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Abstract:  The preparation of cementing admixture from tailings and co-solidification of Pb2+ with 

cement is a green way to realize the resource utilization of tailings and treatment of the lead-containing 

wastewater. In this paper, the tungsten tailings were activated in different ways, and the mechanical 

properties of the tungsten tailings-cement solidified body with different activation systems and the 

solidification behavior of Pb2+ were studied. The phase and microstructure of the hydrated product were 

characterized by XRD, FT-IR, SEM and EDS. The results showed that the curing effect of Pb2+ was 

obviously different of different activation systems, and the curing effect of the solidified body of the 

ternary composite activation system (TCAS) was the best, second only to the pure cement system (PCS). 

Different activation methods have a significant impact on the mechanical properties of the solidified 

body. With the increase of the Pb2+ content, the compressive strength of the solidified body gradually 

decreased, the Pb2+ leaching concentration gradually increased; with the extension of the curing age, the 

compressive strength gradually increased, and the Pb2+ leaching concentration gradually decreased. In 

particular, the compressive strength of the 28d solidified body was 31.43 MPa and the leaching 

concentration of Pb2+ was only 0.38 mg/L when the Pb2+ content was 5%. The phase, microstructure 

and EDS results of the hydration products showed that Pb2+ was mainly solidified in the C-S-H gel. 
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1. Introduction 

China is a major producer of tungsten (Feng et al.,2011; Peng et al., 2006), and a large number of tailings 

are produced in the process of mining and processing (Feng et al., 2013; Khan et al., 2012; Lee et al., 

2014), the annual discharge of tungsten tailings is about 10 million tons (Liu et al., 2010). At present, the 

main treatment method of tungsten tailings is to store them in tailings ponds, which not only occupies 

a large amount of land, causes environmental pollution and waste of resources, also has potential safety 

hazards (Lee et al., 2012; Petrunic et al., 2006; Wang et al., 2022). The research on the comprehensive 

utilization of tungsten tailings resources mainly includes two aspects: One is to recover valuable 

minerals in tailings (Huang et al., 2022; Whitworth et al., 2022), and the other is to use tungsten tailings 

to prepare building materials (Alfonso et al., 2018; Choi et al., 2009; Peng et al., 2015; Zhu et al., 2022), 

such as glass-ceramics, ceramics, sintered bricks, mineral aggregates, etc. How to reduce environmental 

pollution and realize large-scale utilization of tungsten tailings is extremely urgent. 

Pb2+ is an important source of pollution in wastewater with a wide range of sources. Non-ferrous 

metal mining, lead storage batteries, electronics, metal electroplating, steel manufacturing and other 

industries will produce a large amount of lead-containing wastewater (Chen et al., 2021; Katsou et al., 

2011). Pb2+ is not degradable and can exist in the environment for a long time, causing the Pb2+ content 

in water and soil to exceed the standard (Liu et al., 2013), and causing serious harm to human health 

through the food chain (EI-Eswed et al., 2017; Yuan et al., 2021). Lead-containing wastewater has always 

been one of the difficult problems in the field of wastewater treatment. Commonly used treatment 
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methods include chemical precipitation (Kumar et al., 2021), adsorption (Ravishankar et al., 2019), 

membrane separation (Kharraz et al., 2022), ion exchange (Pranudta et al., 2021) and bioremediation 

(Oliveira et al., 2022). The wastewater treatment process will produce sediments and floating objects, 

which contain Pb2+ and pathogenic microorganisms, which are difficult to treat and easily cause 

secondary environmental pollution (Kharraz et al., 2022). In addition, curing Pb2+ with curing agent is 

also a good treatment method. By adding a curing agent, the Pb2+ is fixed in the solidified body with 

stable properties and certain strength by physical or chemical methods, or the Pb2+ is converted into a 

chemically inactive form to form a sealing effect and prevent it from migrating and diffusing in the 

environment, to prevent the occurrence of secondary pollution to the greatest extent. At present, the 

solidification method is more applied to the treatment of heavy metal-containing sludge and fly ash and 

other wastes (EI-eswed, 2020; Ji and Pei, 2019), with the purpose of immobilizing heavy metal ions in 

the solidified body with stable properties and making the mechanical properties of the solidified body 

meet the relevant engineering requirements. 

Cement-based solidification techniques can be used to solidify Pb2+ in wastewater (Conner and 

Hoeffner, 1998). On the one hand, cement can provide an alkaline environment to promote the 

formation of Pb2+ precipitation, and on the other hand, the hydration products of cement can adsorb 

and encapsulate Pb2+ (Chen et al., 2009), so as to achieve the purpose of immobilizing lead ions. Halim 

et al. (2004) pointed out that Pb2+ was uniformly distributed in the C-S-H gel by adsorption and 

precipitation. Lee (2007) found that in addition to C-S-H gel, Pb2+ was also distributed in other hydration 

products. However, the traditional cement curing method has many problems (Glasser, 1997): large 

cement consumption, high curing cost, high energy consumption in the cement production process, and 

the production of a large amount of CO2 to accelerate the greenhouse effect. Every ton of Portland 

cement produced emits 0.85 to 1 ton of carbon dioxide into the atmosphere (Monteiro et al., 2017), and 

it is crucial to reduce greenhouse gas emissions from the cement industry. Therefore, finding a 

substitute for cement has become a new research direction. At present, there are studies that can be used 

as cementitious materials to replace cement, such as kaolin, fly ash and tail slag, etc. (Siddique, 2010; 

