
Introduction

Cadmium-containing industrial and residual wastes 
are one of big problems in the environment [1-3]. 
Numerous treatment methods, such as the stabilization/
solidification (S/S) process, have been developed to 
prevent cadmium pollution [4, 5]. S/S has been widely 
used because of the short processing time, wide 

application scope, simple operation, economic and 
remarkable solidification effect [6]. Binder is the key to 
the S/S process. Many binders like cement, smelting slag, 
modified clays and geopolymer were extensively studied 
and applied into practice [7-9]. It is still important to 
discover a new binder in large scale according to the 
background of enterprise and the location.

Magnesium slag is a sub-product generated in 
production of the metallic magnesium. At the present 
level of advanced enterprises, magnesium slag of  
5-6 kg is generated from the production of 1 kg 
magnesium [10]. Many scholars have studied the 
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properties and applications of magnesium slag. 
According to the composition analysis, the magnesium 
slag, mainly composed of Ca2SiO4, is rich in Ca, Mg, 
Si and other elements [11]. Yao et al. [12] pointed out 
that the magnesium slag had a high hydration activity 
to generate calcium silicate hydrate gel (C-S-H) 
after hydration. Additionally, a small amount of the 
magnesium slag, of course, is recycled for production 
of cement, wall materials and desulfurizer, etc. [13, 14]. 
Such properties of magnesium slag indicate the potential 
to be a good binder for Cd-containing solid waste.

Herein, for the first time, magnesium slag was used 
to treat cadmium-bearing residue. The S/S process was 
introduced and the related mechanisms were discussed. 
This new application can digest large amounts of 
magnesium slag. At the same time, the present work may 
open a new door to in-depth exploitation of magnesium 
slag to reduce pollution, protect the environment and 
achieve the purpose of comprehensive utilization of 
resources through recovering the wastes by wastes.

Materials and Methods

Materials

The waste acid residue used in this work was 
collected from a Pb/Zn smelter in southern China.  
The waste acid residue was generated during the 
treatment of flue gas using a lime-neutralization 
process. The waste acid residue sample was dried in 
an oven at 105ºC for 24 h and then sieved to less than 
125 μm in size [14]. The magnesium slag was provided 
by a magnesium smelter in northwestern China. The 
magnesium slag samples were crushed and sieved to 
less than 125 μm in size [14]. The cadmium-bearing-
residue (CBR) was simulated by dissolving various mass 
ratios of cadmium nitrate solutions in waste acid residue 
without drying.

Experimental Process

In order to study the S/S ability of magnesium 
slag, CBR were mixed with magnesium slag at various  
mass ratios varying from 100:0 to 20:80, respectively. 

The mass ratio of m (Cd):m (mixtures) varied from 0:100 
to 4:96. The liquid-to-solid mass ratios of all mixtures 
were fixed at 0.5. Sample preparation was presented as 
follows: cadmium solutions of various concentrations 
were configured by dissolving different amounts of 
cadmium nitrate in the distilled water. The waste 
acid residue was added into the solutions and stirred 
adequately to obtain the CBR. Then the magnesium slag 
was mixed into the wet CBR. All the mixtures were 
blended sufficiently to ensure the homogeneity followed 
by drying in an oven at 105ºC. Finally, the sample was 
crushed into fine powder for subsequent study. The 
sample preparation process and final sample image are 
shown in Fig. 1. Based on the chemical properties of 
magnesium slag, the stability of cadmium in the CBR 
was investigated. 

 
Leaching Test

In this work, the leachability of cadmium as  
an important parameter was studied through the  
leaching toxicity test. The leaching toxicity test was 
performed based on the HJ/T299-2007 standard  
method (HJ) [15], solid waste-extraction procedure  
for leaching toxicity-sulphuric acid and nitric acid 
method. The HJ leaching test was used to simulate the 
leaching of contaminated materials by acid leachates 
and would reflect the process of harmful component 
release under specified acid rain conditions.

Each experiment was conducted in triplicate and  
the average results were presented in this paper to 
minimize random errors and ensure reproducibility.  
And the concentrations of the heavy metals were 
determined by chemical analysis methods (ICP-AES 
and AFS-9130) [16].

