
increased from 1.808 Å to 3.564 Å. The As(1)-O(1), As(2)-O(2), and As 
(2)-O(3) distances were 1.794, 1.711, and 1.650 Å, respectively. The 
changes were minimal when compared with the bond lengths of 1.621, 
1.805, and 1.623 Å of the As2O3 molecules before adsorption. O(1) and 
O(2) were located at the unsaturated Al(1) and Al(2) sites on the surface 
at distances of 1.802 and 1.783 Å, respectively, which were close to the 

length of the Al-O bond. As(1) was located at the surface nonbridging O 
(4) site at a distance of 1.784 Å. O(3) was located at the surface Ca site at 
a distance of 2.324 Å. The surface structure of Ca2Al2SiO7 (0 0 1) also 
changed: the length of the Al(2)-O(4) bond changed from 1.664 Å to 
1.813 Å, and the position of Al(2) shifted towards the O(2) atom in the 
As2O3 molecule. The change in the structural parameters indicates that 
the interaction between As2O3 molecules and surface atoms was strong, 
which might be accompanied by the transfer of valence electrons and 
the formation of chemical bonds. 

Table 3 shows the distribution of the Mulliken charges before and 
after adsorption. A negative value of △q indicates that the atom lost 
electrons, and a positive value indicates that the atom gained electrons. 
The △q values of As(1), As(2), O(1), O(2), and O(3) were added, and the 
As2O3 molecule gained 0.36 e from the surface of the adsorbent. A sig
nificant electron transfer occurred at each adsorption site. O(3) received 
electrons from Ca(1) and O(2) received electrons from Al(2). O(1) ob
tained electrons from Al(1), As(1), and O(4). After adsorption, the 
Mulliken charges of O(1), O(2), and O(4) were similar, indicating that 
the chemical environment was similar; that is, the As and Al atoms were 
connected with bridge O. Electron transfer means that As2O3 molecules 
formed bonds with the surface atoms of the adsorbent, including O-Al, 
As-O, and O-Ca bonds. 

The bonding mechanism can be analyzed using PDOS. Fig. 8(a) 
shows the density of states (DOS) of the s and p orbitals before and after 
adsorption of the O(1) atom in the As2O3 molecule. It can be seen that 
the PDOS peak of the s orbital shifted to the lower energy levels (from 
− 9.3 eV to − 10.3 eV, from − 17.4 eV to − 18.3 eV, from − 18.6 eV to 
− 20.0 eV), which indicates that the atomic energy decreased. However, 
the s orbitals did not participate in bonding, so there was no splitting of 
the peak of PDOS. The p-orbital electrons also transferred to the lower 
energy level, and the energy level splitting occurred in the range of 
− 7.3 eV to − 3.7 eV, which indicates that the O(1) atom and the 
adsorbent surface atom formed a new chemical bond. Fig. 8(b) shows 
the DOS of the s and p orbitals before and after the adsorption of the Al 
(1) atoms on the adsorbent surface. After adsorption, the p-orbital 
electrons transferred to the high-energy range as a whole, and the peak 
in the range of 2.1–5.7 eV decreased significantly, which means that Al 
(1) atoms lost electrons. According to the Mulliken charge analysis re
sults, these electrons were transferred to the O(1) atom. Comparing the 
PDOS of O(1) and Al(1) atoms, there were energy level overlapped at 
− 5.6 eV, − 5.0 eV, 4.4 eV, 3.1 eV, 4.0 eV, and 4.4 eV, which indicates 
that the electronic orbitals were hybridized and O-Al bond was formed. 

Fig. 8(c) and (d) show the PDOS diagrams of the As(1) atom in the 
As2O3 molecule and O(4) atom on the surface of the adsorbent, 
respectively. The electrons of s and p orbital of As(1) atom were trans
ferred to the low energy level. The p orbital electrons splitted in the 
range of − 7.3 eV to − 1.1 eV and 4.5–7.6 eV, indicating that they 
participated in the formation of new chemical bonds. The electrons of O 
(4) atom also transferred to the lower energy level, and energy level 
splitting occurred in the range of − 7.3 eV to − 1.3 eV. The PDOS peak 
of the As(1) and O(4) atoms decreased after adsorption, which indicates 
that electrons were lost during adsorption, which was consistent with 
the results of the Mulliken charge analysis. There were energy level 
overlaps between the two at − 6.4 eV, − 5.7 eV, - 3.9 eV, and 2.1 eV, 
indicating the formation of an As-O covalent bond. 

Fig. 6. Elemental mapping of adsorption products with Si:Al= 1:1.  