Tian et al., 2022; Wu et al., 2021). Ji and Pei (2020) prepared geopolymers from water treatment residues 

and blast furnace slag, and found that the hydration products have a good wrapping effect on Pb2+, Pb2+ 

is evenly distributed in the geopolymers, and the geopolymers can maintain strong stability. Due to the 

minerals in tungsten tailings are similar in structure to pozzolanic materials (Peng et al., 2015), 

activation and excitation treatment can make them amorphous and have certain gelling activity, which 

can be used to prepare auxiliary gelling materials. Therefore, tungsten tailings synergize with cement 

to solidify Pb2+ is a potential way to solve the problem of tungsten tailings stockpiling and pollution, 

CO2 emissions and lead-containing wastewater.  

In this paper, tungsten tailings were treated in different activation ways, and highly soluble Pb(NO3)2 

was selected as the source of Pb2+ to increase the content of Pb2+ in the raw materials, aiming to simulate 

lead-containing wastewater. The solidification behaviour and mechanism of Pb2+ in different systems 

of tungsten tailings-cement solidified body were studied, and the possibility of treating lead-containing 

wastewater by this method was evaluated. This method can treat both waste tungsten tail and lead-

containing wastewater, which is the innovation of this study.  

2. Materials and methods 

2.1. Experimental materials 

The tailings used in this experiment were taken from a scheelite tailings in Jiujiang, Jiangxi Province. 

The chemical composition is shown in Table 1, mainly SiO2, Fe2O3 and CaO. The XRD phase analysis 

results of the tailings are shown in Fig. 1, mainly quartz, and a small amount of calcite, fluorite, diopside, 

etc. 

Table 1 XRF results of element content (%) in tungsten tailings 

SiO2 Al2O3 Fe2O3 K2O CaO BiO Na2O TiO2 

38.48 2.01 14.59 0.69 16.58 0.05 0.87 0.22 

MnO SO3 P2O5 Rb2O ZnO CuO WO3 PbO 

0.72 11.36 0.01 0.01 0.17 0.29 0.63 0.03 
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The cement used in the test was ordinary 42.5 Portland cement, the chemicals gypsum (G1), 

triethanolamine (T1), diethylene glycol (D1) and lead nitrate were all analytically pure, and the water 

was deionized water.  

 
Fig. 1. XRD pattern of tungsten tailings 

2.2.  Experimental process 

2.2.1. Activation of tungsten tailings 

3.5 kg tailings were added into SM-500 ball mill for 30 mins mechanical grinding activation, during the 

grinding process, added a certain amount of unary activator T1, binary composite activator T1 + D1 and 

ternary composite activator T1 + D1 + C1 for mechanical chemical composite activation (MCCA), four 

required tungsten tailings were obtained. 

2.2.2. Preparation of solidified body 

Firstly, Pb2+(Pb(NO3)2) containing solutions with different mass fractions were prepared, then referred 

to GB/T 17671-1999 (ISO method), 315g of cement, 135g of activated tailings (tailings accounted for 30% 

of the total weight of solids) were weighed and mixed them with prepared Pb2+ solution to prepare 40 

× 40 × 40 mm shaped solidified body with a water cement ratio of 0.4. Three samples were made for 

each formula, and were demoulded after curing for 24h, and then cured for 3d, 7d and 28d in the 

standard curing box. The compressive strength of solidified body under different curing time was 

measured. 

2.2.3. Pb2+ leaching 

The HJ/T 299-2007 nitric acid sulfuric acid method was used to leach Pb2+ in the tungsten tailings-

cement solidified body. Firstly, an appropriate amount of sample was weighed and put it in the 

centrifuge tube, then the leaching liquid with a liquid-solid ratio of 10:1 was added into the tube. The 

mass ratio of concentrated sulfuric acid and concentrated nitric acid in the leaching liquid was 2:1, 

deionized water was added to prepare the solution. After turning and shaking, the solution was filtered 

with a microporous filter membrane to obtain the leaching solution. Finally, the leaching concentration 

of Pb2+ was measured and the data were obtained.  

2.3. Testing and Characterization methods 

The specific surface area and particle gradation of tungsten tailings were tested by Omega LS908 (A) 

laser particle size analyzer. The compressive strength of the solidified body of different conditions were 

tested by a YES-2000D pressure tester. The ion concentration of the leachate was tested with a PQ9000 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS). The phase analysis of the solidified body 

was carried out by DX-2700 X-ray diffractometer. Structural analysis of the solidified body was 

performed by a Perkin Elmer Spectrum Two N-type Fourier transform near-infrared spectrometer. 

MLA650F field emission scanning electron microscope (FEI, USA) and energy spectrometer (Bruker, 
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Germany) were used to observe the microscopic morphology and element content of hydration 

products of solidified body under different conditions. 