Structure Analysis

The crystallographic composition of the samples 
was identified by a D/Max 2500 VB+ 18 KW X-ray 
diffractometer (XRD) using Cu (40 kV, 300 mA) 
radiation with the steps of 0.02o at 10o·min-1 in 2θ 
ranging from 10o to 80o. The samples were ground into 
fine powder for measurement.

Fig. 1. Schematic illustration of sample preparation.
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Element compositions of the samples were performed 
on a Japan Science ZSX100e X-ray fluorescence (XRF) 
spectrometer using Rh anode radiation and standard slit 
at 36.5ºC. The specific experimental procedures were 
according to the study of Ke et al. [17].

The Fourier transform infrared spectroscopy (FT-
IR) spectra were carried out with a Nicolet IS10 
instrument in KBr pellets (range 400-4000 cm−1 with 4 
cm−1 resolution). The samples were prepared using the 
standard KBr pellet method. The spectrum of pure KBr 
was subtracted from each glass spectrum to correct for 
the background.

X-ray photoelectron spectroscopy (XPS) experiments 
were performed with a Thermo Scientific ESCALAB 
250Xi using an Al Ka X-ray source (1486.6 eV). To 
compensate for the charging effects, all spectra were 
calibrated with graphitic carbon as the reference at the 
binding energy (BE) of 284.8 eV.

Chemical Speciation Analyses of Cadmium

The adopted sequential extraction test was improved 
over the sequential extraction procedure proposed by 
the European Community Bureau of Reference (BCR) 
based on the Tessier analysis method [18]. Besides 
soils and sediments, the three-stage BCR has also been 
applied to evaluate the environmental availability of 
heavy metals in mine tailings [19] and smelting slag [20, 
21]. To explore the chemical speciation and the stability 
of heavy metals, the CBR containing 4 wt% Cd before 
and after disposing of 40 wt% magnesium slag were 
subjected to modified BCR analyses according a study 
of Li et al. [22]. 

The chemical speciation of cadmium is divided into 
four categories: (F1) acid-soluble fraction; (F2) reducible 
fraction; (F3) oxidizable fraction; and (F4) residual 
fraction, which got four extracts. The cadmium of all 
extracts were determined by ICP-AES. All extractions 
were performed in triplicate and the average values 
were reported.

Results and Discussion

Characterization of Waste Acid Residue 
and Magnesium Slag

The XRD pattern (Fig. 2a) shows that calcium 
sulfate dihydrate [CaSO4·2H2O] is the main compound 
in the waste acid residue. The elemental composition 
was determined by XRF. The contents of the main 
elements and some heavy metals in the waste acid 
residue are presented in Table 1. Ca and S are the main 
element compositions of waste acid residue. The CBR 
was simulated by waste acid residue. Accordingly, the 
CBR could be considered as a high calcium sulfate-
based slag.

In Fig. 2b, the XRD pattern shows that larnite 
[Ca2SiO4] and bredigite [Ca14Mg2(SiO4)8] are the main 

components in the magnesium slag. The elemental 
composition of the magnesium slag is presented  
in Table 1. The heavy metals in magnesium slag are 
all less than 0.05%. And Ca, Si and Mg are the main 
elements in the magnesium slag, accounting for 
approximately 76.09%. Therefore, the magnesium slag 
could be considered a Ca-Mg-Si-based material.

Stability Evaluation of Heavy Metals

Chinese identification for extraction toxicity, 
GB5085.3-2007 [16], has been used to identify whether 
general solid wastes and recycled products conform to 
hazardous waste standards, which stipulates that the 
concentration of Cd, Cr, Cu and Zn in the extractions 
should not exceed 1 mg·L-1, 15 mg·L-1, 100 mg·L-1 and 
100 mg·L-1, respectively. The CBR, in which the contents 
of Cd changed from 0 wt% to 4 wt%, were solidified 
by different mass ratios of magnesium slag (raging from 
0 wt% to 80 wt%). And the leaching toxicity of CBR, 
disposing with magnesium slag and obtained by the HJ 
leaching test, were presented in Fig. 3. 

In this study, the leaching concentration of Cd  
is used as an indicator of immobilization performance. 