Fig. 7. Structure of G1 with the highest Ead of − 557.29 kJ/mol.  
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Fig. 8(e) and (f) show the PDOS diagram of the O(2) atom in the 
As2O3 molecule and the Al(2) atom on the surface of the adsorbent, 
respectively. The electrons of the O(2) atom transferred significantly to 
the lower energy level, and energy level splitting occurred in the range 
of − 7.1 eV to − 1.1 eV. Similar phenomena also existed in the electrons 
of the Al(2) atom, and resonance occurred with the p-orbital electrons of 
the O(2) atom at − 9.9 eV, − 5.9 eV, − 4.5 eV, − 2.7 eV, and 4.5 eV 
levels. This indicates the formation of an O-Al covalent bond. 

Fig. 8(g) and (h) show the PDOS diagram of the O(3) atom in the 
As2O3 molecule and the Ca(1) atom on the surface of the adsorbent, 
respectively. The electrons of the O(3) atom were transferred to a lower 
energy level. The energy level of the electron of the Ca(1) atom did not 
change significantly after adsorption, but the peak of DOS of the p- 
orbital electron in the range of 2.1–5.7 eV decreased, indicating that Ca 
(1) lost electrons. No energy-level splitting or resonance was observed 
for O(3) and Ca(1), confirming the formation of ionic bonds. 

3.3. Mechanism analysis on the enhanced adsorption of As2O3 by Ca, Si, 
and Al 

By comparing the adsorption of As2O3 at similar sites on the surfaces 
of Ca2Al2SiO7, CaO, SiO2, and Al2O3, the mechanism of enhanced 
adsorption under the coupling of Ca, Si, and Al was revealed. 

The adsorption of As2O3 by CaO and Ca2Al2SiO7 was compared, and 
the influence of Si and Al on the adsorption ability of Ca sites was 
analyzed. In the adsorption structure of CaO to As2O3, the Ca-O bond 
length was 2.587 Å, and the bond population was 0.15 [35]. The Ca-O 
bond length formed by the As2O3 adsorption on the surface of Ca2Al2

SiO7 was shorter (2.327 Å) when compared with that of CaO, confirming 
that the bonding was stronger. Fig. 9 shows the DOS of the Ca-O bond in 
As2O3 adsorbed by CaO and Ca2Al2SiO7. Compared with the CaO 
adsorption structure, the Ca-O bonding molecular orbital in the 
Ca2Al2SiO7 adsorption structure moved to the lower energy level, and 
the anti-bonding molecular orbital moved to the higher energy level, 
resulting in a wider energy band and indicating a more stable bonding. 
The results suggest that the presence of Si/Al enhanced the adsorption 
ability of the Ca sites. 

Ca in Ca2Al2SiO7 had a higher reactivity than that in CaO. In CaO, the 
distance between Ca and the surrounding O atoms was 2.418 Å, and the 
Mulliken charge of Ca was 1.12 e. In Ca2Al2SiO7, the distance between 
Ca and O atoms was 2.073 Å, and the Mulliken charge of Ca was 1.28 e; 
Ca had higher positive electricity in Ca2Al2SiO7, so it had a stronger 
attraction to O in As2O3 molecules. Fig. 10 shows the DOS analysis re
sults for CaO and Ca2Al2SiO7 before adsorption. The existence of Si/Al 
reduced the energy gap of the Ca atom from 5.3 eV to 3.3 eV, which 
made the outer electrons of Ca more prone to transition, so it was easier 
to react with O. 

Ca did not enhance the adsorption of As2O3 at the Si and Al sites. The 
length of the Al-O bond in the Ca2Al2SiO7 adsorption structure was 
similar to that of the Al2O3 adsorption structure, which were 1.795 and 
1.802 Å, respectively, indicating similar bonding strength [27]. 
Compared with the As2O3 structure adsorbed by SiO2, the Si-O bond in 
the Ca2Al2SiO7 adsorption structure was longer, and the bond popula
tion was lower, indicating weaker bonding [27]. The length of the As-O 
bond in the Ca2Al2SiO7 adsorption structure was similar to those of the 
CaO and Al2O3 adsorption structures, which were 1.783, 1.791 and 
1.785 Å, respectively, indicating that the difference in the adsorption of 
O sites was not significant. Therefore, the coupling of Ca, Si, and Al 

enhanced the adsorption of As, mainly because Si/Al enhanced the 
adsorption ability of the Ca site. 

