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Abstract: The arsenic (As) vitrification in copper smelting slag derived from the FeO−SiO2−Fe2O3−B2O3−CaO− 
Al2O3−(MgO) system was studied. The vitrification mechanism of As was systematically investigated by XRD, SEM, 
FTIR and XPS analysis. It is determined that As exhibits favorable compatibility with the iron-silicate slag. FTIR and 
XPS analysis indicates that As can partially substitute for silicon to form the Si—O—As structure, thereby enhancing 
the degree of polymerization of the melt. The [BO3]3− unit tends to decrease with the increase of the As content, while 
the opposite behavior is observed with the addition of MgO. Additionally, MgO increases the non-bridging oxygen 
(NBO) number of the melt. TCLP, SPLP and pH dependence tests show that the leaching toxicity of As increases with 
the increase of the As content but decreases with the addition of MgO. DSC analysis demonstrates that the incorporation 
of both As and MgO can improve the thermal stability of the As-containing glass. 
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1 Introduction 
 

At present, 75% to 80% of the global mine 
copper production comes from pyrometallurgy of 
copper concentrate [1,2]. As arsenic is often 
associated with copper concentrate and extremely 
harmful to smelting process and environmental 
protection, the continuous growth of copper 
production poses a severe challenge to the reduction 
of pollutants in non-ferrous metal industry [3]. In 
the process of copper smelting, arsenic enters the 
wastewater, flue gas, slag or products in the form of 
sulfide, oxide, arsenate and arsenite, causing a 
series of problems in the subsequent processes of 
sulfuric acid, refining and electrolysis [4−6]. The 
traditional metallurgical process focuses on the 
recycling of valuable metals and puts the 

management of arsenic pollution on the back burner. 
Consequently, harmless treatment of arsenic- 
containing materials is the fundamental way to 
solve the arsenic pollution in copper smelting 
enterprises. 

To date, the research on the disposal of 
arsenic-containing materials mainly focuses on  
the chemical precipitation [7−9], stabilization/ 
solidification treatment [10−12], and resource 
utilization [13,14]. These approaches are typically 
implemented through the hydrometallurgy and 
pyrometallurgy techniques. However, it has been 
demonstrated that these methods possess inherent 
limitations. For instance, the products generated 
often exhibit poor long-term stability [15],      
the utilization rate of arsenic residue is low,     
and controlling the production process proves 
challenging [16], resulting in the potential release 
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of arsenic into the environment. Vitrification, a 
technology that enables the simultaneous 
immobilization of arsenic during the smelting 
process, has garnered increasing attention from 
researchers due to its ability to safely disposing 
arsenic contaminants in their source [17−19]. 
Vitrified products demonstrate favorable chemical 
stability and mechanical strength, making them 
suitable for applications as general landfill or 
construction materials. In a study by REDDY and 
FONT [20], thermodynamic modeling was employed 
to predict the impact of different slag compositions 
on arsenate capacity. The calculations revealed that 
the addition of CaO and MgO at 1250 °C can 
enhance the arsenic fixation capacity of the slag.  
In terms of specific experimental investigations,  
the GlassLock ProcessTM developed by Dundee 
Sustainable Technologies (DST), a Canadian company, 
has been utilized for vitrifying industrial arsenic- 
containing waste. By melting arsenic-bearing soot, 
silica, waste glass, and hematite at high temperatures, 
stable glass containing up to 20 wt.% As can be 
obtained [21−23]. ZHAO et al [24] conducted a 
study in which sodium arsenate was mixed with 
crushed glass and subjected to high-temperature 
curing. The results demonstrated that the 
immobilization of arsenic in the SiO2−B2O3−Na2O− 
Al2O3 system remained above 99%. Furthermore, 
BHARGAVA et al [25] employed B2O3 to modify 
the properties of BaO−TiO2−B2O3 glass, thus 
enhancing its ability to fix arsenic. 

Although some studies have been conducted 
on the vitrification of arsenic in iron-silicate slag 
systems, the majority of these investigations have 
primarily focused on oxidizing slag systems 
characterized by high Fe2O3 content. Conversely, 
there has been a paucity of research on reducing 
slag systems containing high FeO contents. 
Nevertheless, it is worth noting that the prevailing 
copper smelting process typically entails relatively 
low Fe2O3 content in the slag to ensure optimal 
fluidity and smoothness during smelting operations. 
Furthermore, the capacity of iron olivine slag to 
accommodate arsenic remains unclear, necessitating 
a thorough examination. Additionally, the chemical 
stability of the resultant vitrification product 
necessitates further investigation. Another aspect 
that merits attention is the presence of minute 
quantities of MgO in the molten slag, as its impact 
on arsenic vitrification has been scarcely 

documented. Consequently, a comprehensive study 
addressing the vitrification of arsenic in iron- 
silicate slag systems is imperative. 