Fig. 2. XRD patterns of the waste acid residue a) and 
magnesium slag b). 1,CaSO4·2H2O(PDF#76-1746); 
2,Ca2SiO4(PDF#73-2091); 3,MgO(PDF#65-0476); 4,MgFe2O4 
(PDF#73-1960); 5,Ca14Mg2(SiO4)8(PDF#36-0399).
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Fig. 3 shows that the concentration of Cd in the 
extraction of CBR without handling of S/S was higher 
than in the extractions of solidifying by magnesium 
slag.

Without stabilization by magnesium slag, the 
concentration of Cd in the extraction was up to  
1.85 mg·L-1 when the content of Cd in CBR was 
0.5 wt%, which has already exceeded the Cd 
concentrations in the standards (1 mg·L-1). Furthermore, 
the concentration of Cd in leaching solution was 
increased with the content of Cd increase. Particularly, 
when the Cd content in CBR was 4 wt%, the 
concentration of Cd in the extraction increased to  
1415 mg·L-1. However, after stabilization by magnesium 
slag, Cd in the CBR is not easy to be leached out, which 
is in accordance with the previous research [23].

Meanwhile, the concentrations of Cr (Fig. 2b), Cu 
(Fig. 2c) and Zn (Fig. 2d) are all below the standard 
values, respectively. Both leaching experiments show 
that magnesium slag could stabilize/solidify Cd in the 
CBR well.

Solidification/Stabilization Characteristics 
of Magnesium Slag

X-ray Diffraction Analysis

As shown in Fig. 2b), the main phase of magnesium 
slag is Ca2SiO4, which leads to the decrease of 
CaSO4·nH2O and the increase of Ca2SiO4 in the 
CBR disposing of magnesium slag. After disposing 
of magnesium slag, the phases in the CBR become 
complex. As depicted in Fig. 4, the C-S-H gel was 
formed after hydration, which has high specific surface 
energy and ion exchange capacity that could remove 
heavy metal ions by adsorption, symbiosis, ion exchange 
and other ways of solidification [12]. Many efforts have 
been devoted to studying the immobilization of Cd by 
the C-S-H structure, i.e., M. P. et al. [24] have found 
that up to 30 wt% of Ca in C-S-H can be replaced by 
Cd, resulting in an increase in the stability of Cd. 

Meanwhile, with the increase of magnesium slag 
stabilizing the CBR, Mg could take part in two reactions. 

Table 1. Elemental analysis of the waste acid residue and the magnesium slag.

Elements composition (%)

Ca S Si Fe Mg Al Ti Cr Mn Co Ni Cu Zn As

Waste acid residue 37.87 14.90 1.43 5.30 0.11 0.62 0.043 0.006 0.0487 - 0.0006 0.023 1.38 0.17

Magnesium slag 53.03 - 15.81 3.58 7.25 0.77 0.025 0.01 0.0446 0.0004 0.01 0.002 - -

Fig. 3. Metal concentrations in the HJ extractions.
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On the one hand, the Mg may react with Ca2SiO4, Al2O3 
and CaO in the CBR, forming Ca54MgAl2Si16O90 [25, 
26] and Mg2Al4Si5O18. The appearance of the crystal, 
Ca54MgAl2Si16O90, was corroborated with Shui et al. 
[27], who reported that alite peaks ceased in fly ash 
and were slowly replaced by Ca54MgAl2Si16O90 (flue 
gas desulfurater) after reactions. Mg2Al4Si5O18 can 
also be written as cordierite [Mg2Al3(AlSi5O18)], in 
which one of Si4+ is replaced by Al3+, which belongs 
to the hexagonal system. The basic structural unit of 
Mg2Al3(AlSi5O18) is an isolated six-node ring [28]. And 
a huge channel is formed within the six segments of the 
ring superimposed, in which the Cd2+ could be stored. 
This can make cadmium in the CBR stable and not 
easily leached out.

On the other hand, the Mg can be hydrated to 
produce Mg6Al2(OH)18·4H2O, commonly accepted as 
layered double hydroxides, which is usually observed 
in natural soil and hydration product obtained from 
the heavy metal S/S by cement concrete [29, 30]. 
Furthermore, most divalent and trivalent metal ions can 
be wrapped in the layered double hydroxide materials, 
including Cd2+ [31]. In addition, the Mg6Al2(OH)18·4H2O 
together with KCa2AlSi7O17(OH)2·6H2O could increase 
the pH value in the CBR system. The high pH value 
environment is conducive to the adsorption of Cd and 
could transform Cd into oxidizable and residual states 
[32].