The experimental results in Section 3.1 show that Si and Al both 
strengthened the adsorption capacity of Ca to As, and there was a 
coupling effect between Si and Al that further strengthened the 
adsorption of As, especially when the ratio of the two was close to 1:1. 
This effect is related to the order of Si and Al in the lattice structure of 
calcium aluminosilicate [49]. In Ca2Al2SiO7, Si or Al was connected with 
other Si or Al through bridge O, forming Si-O-Si, Si-O-Al, or Al-O-Al 
sturctures. The adsorption would be affected when the chemical envi
ronment of the adsorption sites changed [50,51]. Fig. 11(a) shows the 
original adsorption structure (G1), where the adsorption site, Al, was 
connected to the neighboring Al and Si through Al-O-Al and Al-O-Si 
sturctures. Fig. 11(b) shows the adsorption structure (Sub1) obtained 
by replacing the adjacent Si (Si(5) and Si(6)) of the adsorption site with 
Al (Al(5) and Al(6)) based on G1, where the adsorption site (Al) was 
connected with the other two Al atoms through the Al-O-Al sturctures. 
Fig. 11(c) shows the adsorption structure (Sub2) obtained by replacing 
the adjacent Al (Al(3) and Al(4)) of the adsorption site with Si (Si(3) and 
Si(4)), where the Al adsorption site was connected to the other two Si 
atoms through the Al-O-Si sturctures. 

The comparison in Fig. 11 shows that the adsorption sites of As2O3 
remained unchanged after the Si/Al rearrangement, but the adsorption 
energy and adsorption structural parameters changed significantly 
(Table 4). After replacing the Si adjacent to the G1 adsorption site with 
Al and forming the Al-O-Al sturctures (Sub1), the adsorption strength of 
As2O3 decreased, and the adsorption energy decreased slightly to 
− 549.99 kJ/mol. The analysis of the bonding strength and electron 
transfer reveals the reason for the decrease in the adsorption strength. 
The bond length of O(2)-Al(2) increased from 1.784 to 1.792 Å, indi
cating that the O(2) atom in the As2O3 molecule was further away from 
the adsorbent surface. The bond population decreased from 0.36 to 0.33, 
confirming weaker bonding because of the less overlapping of O-Al 
electron clouds. The Mulliken charge of Al(2) decreased from 1.82 e to 
1.79 e, which can be attributed to the decrease in the number of electron 
transfers. The changes of bond length and population between As(1) and 
O(4) were similar to those between O(2) and Al(2), whereas the bond 
length and bond population of O(1)-Al(1) and O(3)-Ca(1) were almost 
unchanged. This shows that the adsorption of the Al(2) and O(4) sites in 
Sub1 was weaker than that of the G1 structure. However, after replacing 
Al with Si and forming Al-O-Si sturctures on both sides (Sub2), the 
adsorption of As2O3 was significantly enhanced, and the adsorption 
energy was increased to − 615.57 kJ/mol. The bond lengths of the O(1)- 
Al(1), As(1)-O(4), and O(3)-Ca(1) bonds decreased by 0.020, 0.039, and 
0.039 Å, respectively, and the population increased by 0.01, 0.07, and 
0.03, respectively, indicating stronger bonds. The Mulliken charge of the 
As2O3 molecule was − 0.99 e, which was lower than that of the G1 
structure (− 0.36 e), indicating that As2O3 molecules in the Sub2 struc
ture gained more electrons from the adsorbent. Moreover, the Mulliken 
charge of Al(1) and Al(2) also increased. This shows that the adsorption 
of Al(1), Al(2), and Ca(1) sites in the Sub2 structure were strengthened 
compared with the G1 structure. The formation of Si-O-Al structure 
promoted the adsorption of As2O3 on the surface of Ca2Al2SiO7. 

In summary, the coupling mechanism of enhanced As2O3 adsorption 
by Ca, Si, and Al was clarified. The Ca-O(As2O3) bond in the Ca2Al2SiO7 
structure was more stable compared with CaO, as Si and Al promoted the 
transfer of electrons from the outer layer of Ca to As2O3, thereby 
strengthening the adsorption capacity of the Ca site. Ca had no 

Table 3 
Mulliken charge (q) of atoms before/after adsorption and the charge transfer (e).  

Atom As (1) As (2) O (1) O (2) O (3) O (4) Al (1) Al (2) Ca (1) 

qbefore 1.26 1.26 -0.80 -0.92 -0.80 -1.14 1.70 1.73 1.28 
qafter 1.28 1.29 -1.03 -1.02 -0.88 -1.04 1.74 1.82 1.36 
△q -0.02 -0.03 +0.23 +0.10 +0.08 -0.10 -0.04 -0.09 -0.08  
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Fig. 8. PDOS of As2O3 adsorption on Ca2Al2SiO7 surface: (a) O(1); (b) Al(1); (c) As(1); (d) O(4); (e) O(2); (f) Al(2); (g) O(3); (h) Ca(1).  