In this work, the effects of As (0−4 wt.%) and 
MgO (0−3 wt.%) contents on arsenic vitrification  
in the simulated copper smelting slag FeO−   
SiO2−Fe2O3−B2O3−CaO−Al2O3−(MgO) system were 
investigated. Additionally, an analysis of actual 
industrial slag was conducted to facilitate 
meaningful comparison. The stability of arsenic 
was assessed using established methodologies such 
as the toxicity characteristic leaching procedure 
(TCLP, USEPA method 1311), synthetic 
precipitation leaching procedure (SPLP, USEPA 
method 1312), and pH dependency method   
(1313) [22,23]. In addition, the mechanism of 
arsenic vitrification was studied by XRD, SEM, 
FTIR, XPS method and differential scanning 
calorimetry (DSC). This work is devoted to the safe 
disposal of arsenic-containing hazardous waste in 
copper smelting industry, aiming to provide 
valuable insights for enterprises engaged in clean 
production and environmental protection endeavors. 
 
2 Experimental 
 
2.1 Sample preparation 

The chemicals employed in the experiments, 
namely CaO, SiO2, Fe2O3, B2O3, Al2O3, MgO, and 
iron powder, were of analytical purity. FeO was 
generated on-site at elevated temperatures by 
maintaining a molar ratio of 1.0 between iron 
powder and Fe2O3. To enhance arsenic stability at 
high temperatures and minimize its volatilization, 
calcium arsenate was utilized as the arsenic source 
in the samples. Calcium arsenate was synthesized  
in the laboratory and contained 29.1 wt.% As and 
38.0 wt.% Ca, with its corresponding XRD pattern 
illustrated in Fig. S1(a) in Supporting Information. 
The detailed procedure for the preparation of 
calcium arsenate has been documented in our 
previous study [26]. Because calcium arsenate 
contributes calcium to the samples, different levels 
of CaO were incorporated to maintain a constant 
overall calcium quantity. The Fe/SiO2 mass ratio, 
defined as the mass ratio of total Fe to SiO2 in the 
sample, was consistently set to 1.2꞉1 throughout  
the experiment. The predetermined chemical 
compositions of the simulated slag system (Slag 1 − 
Slag 7) are outlined in Table 1. 
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Table 1 Predetermined chemical compositions of glass samples 

Sample ID Fe/SiO2  
mass ratio 

Content/wt.% 
FeO SiO2 Fe2O3 B2O3 Al2O3 CaO MgO As 

Slag 1 1.2꞉1 44.96 32.04 5 5 3 10 0 0 
Slag 2 1.2꞉1 44.51 31.72 4.95 4.95 2.97 9.9 0 1 
Slag 3 1.2꞉1 44.06 31.40 4.9 4.9 2.94 9.8 0 2 
Slag 4 1.2꞉1 43.61 31.08 4.85 4.85 2.91 9.7 0 3 
Slag 5 1.2꞉1 43.16 30.76 4.80 4.80 2.88 9.6 0 4 
Slag 6 1.2꞉1 42.29 30.19 4.80 4.80 2.88 9.6 1.44 4 
Slag 7 1.2꞉1 41.41 29.63 4.80 4.80 2.88 9.6 2.88 4 
Slag 8 1.21꞉1 37.15 29.05 8.87 3.28 3.45 3.67 2.67 0.38 

Slag 1−Slag 7 refer to the simulated slags, Slag 8 refers to the industrial copper smelting slag. In addition to the above components in Table 1, 
Slag 8 also contains 3.86 wt.% PbO, 2.31 wt.% ZnO, 1.34 wt.% K2O, 1.15 wt.% CuO, 0.64 wt.% SO3, and 0.81 wt.% Sb2O3 
 

To evaluate the stability of arsenic in the actual 
slag, arsenic vitrification was also performed using 
industrial copper smelting slags obtained from a 
smelter in Shandong Province, China. In addition, 
an industrial arsenic-containing solid waste 
generated by the same company, calcium arsenate, 
(22.5 wt.% As and 35.4 wt.% CaO) was selected  
as the raw material for vitrification and its 
corresponding XRD pattern is shown in Fig. S1(b) 
in Supporting Information. Similar to the simulated 
slags, arsenic was dispensed at 4 wt.%. The 
chemical composition of the industrial copper 
smelting slag (Slag 8) is also listed in Table 1. 
Notably, the industrial slag contains 0.38 wt.% As. 
Besides the metal oxides investigated, it also 
contains more basic oxides, such as PbO, ZnO and 
K2O. 