In summary, the alkalinity of the system can 
be improved by solidifying CBR with magnesium 
slag. Furthermore, the hydration products (C-S-H, 
Mg6Al2(OH)18·4H2O and KCa2AlSi7O17(OH)2·6H2O) and 
silicates (Ca54MgAl2Si16O90 and Mg2Al4Si5O18) can be 
produced. Thus the cadmium in the CBR system can be 
solidified/stabilized.

Fourier Transform Infrared Spectroscopic Analysis

The CBR containing 4 wt% Cd without  
magnesium slag and disposing of 20 wt%, 40 wt%,  
60 wt%, 80 wt% magnesium slag were investigated  
by the FT-IR spectra (Fig. 5). The bands at 3552 cm-1, 
3406 cm-1, 1687 cm-1, 1622 cm-1, 1115 cm-1, 663 cm-1, 
602 cm-1 and 462 cm-1 in CBR without magnesium 
slag are attributed to the calcium sulfate dihydrate 
[CaSO4·2H2O] [33, 34].

After disposing of magnesium slag, the new band 
at 3610 cm-1 corresponds to Si-OH-Al stretching 
vibration of the CBR system [35], which indicates that 
KCa2AlSi7O17(OH)2·6H2O is gradually forming. The 
broad band at 1460-1400 cm-1 is related to the Mg-O 
stretching vibrations and the Mg-O-Mg deformation 
vibrations [36]. The bands belonging to M-OH (M=Mg 
or Al) are present near 1100 cm-1 [37].

The bands at 1145 cm-1 in the spectra of the CBR 
are attributed to the Si-O-Si asymmetric stretching in 
tetrahedral [38]. The bands at 1386 cm-1 and 871 cm-1 are 
assigned to the asymmetric stretching vibrations of Si-O 
[39], but the bands at 871 cm-1 in the CBR gradually 
weaken. Moreover, the new bands at 512 cm-1 generate 
and increase progressively, which supports a new  
Si-O-T (T=Si or Al) band appearing [40]. The changes of 
the four peaks indicate that the addition of magnesium 
slag reacts in the CBR system, resulting in the formation 
of new Si-O-T (T=Si or Al) structure. Comparing these 
results, it can be inferred that there is C-S-H in the 
CBR disposing of magnesium slag. In addition, the 
added magnesium slag will improve the alkalinity of 
the CBR system, which is conducive to the dissolution 
of silicon dioxide. Then, the new silicate phases are 
formed through reactions, such as Ca54MgAl2Si16O90 and 
Mg2Al4Si5O18. The FT-IR analysis of the CBR system is 
in agreement with the results of XRD results.

Fig. 4. XRD patterns of CBR (4 wt% Cd) disposing of 20 wt% 
(B), 40 wt% (C), 60 wt% (D), and 80 wt% (E) magnesium slag.
1,CaSO4·0.5H2O(PDF#81-1848); 2,C-S-H(PDF#89-6458); 3,Ca
54MgAl2Si16O90(PDF#13-0272); 4,KCa2AlSi7O17(OH)2·6H2O(P
DF#53-0969); 5,MgO(PDF#65-0476); 6,Mg6Al2(OH)18·4H2O(P
DF#38-0478); 7,Mg2Al4Si5O18(PDF#14-0249)

Fig. 5. FT-IR spectra of CBR (4 wt% Cd) disposing of 0 wt% 
(A), 20 wt% (B), 40 wt% (C), 60 wt% (D) and 80 wt% (E) 
magnesium slag.
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X-ray Photoelectron Spectroscopic Analysis

XPS experiments have been conducted to examine 
the detailed structure information of the CBR. Survey 
scans of the CBR containing 4 wt% Cd disposing  
of 0 wt% (A4), 20 wt% (B4), 40 wt% (C4), 60 wt%  
(D4), and 80 wt% (E4) magnesium slag are shown 
in Fig. 6. It can be seen that calcium, oxygen, sulfur 
and cadmium have been detected in the CBR, which 
indicates that cadmium has been immobilized into the 
CBR. 