G.-c. Song et al.                                                                                                                                                                                                                                 



Journal of Environmental Chemical Engineering 11 (2023) 110271

8

strengthening effect on the adsorption of Si and Al sites. The order of Si/ 
Al had a significant influence on the adsorption of As. The bond lengths 
of the Al-O(As2O3) and Ca-O(As2O3) bonds were shorter when the Al site 
was connected to Si on both side, which means that the bonding was 
more stable and therefore the adsorption energy was higher. This ex
plains why the coupling effect of Si and Al strengthened the adsorption 
of As2O3 in Section 3.1. The closer the Si/Al ratio was to 1:1, the more 
conducive it was to the formation of Si-O-Al sturctures in minerals, 
resulting in the stronger adsorption capacity of As2O3. 

4. Conclusions 

The As adsorption characteristics were investigated for the mixture 
of CaO, SiO2, and Al2O3 at 1200 ◦C. Adding SiO2 +Al2O3 to CaO 
significantly enhanced the adsorption of As. The As adsorption amount 
first increased and then decreased with an increase in the SiO2:Al2O3 
ratio, reaching a maximum value when SiO2:Al2O3 = 1:1. With the mass 
fraction of SiO2 +Al2O3 increasing and CaO decreasing, the As adsorp
tion amount was gradually decreased. The coupling effect of Si and Al 
strengthened the adsorption of Ca-based minerals to As. The adsorbed As 
was enriched in the Ca-Si-Al minerals (such as Ca2Al2SiO7). 

The adsorption mechanism of As2O3 on the (0 0 1) surface of 
Ca2Al2SiO7, a typical Ca-Si-Al mineral, was investigated. There were 56 
adsorption structures of As2O3 on the surface of Ca2Al2SiO7, and the 
adsorption energy was between − 557.29 kJ/mol and − 135.14 kJ/mol. 
The active adsorption sites included unsaturated Al, nonbridging O, and 
Ca sites. The O atom in the As2O3 molecule was located at the unsatu
rated Al or Ca sites to form Al-O and Ca-O bonds, whereas the As atom 
was located at the nonbridging O site to form an As-O covalent bond. 

The strengthening mechanism under the coupling of Ca, Si, and Al on 
the adsorption of As2O3 was revealed. Si/Al facilitated the transfer of 
electrons from Ca to As2O3 molecules, thereby enhancing the adsorption 
capacity of Ca site. Ca had no strengthening effect on the adsorption of 
As2O3 at Si and Al sites. The order of Si/Al on the surface of Ca2Al2SiO7 
significantly affected the adsorption of As. The formation of Si-O-Al 
sturctures promoted the adsorption of As2O3 at the Ca and Al sites. 

These results provide theoretical support for As emission control by 
strengthening As adsorption at high temperatures, which is conducive to 
the collaborative removal of particulate As by pollution control device. 
It is recommended that blending coals with difference in the contents of 
Ca, Si, and Al will promote the As adsorption under the coupling of these 

Fig. 9. LDOS of Ca-O bond in adsorption structure of CaO and Ca2Al2SiO7.  

Fig. 10. DOS of Ca in CaO and Ca2Al2SiO7 before adsorption.  

Fig. 11. Structures of adsorption before and after rearrangement of Si/Al: (a) G1 (before rearrangement); (b) Sub1; (c) Sub2.  

Table 4 
Ead, bond length, and bond population of structures G1, Sub1, and Sub2.  

Structure G1 Sub1 Sub2 

Ead (kJ/mol) -557.29 -549.99 -615.57 
Bond length (Å) O(1)-Al(1) 1.802 1.802 1.782 

O(2)-Al(2) 1.784 1.792 1.832 
As(1)-O(4) 1.783 1.794 1.744 
O(3)-Ca(1) 2.324 2.323 2.285 

Bond population O(1)-Al(1) 0.37 0.37 0.38 
O(2)-Al(2) 0.36 0.33 0.28 
As(1)-O(4) 0.36 0.34 0.43 
O(3)-Ca(1) 0.13 0.13 0.16 

Mulliken charge (e) As(1) 1.28 1.27 0.81 
As(2) 1.29 1.27 1.17 
O(1) -1.03 -1.02 -1.03 
O(2) -1.02 -1.01 -1.04 
O(3) -0.88 -0.87 -0.90 
O(4) -1.04 -1.03 -1.04 
Al(1) 1.74 1.73 1.77 
Al(2) 1.82 1.79 1.87 
Ca(1) 1.36 1.29 1.29  
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minerals [20]. Modifying Ca-based mineral adsorbents with Si and Al 
can also enhance their adsorption ability in future studies [52]. 
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