According to the intended composition of the 
sample, about 100 g of the mixture was stirred well 
in an agate mortar and transferred into a 
molybdenum crucible. Subsequently, the sample 
was heated to 1250 °C within a tube furnace under 
the protection of Ar at a flow rate of 0.4 L/min.  
The temperature was maintained for a duration   
of 1 h. Throughout the holding period, a delicate 
molybdenum rod was employed to stir the slag 
deeply, ensuring homogenization and stabilization 
of the sample. Upon completion of the holding 
period, the samples were rapidly quenched by 
repeatedly immersing a fine molybdenum rod into 
the molten pool and subsequently submerging it 
into water. Then, the samples were dried and 
crushed in preparation for subsequent experiments. 
 
2.2 Characterization method 

The composition of samples was measured by 

inductively coupled plasma optical emission 
spectrometry (ICP−OES). The K2Cr2O7 titration 
method was used to measure the contents of TFe 
and Fe2+. The crystal structure of the samples was 
analyzed using XRD. SEM was employed to 
examine the microscopic morphology of the 
quenched samples. FTIR and XPS were utilized for 
the characterization of the sample structure. The 
stability of the simulated slags was evaluated using 
TCLP and SPLP test, respectively. In the TCLP test, 
about 20 g of quenched samples were placed into a 
polyethylene bottle and acetate buffer solution with 
pH 4.93±0.05 was added at a liquid−solid ratio of 
20:1 (mL/g). The samples were tumbled and shaken 
in a flip oscillator at (30±2) r/min for 18 h at room 
temperature. For the SPLP test, the leaching agent 
consisted of a mixture of sulfuric acid and nitric 
acid in a mass ratio of 6:4, with a pH value of 
4.20±0.05. Other experimental parameters used for 
SPLP test are the same as those for the TCLP test. 
For the actual smelting slag, pH dependence 
experiment [23] was also adopted. The leaching 
agents with nine different pH values (2.0, 4.0, 5.5, 
7.0, 9.0, 10.5, 11.0, 12.0 and 13.0) were prepared 
with dilute nitric acid and sodium hydroxide 
solution. The liquid/solid ratio was 10:1, and the 
leaching time was 48 h. The heating rate in DSC 
experiments was 10 °C/min, and the temperature 
range was 25−1250 °C with Ar atmosphere. 
 
3 Results and discussion 
 
3.1 Glass formation and analyzed compositions 

The XRD patterns of the quenched slag 
samples with varying As and MgO contents     
are illustrated in Fig. 1(a). The absence of distinct  
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Fig. 1 XRD patterns of As-containing glasses with 
different As and MgO contents (a) and SEM image of 
typical specimen at 1.5 wt.% MgO (b) 
 
crystal peaks in both the simulated slags and 
industrial slag confirms the amorphous, glassy 
structure of the samples. Moreover, Fig. 1(b) shows 
the microscopic morphology of a representative 
quenched slag sample along with the average 
results of EDS analysis. The surface of the sample 
is relatively smooth, without any evidence of 
crystalline phases, thus supporting the formation  
of glass. These XRD and SEM observations 
indicate that arsenic is effectively incorporated into 

the iron-silicate slag at elevated temperatures, 
exhibiting good compatibility. 

Table 2 gives the chemical composition of 
glasses after high-temperature melting. The As 
content in the samples decreases due to 
volatilization, while the Fe2O3 content increases, 
corresponding to a reduction in the content of FeO. 
This decrease in FeO can be attributed to the 
oxidation of Fe2+. Changes in the composition of 
the above substances in turn lead to variations    
in the chemical composition of other compounds. 
Moreover, the addition of MgO can slightly reduce 
the volatilization of arsenic and increase the As 
content in the glass. As can be seen from Table 2, 
the simulated iron-silicate slag can immobilize a 
minimum of 3.25 wt.% of arsenic. For the actual 
industrial slag, it contains a large amount of alkali 
metal oxides, which dissociate free oxygen at high 
temperatures, thereby compromising the silicate 
network structure. As a consequence, the slag 
demonstrates a diminished capacity for arsenic 
fixation. It should be noted that the use of 
molybdenum crucible inevitably results in a slight 
contamination with (0.5−1.0) wt.% MoO3 and is 
therefore negligible. 