Moreover, it can be observed that a small peak 
related to cadmium has been detected in the CBR 
containing 4 wt% Cd without magnesium slag. While 
with the increase of magnesium slag stabilizing the 
CBR, the intensity of Cd3d increases gradually. 
Meanwhile, the peak intensity concerning calcium 
decreases. However, the calcium in the magnesium 
slag is higher than that in the CBR, as shown in  
Table 1. Comparing this information, it can be 
speculated that there is a substitution of calcium by 
cadmium in the CBR disposing of magnesium slag, 
which was corroborated with M. P. et al. [24]. The same 
valence state (+2) of cadmium and calcium and the 
sililarity in ionic radius (0.99 and 0.97 Å for Ca2+ and 
Cd2+, respectively [41] ) may promote the replacement 
of cadmium and calcium. Therefore, the cadmium can 
form chemical bonds immobilized in the CBR structure 
and not easily extracted.

Chemical Speciation Analyses 
of Cadmium

Cadmium stability in the wastes is a vital factor that 
should be considered when using slag to immobilize Cd. 
According to previous studies [42, 43], the cadmium 
stability is closely related to the cadmium chemical 

speciation. Therefore, a BCR experiment has been 
conducted to test the cadmium chemical speciation in 
the CBR.

The percentages for acid-soluble, reducible, 
oxidizable and residual fractions are noted as F1, F2, 
F3 and F4. According to the extraction method, the 
F1 value, namely the acid-soluble fraction, is often 
considered as a highly mobile and bioavaiable fraction. 
However, F2, F3 and F4 fractions could be regarded 
as the relative stable forms under the weak acid 
environment [44].

Of the four fractions studied, Cd distribution 
patterns in CBR (4 wt% Cd) before (Fig. 7a) and after 
(Fig. 7b) disposing of 40 wt% magnesium slag are 
different. Without magnesium slag, Cd in CBR was 
present at the highest relative level in the F1 faction 
(80.3%), suggesting that the mobility of Cd was strong. 
While after disposing of magnesium slag, F1 faction 
was down to 37.1%; correspondingly, F2, F3 and F4 
factions increased from 18.79%, 1.02%, 0% to 48.1%, 
12.7%, 2.1%, respectively, resulting in an increase of the 
other three factions (F2+F3+F4) from 19.67% to 62.9% 
compared to Fig. 3a). This is because the lime and other 
alkaline substances in the magnesium slag convert 
the cadmium into F3 and F4, which is in accordance 
with the previous literature [32, 45]. As a result, the 
concentration of Cd in the extraction was reduced from 
1415 mg·L-1 to 0.58 mg·L-1 (Fig. 3a). Therefore, the Cd 
chemical speciation implies that the magnesium slag 
could potentially exchange the mobile faction to the 
chemically recalcitrant and least factions.

Fig. 6. XPS survey scans of CBR (4 wt% Cd) disposing with 0 
wt% (A), 20 wt% (B), 40 wt% (C), 60 wt% (D) and 80 wt% (E) 
magnesium slag.

Fig. 7. BCR chemical speciation of Cd in CBR (4 wt% Cd) 
before a) and after b) disposing of 40 wt% magnesium slag.
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Conclusions

In summary, the simulated cadmium-bearing-
residue was stabilized/solidified by magnesium slag. 
The magnesium slag can decrease cadmium leaching 
concentrations from 1415 mg·L-1 to less than 1 mg·L-1. 
Meanwhile, Cr, Cu and Zn in the CBR are also under 
safety thresholds. The hydration products (C-S-H, 
Mg6Al2(OH)18·4H2O  and KCa2AlSi7O17(OH)2·6H2O) 
and silicates (Ca54MgAl2Si16O90 and Mg2Al4Si5O18) 
can be produced by magnesium slag because of the 
high hydration and gelling properties. Furthermore, 
the addition of magnesium slag could promote the 
substitution of calcium by cadmium in the CBR, which 
makes cadmium remain stable. The above improvement 
properties of magnesium slag could reduce the acid-
soluble fraction of cadmium in the cadmium-bearing-
residue, resulting in a restrained environmental 
availability.

This ability of S/S may open the door to in-depth 
exploitation of magnesium slag to reduce pollution, 
protect the environment and achieve the purpose 
of comprehensive utilization of resources through 
recovering the wastes by wastes. However, more work 
has to be done to test its impact on long-term landfill 
so that the approach can be more reliable and effective.
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