 
3.2 FTIR spectra 

Figure 2(a) illustrates the variations in the 
FTIR spectra of the slag with different As additions. 
It can be observed that the glass bodies exhibit 
similar spectral characteristics. In particular, the 
vibrational band width of [SiO4]4− tetrahedra, located 
at 1200−750 cm−1 [27], becomes progressively 
narrower as the As content increases. This narrowing 
indicates a decrease in the distance between Si  
and O atoms and an increase in the polymerization of 

 
Table 2 Experimentally determined chemical compositions of glass samples after high-temperature melting 

Sample ID 
Fe/SiO2 

mass ratio 
Content/wt.% 

FeO SiO2 Fe2O3 B2O3 Al2O3 CaO MgO As 

Slag 1 1.22꞉1 43.87 32.01 7.22 4.65 2.88 9.31 0 0 

Slag 2 1.22꞉1 43.45 31.74 7.13 4.90 3.06 9.25 0 0.46 

Slag 3 1.23꞉1 42.42 31.11 7.48 4.89 3.22 9.33 0 1.15 

Slag 4 1.20꞉1 40.27 30.58 7.92 5.11 3.15 9.26 0 2.13 

Slag 5 1.19꞉1 39.67 30.43 7.66 5.25 3.21 9.48 0 3.16 

Slag 6 1.21꞉1 39.02 29.61 8.04 5.02 3.16 9.51 1.68 3.22 

Slag 7 1.21꞉1 38.24 29.29 8.11 4.96 3.05 9.44 3.15 3.25 

Slag 8 1.16꞉1 34.76 27.30 6.78 2.52 2.87 9.43 2.85 2.93 
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Fig. 2 FTIR spectra of As-containing glasses with 
different As (a) and MgO (b) contents 
 
the silicate structure. Notably, at an As content of 
4 wt.%, an absorption peak at 1050 cm−1 becomes 
evident, which can be attributed to the vibrational 
band of Q3, corresponding to [SiO4]4− tetrahedra 
with three bridging oxygen atoms [28]. This 
suggests that the addition of As results in a more 
complex silicate network structure. However, the 
depth of the [SiO4]4− tetrahedral vibrational band 
and the bending vibrational band of Si—O—Al at a 
wavenumber of 500 cm−1 [29] becomes shallower 
with increasing As content. This can be attributed to 
the decrease in SiO2 content caused by the 
increased As content. 

The wide band centered at around 1350 cm−1 
(including the single band at 1230, 1360 and 
1430 cm−1) is caused by the asymmetric tensile 
relaxation between the B—O bond of the triangular 
[BO3] unit and the non-bridging oxygen (NBO) [30]. 
The intensity of the vibration band decreases with 
the As content, indicating a reduction in the number 
of [BO3]3− units and NBO. In addition, [BO3]3− also 
has a bending vibration band near 700 cm−1 [31], 
and its vibration intensity gradually weakens with 

the increase of As content. As a network modifier, it 
is known that [BO3]3− unit can provide NBO and 
depolymerize silicate structure. Thus, the addition 
of As reduces the number of NBO in the      
melt, and As participates in the construction of 
network structure. According to Ref. [32,33], the 
asymmetric stretching vibrational bands at about 
690 and 620 cm−1 are the vibrational peaks of 
[FeO4]5− and [AlO4]5− tetrahedra, respectively, 
which do not vary significantly. Furthermore, the 
stretching vibration of As—O—As appears at 
470 cm−1 [34], contributing to the broad and   
wide vibrational region in conjunction with the   
Si—O—Al band. Therefore, it is reasonable to 
speculate that As was involved in the formation of 
the glass lattice structure. A substantial amount of 
As enters the Si—O—Al—O framework as a 
constituent element, partially replacing Si and Al 
into the skeleton, making the polymerization of slag 
higher. 

As we know, arsenic oxide (As2O3) acts as a 
strong network-forming component capable of 
absorbing free oxygen to form [AsO4]3− structures. 
From the ionic radius, ionic radii of Al3+, Si4+ and 
As5+ are 0.57, 0.42 and 0.46 Å, respectively [35]. 
When examining bond lengths, the average lengths 
of the Al—O, Si—O, and As—O bonds are 1.75, 
1.61, and 1.67 Å, respectively, all of which can 
form tetrahedral anions with oxygen, indicating  
that Si, As and O can form the same crystal 
structure. Therefore, it is considered that [AsO4]3−, 
[SiO4]4− and [AlO4]5− can form an incomplete 
homogeneous phase. Specifically, [AsO4]3− can 
enter the Si—O—Al—O network structure and 
contribute to the formation of Si/Al—O—As 
chemical structures within the glass lattice. 

Figure 2(b) shows the FTIR spectra of 
As-containing glass with different MgO    
contents. The center of gravity of the vibrational 
band located at 750−1200 cm−1 gradually shifts 
towards lower wavenumbers, and the absorption 
band corresponding to the Q3 structure becomes 
less prominent, indicating the depolymerization of 
the slag structure. In addition, the vibrational 
intensity of the [BO3]3− unit located at around 1350 
and 700 cm−1 gradually strengthens, indicating an 
increase in the NBO number and a decrease in   
the degree of polymerization of the slag. The 
vibrational peaks associated with the [FeO4]5− and 
[AlO4]5− units show minimal variation with the 
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addition of MgO. However, the intensity of the 
vibrational band corresponding to Si—O—Al bonds 
is gradually strengthened probably because the 
addition of MgO brings a large amount of     
Mg2+, which is sufficient to satisfy the charge 
compensation required for the formation of     
the [AlO4]5− and [SiO4]4− cross-linked network 
structures. 
 
3.3 XPS spectra 

To further investigate the effect of As and 
MgO on slag structure, a series of XPS tests were 
performed on the As-containing glasses, and the 
results are shown in Fig. 3. The survey scan 
spectrum provides an overview of the elements 
present in the slag, including Mg, Fe, O, Ca, C, B, 
Si, Al, and As. The binding energy of the inner shell 
layer of atoms can be influenced by the chemical 
environment they are in. Therefore, the variation  
of the chemical shifts and intensities of the  
spectral peaks provide insight into the mechanism 
underlying the effects of As and MgO doping on the 
slag structure. 
 

 
Fig. 3 Survey scan XPS spectra of As-containing glasses 
with different As and MgO contents 
 
3.3.1 Si 2p spectra 

Figure 4 shows the high-resolution scan 
spectra of Si atoms in As-containing glass with 
different As and MgO additions. It can be seen that 
the binding energy of Si atoms increases by a total 
of 0.42 eV as the As content increases from 0 to 
4 wt.%. According to relevant literature [36], an 
increase in electron density on an atom results in 
electron shielding in its core layer, leading to a 
decrease in the effective positive charge and, 
consequently, a decrease in the binding energy. 

Therefore, the observed increase in the binding 
energy of Si atoms suggests a reduction in the 
electron density on the Si nucleus. As mentioned  
in FTIR analysis, As can partially substitute Si  
and Al within the silicate framework to form the  
Si—O—As structure. Since the electronegativity of 
As (2.18) is larger than that of Si (1.98), the 
electron density on the O atom in the Si—O—As 
bond becomes more favorable for As. This 
preference for As causes a decrease in the average 
electron density on the Si atom. As a result, the 
binding energy of Si atoms increases. 
 

 
Fig. 4 High-resolution scan spectra of Si 2p of As- 
containing glasses with different As and MgO contents 
 

Moreover, with the addition of MgO, the 
binding energy of Si atoms decreases, indicating an 
increase in the electron density on Si. To explain 
this change, the concept of Qi was introduced [37]. 
Qi represents different structural units in the silicate 
network, where i denotes the amount of bridging 
oxygen connected to Si atoms in each silicon− 
oxygen tetrahedron. The addition of MgO 
introduces a large number of free oxygen ions (O2−), 
which depolymerize the silicate network structure. 
As a result, a considerable number of bridging 
oxygen structures are disrupted. This disruption is 
reflected in a decrease in the value of i, representing 
a decrease in the number of bridging oxygen atoms 
combined with Si atoms. Therefore, the average 
electron density on the central Si atom increases, 
which reduces the binding energy. 

Since the number of bridging and non- 
bridging oxygen atoms bound by the tetrahedrally 
coordinated Si atoms in different Qi species varies, 
each Qi unit may produce an independent vibration. 
It has been reported that the binding energies of 



Zhe-nan JIN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2020−2033 2026 

Si 2p3/2 for Q0, Q2, and Q4 species are 101.7, 102.7, 
and 103.85 eV, respectively [38,39]. As mentioned 
earlier, the average electron density on the silicon− 
oxygen tetrahedron will increase with more 
non-bridging oxygen atoms. Consequently, it can be 
inferred that the binding energy of Si 2p will 
decrease sequentially from Q4 to Q0. In addition, it 
has been shown that each Qi species in the silicate 
network structure has approximately the same 
FWHM [40]. Based on this, the vibrational peaks  
of Si 2p were fitted to explore the transition of Qi 
species with the addition of As and MgO. Figure 5 
shows typical deconvolution diagrams of Si 2p for 
different As and MgO contents, and the rest are 
shown in Fig. S2 in Supporting Information. 

As can be seen in Fig. 5, Q0 (29.99%), Q1 
(48.63%) and Q2 (21.38%) structural units are 
present in the undoped sample. With the initial 
addition of As, the Q3 structural unit (7.90%) starts 
to appear. The subsequent increase in the As content 
leads to a continuous increase in the molar fraction 
of the Q3 unit, while the relative contents of the Q0 

and Q1 units decrease. This further indicates that As 
enters into the silicate network structure as a 
constituent element, resulting in an increase in the 
number of bridging oxygen in the slag. In contrast, 
the doping of MgO leads to an increase in the molar 
fraction of Q0 and Q1, while the relative content of 
Q3 decreases. This implies that MgO acts as a 
network modifier, providing non-bridging oxygen 
species that contribute to the depolymerization of 
the slag structure. 
3.3.2 O 1s spectra 

The variation of the O 1s binding energy with 
As and MgO contents is given in Fig. 6. With 
increasing As content, the binding energy of O 
atoms increases, with an increase of about 0.34 eV 
over the range of compositions studied. For the 
addition of MgO, the change of O 1s binding 
energy is just the opposite. This trend is easily 
understood because As enters the silicate network 
structure in the form of [AsO4]3−, forming a more 
aggregated complex anion population (Si—O—As). 
Because As is more electronegative than Si, the 

 

 
Fig. 5 Deconvoluted peaks of Si 2p XPS spectra of As-containing glasses with different As contents of 0 wt.% (a), 1 wt.% 
(b), and 4 wt.% (c), and MgO content of 3 wt.% (d) 
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Fig. 6 Changes in binding energy of O 1s with different 
As and MgO contents 
 
electron density on O atoms in Si—O—As is lower 
than that in Si—O—Si, which in turn reduces the 
measured binding energy. In addition, as the 
electron density on Si atoms decreases with the 
addition of As, the electron density on O atoms to 
which different types of Si atoms are attached will  

also decrease, further contributing to the rise in 
binding energy. For MgO, the decrease in the 
binding energy of O atoms indicates an increase in 
the electron density, which is due to the increase in 
the number of the NBO in the slag. Mg can 
effectively release its outer electrons to the 
non-bridging oxygen, thus making the binding 
energy decrease. 

The O 1s spectrum contains the contribution of 
all oxygen atoms in the As-containing glass. To 
clarify the evolution of different types of O atoms 
with the addition of As and MgO, the O 1s spectrum 
was deconvoluted and the results are shown in 
Fig. 7 and Fig. S3 in Supporting Information, and the 
corresponding fitted parameters are shown in Table 3 
and Table S1 in Supporting Information. In the 
absence of As doping, bridging oxygen (Si—O—Si) 
and non-bridging oxygen (Si—O—Me) are present 
in the slag. The electron binding energy of O 1s in 
Si—O—Si is higher than that in Si—O—Me 
because the metal atoms can transfer the outer 
electrons to the O atoms. In our study, no peak splitting 

 

 
Fig. 7 Deconvoluted peaks of O 1s XPS spectra of As-containing glasses with different As contents of 0 wt.% (a), 1 wt.% 
(b), and 4 wt.% (c), and MgO content of 3 wt.% (d) 
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Table 3 Peak information of fitted peaks of O 1s spectra 
in Slags 1, 2, 5 and 7 
Slag 
No. State BE/eV FWHM/eV Area 

fraction/% 

1 
Si—O—Me 530.81 1.72 52.60 
Si—O—Si 531.95 2.02 47.40 

2 
Si—O—Me 530.74 1.90 37.21 
Si—O—Si 531.35 1.69 42.96 
Si—O—As 532.48 1.52 19.83 

5 
Si—O—Me 530.60 1.61 30.83 
Si—O—Si 531.51 1.40 34.34 
Si—O—As 532.48 1.90 34.93 

7 
Si—O—Me 530.74 1.73 53.69 
Si—O—Si 531.64 1.61 28.81 
Si—O—As 532.58 1.75 17.51 

 
was performed for free oxygen. Since the 
contribution of free oxygen is very close to that of 
non-bridging oxygen, the O2− signal cannot be 
resolved in the XPS spectrum [38,40]. At As 
addition of 1 wt.%, Si—O—As starts to appear in 
the slag and its relative content increases gradually 
with increasing As content. It can be seen from 
Table 3 and Table S1 that the relative content of  
Si—O—Si decreases with the addition of As, which 
is due to the conversion of part of Si—O—Si to  
Si—O—As. As mentioned earlier, the NBO number 
in the slag decreases with the addition of As, and 
therefore the relative content of Si — O — Me 
decreases accordingly. In addition, the addition of 
MgO promotes the depolymerization of the 
bridging oxygen structure and increases the NBO 
number. This corresponds to a decrease in the 
relative contents of Si—O—As and Si—O—Si 
structures and an increase in the relative content of 
Si—O—Me, respectively. 
3.3.3 As 3d and B 1s spectra 

Figure 8(a) shows the variations of binding 
energy of As 3d with As and MgO contents in the 
sample. It can be seen that with the continuous 
addition of As, the intensity of the As 3d peak is 
gradually strengthened. Additionally, the binding 
energy of As 3d shows a decreasing tendency, 
which indicates the increase of the electron density 
on the nucleus of As atoms. The addition of     
As transforms part of the Si—O—Si structure  
into the Si — O — As structure. Based on the 
electronegativity difference between As and Si 
atoms, it is easier for As to gain electrons in the   

Si—O—As bond relative to Si. As a result, the 
binding energy of As atoms decreases. Similarly, 
with the addition of MgO, the binding energy    
of As 3d moves to a lower position due to the   
free oxygen brought by MgO that can break the   
Si—O—As structure and form Mg/Ca/Fe−O−As 
chemical bonds. These metal atoms transfer their 
electrons to As, leading to an increase in the 
electron density on the nucleus of As and a 
consequent decrease in the binding energy. 
 

 
Fig. 8 Changes in binding energy of As 3d (a) and B 1s 
(b) spectra with different As and MgO contents 
 

The variations of B 1s binding energy with As 
and MgO contents are shown in Fig. 8(b). It can be 
seen that the binding energy of B 1s decreases from 
193.17 to 192.56 eV with the increase of As content 
from 0 to 4 wt.%. This decrease in binding energy 
is relatively significant and indicates that As has   
a pronounced effect on the borate structure. 
According to the relevant literature [41], the 
binding energy of the [BO3]3− structural unit is 
about 193.0 eV, while the binding energy of borates 
containing both [BO3]3− and [BO4]5− structural units 
is about 192.4 eV. With the addition of As, the B 1s 
binding energy shifts towards lower chemical shifts. 
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This indicates a decrease in the [BO3]3− structure 
and an increase in the [BO4]5− structure in the slag, 
which is consistent with the conclusion obtained 
from FTIR spectra. Moreover, the binding energy of 
B 1s decreases with the addition of MgO. A 
reasonable explanation is that the electronegativity 
of B is relatively large (2.04), and MgO 
depolymerizes the borosilicate structure, causing 
the B — O — Si bond to gradually become a       
B—O—Me bond. This transformation increases the 
electron density around the B atom, resulting in a 
decrease in the measured binding energy. 
 
3.4 Stability of As-containing slag 
3.4.1 Leaching toxicities  

To evaluate the chemical stability of As in 
vitreous, TCLP and SPLP tests were performed and 
the results are shown in Fig. 9(a). For the simulated 
copper slags (Slag 2−Slag 7), the TCLP and SPLP 
test results showed good agreement, i.e., the 
concentration of As in the leachate gradually 
increased with the increase of As content. The 
addition of MgO effectively reduced the leaching 
concentration of As. All these values were below 
the standard threshold (5 mg/L) set by USEPA. 
However, for the actual copper smelting slag (Slag 
8), the leaching concentration of As was higher than 
the results in the simulated copper slags. This 
disparity can be attributed to the presence of other 
components in the industrial smelting slags, such as 
K2O, PbO, and ZnO, and these metal oxides can 
disrupt the network structure of silicates at high 
temperatures, making the slag less stable. It is 
worth pointing out that the leaching concentrations 
of As in SPLP were lower than those in TCLP tests, 
both for simulated and actual copper smelting slags. 
In our experiment, for TCLP test acetic acid− 
sodium acetate buffer solution was used, which can 
stabilize the pH value of the solution within a 
specific range, and As can be easily leached under 
this condition. Table S2 in Supporting Information 
lists the final pH values of leachate in different 
experimental groups. It can be seen that the pH 
values after leaching in TCLP experiment remained 
stable between 4.9 and 5.4 with minimal changes. 
In contrast, for SPLP test, the final pH of the 
leachate was around 7.0. Although the initial lower 
pH in the SPLP test facilitates the leaching of As, 
the solution does not have a buffering capacity and 
therefore the leaching of As is low. 

 

 
Fig. 9 Leaching toxicity test results of As from glasses 
using TCLP and SPLP tests (a) and pH dependency 
results for industrial slag (b) 
 

The stability of As in the actual smelting slag 
was further investigated by examining its leaching 
characteristics at different pH values, following the 
study conducted by MAHANDRA et al [23]. From 
Fig. 9(b), it can be seen that the leaching curve of 
As shows a “V” shaped pattern, with the least 
release under weak acid to weak base conditions. 
The leaching concentration of As changed rapidly 
with pH under more acidic conditions and strong 
alkaline conditions. In particular, the leaching 
concentration of As exceeded the safety limit of 
5 mg/L at an initial pH > 11. Similar leaching 
behavior trends were observed in the assessment of 
arsenic stability in the glass sample produced using 
As-containing flue dust in GlassLockTM process, 
and this variation can be attributed to the 
amphoteric nature of arsenic [21−23]. Table S3 in 
Supporting Information provides the final pH    
of the leachate. Under alkaline conditions, a slight 
decrease in pH value occurs, which can be 
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attributed to the dissociation of protons in      
the sample, allowing the presence of H2AsO4

−, 
HAsO4

2− and AsO4
3− species in the solution [42]. 

The fundamental purpose of vitrification of 
arsenic is to judge whether arsenate enters the 
silicate network structure through chemical reaction. 
There is no doubt that if arsenic exists in the melt in 
the form of calcium arsenate, the solubility of As in 
the acid-leaching solution is bound to be very high. 
For this reason, two different types of calcium 
arsenates used in the experiment were tested by 
TCLP. The results showed that the As concentration 
of self-made calcium arsenate and industrial 
calcium arsenate reached 6.85 mg/L and 1.07 g/L, 
respectively, which both exceeded the safety limit. 
In our study, the leaching concentration of As 
remained low in all cases, meeting the requirements 
of industrial emissions. Therefore, it can be 
concluded that As replaces part of Si or Al into the 
Si—O—Al—O skeleton, forming a more complex 
anion group and enhancing the chemical stability of 
the glass. Although the addition of MgO can 
depolymerize the silicate network structure, it can 
also form a more stable structure in the melt, 
namely As—O—Me [43,44]. This formation of a 
stable structure contributes to the reduction in the 
leaching concentration of As, as confirmed by the 
XPS analysis described earlier. 
3.4.2 DSC curves 

In order to analyze the effect of As and MgO 
addition on the thermal stability of glass, DSC 
analysis of slag was performed and the results are 
shown in Fig. 10. The glass transition temperature 
(Tg) and the onset of crystallization temperature (Tc) 
are widely recognized parameters for evaluating the 
thermal stability characteristics of glass, and these 
two temperatures can be deduced from the DSC 
curves using the tangent method [45]. According  
to the relevant literature [18,46], the larger      
the difference between the two temperatures 
(ΔT (=Tc−Tg)), the better the thermal stability of the 
glass, and the greater the resistance to crystallization. 
In our study, the disparity in Tg among the glasses 
with varying As and MgO contents was not 
substantial, predominantly falling within the range 
of (520±3) °C. However, the discrepancy in Tc 
exhibited a more noticeable pattern, showing an 
upward trend. As the As content increased from 0 to 
4 wt.%, the ΔT value rose from 119 to 132 °C, 
indicating that As reinforced the silicate network 

structure. With the doping of 3 wt.% of MgO, the 
ΔT value further increased to 142 °C, indicating 
that the addition of MgO can enhance the thermal 
stability of As-containing slag and mitigate the 
propensity for glass crystallization. 
 

 
Fig. 10 DSC curves of As-containing glasses at different 
As and MgO contents 
 
4 Conclusions 
 

(1) Arsenic exhibited good compatibility with 
copper smelting slag, both for simulated and 
industrial slag. The iron-silicate type slag could 
successfully vitrify about 3 wt.% of As. 

(2) The addition of As makes the molar 
fraction of the Q3 unit increase, while the relative 
contents of the Q0 and Q1 units decrease. In addition, 
As can partially replace Si into the silicate skeleton 
to form the Si—O—As structure. 

(3) The introduction of MgO caused the 
depolymerization of the bridging oxygen structure 
and an increase in the NBO number, which 
corresponds to the decrease of the relative content 
of Si—O—As and Si—O—Si structures and the 
increase of the Si—O—Me, respectively. 

(4) The leaching toxicity of As exhibited a 
gradual increase with the addition of As. Adding 
MgO demonstrated a mitigating effect on the 
leaching toxicity of As. As exhibited amphoteric 
behavior in pH-dependent experiments. 

(5) DSC analysis showed that As can 
strengthen the silicate network structure. The 
incorporation of MgO can improve the thermal 
stability of As-containing slag. 
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As 和 MgO 的加入对铜冶炼渣中砷玻璃化的影响 
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摘  要：研究 FeO−SiO2−Fe2O3−B2O3−CaO−Al2O3−(MgO)体系铜冶炼渣中砷(As)的玻璃化。通过 XRD、SEM、FTIR

和 XPS 分析手段系统地研究 As 玻璃化机制。结果表明，As 与铁硅酸盐炉渣表现出良好的相容性。FTIR 和 XPS

分析结果表明，As 可以部分替代硅形成 Si—O—As 结构，从而提高熔体的聚合度。[BO3]3−结构单元随着 As 含量

的增加而趋于减少，而加入 MgO 后则观察到相反的行为。此外，MgO 增加了熔体的非桥氧数量(NBO)。TCLP、

SPLP 和 pH 依赖性测试结果表明，As 的浸出毒性随着 As 含量的增加而增加，但随着 MgO 的加入而降低。DSC

分析结果表明，As 和 MgO 的加入均可以改善含 As 玻璃的热稳定性。 

关键词：玻璃化；砷；氧化镁；铜冶炼渣；炉渣结构 

 (Edited by Wei-ping CHEN) 
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