3. Results and discussion 

3.1. Effect of cement on solidification behaviour of Pb2+ 

Fig. 2 shows the effect of cement paste on the solidification behaviour of Pb2+ under different curing 

ages. The Pb2+ leaching concentration and leaching rate in the leaching solution of the cement paste is 

shown in Fig. 2(a). 2% Pb2+ was added into ordinary Portland cement, after curing for 3d, the Pb2+ 

leaching rate in the leaching solution was 0.035%. With the increase of curing age, the hydration reaction 

of cement was gradually completed, and the curing effect of Pb2+ was getting better. After curing for 

28d, the concentration of Pb2+ in the leaching solution was only 0.06 mg/L, the leaching rate of Pb2+ 

was only 0.0102%, and the curing efficiency of Pb2+ reached more than 99.9%. 

The compressive strength of the cement paste solidified body is shown in Fig. 2(b). After adding 

Pb2+, the compressive strength of the cement solidified body was lower than that without Pb2+. Because 

the incorporated Pb2+ is easy to combine with OH- in the alkaline environment of the cement to form an 

amorphous lead hydroxide precipitate, which adheres to the surface of the partially hydrated cement 

particles, thereby hindering the further hydration reaction of the cement (Chen et al., 2009), and 

reducing the compressive strength of the solidified body. After 28d of curing, the compressive strength 

of the solidified body was 43.55 MPa, which is slightly lower than that of the pure cement solidified 

body was 49.87 MPa. But it also meets the strength level specified in the Chinese standards (GB175-

2007), it can play a great curing effect on Pb2+. 

 
Fig. 2. Effect of cement paste on the solidification behaviour of Pb2+ at different curing ages (a-Pb2+ leaching 

concentration and leaching rate; b-compressive strength of solidified body) 

3.2. Effects of different activation modes of tungsten tailings-cement solidified body on 

solidification behaviour of Pb2+ 

When the mass fraction of Pb2+ was 2%, the effect of the solidified body made of cement and tungsten 

tailings after activation in different ways on the leaching of Pb2+ is shown in Fig. 3(a, b). Comparing Fig. 

2(a), it could be seen that under the same conditions, when the same mass of tungsten tailings activated 

in different ways were mixed into the cement, the leaching rate of Pb2+ in each system increased, and 

the curing effect was not as good as that of PCS. Moreover, the leaching rate of Pb2+ varied with the 

activation methods of tungsten tailings. Compared with the MAS, the leaching rate of Pb2+ in the curing 

system of tungsten tailings after mechanical-chemical composite activation (MCCA) was lower. And 

after 28d of curing, the leaching concentration of Pb2+ in the TCAS was only 0.10 mg/L, the leaching 

concentration of Pb2+is far lower than the upper limit of 5 mg/L specified in the Chinese standards for 

hazardous wastes-identification for extraction toxicity (GB5085.3–2007).  

Fig. 3(c) shows the compressive strength of the solidified body under different systems, and the 

compressive strength was lower than that of the pure cement solidified body (Fig. 2(b)). This is because 
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the content of active silicon and aluminum in tungsten tailings is relatively low (Peng et al., 2015), which 

is not as high as that of cement. Replacing part of cement with tungsten tailings would reduce the 

content of active ingredients, which was not conducive to the hydration reaction of cement, resulting in 

a decrease in the content of hydration products, thus reducing the compressive strength of the solidified 

body. The compressive strength of the solidified body of the MCCA was higher than that of the MAS, 

and the compressive strength of the solidified body under the TCAS was the highest. With the progress 

of the reaction, the degree of hydration continued to deepen, and the compressive strength of the 

solidified body of the TCAS reached 36.26 MPa after curing for 28d. The results show that the higher 

the compressive strength of the solidified body, the better curing effect of Pb2+ can be to a certain extent.  

 

Fig. 3. Effect of different activation methods of tungsten tailings on the solidification behaviour of Pb2+.  

a: leaching concentration of Pb2+; b: leaching rate of Pb2+; c: compressive strength of solidified body (Blank-

mechanical activation system (MAS), B1-unary composite activation system (UCVS),  B2-binary composite 

activation system (BCAS), B3-ternary composite activation system (TCAS)) 

 

Fig. 4. Particle size distribution of tungsten tailings with different activation methods (Blank-MAS, B1-UCVS, B2-

BCAS, B3-TCAS) 

Activated tungsten tailings can effectively improve the particle size distribution of minerals, increase 

the specific surface area of the particles and increase the active sites on the surface of the particles, so 

that the tungsten tailings contain active SiO2, which can participate in the hydration reaction. It can react 

with Ca(OH)2, the hydrated product of cement, to form compact C-S-H gel, thus improving the 

compressive strength of the solidified body (Peng et al., 2015). Studies have shown (Koroglu et al., 2021) 

that the particle size less than 30 μm in the cement admixture plays a positive role in improving the 

strength of the solidified body, and the particle size less than 10 μm has the most obvious effect on the 

strength. In addition, the leaching amount of Pb2+ is larger under the condition of large particle size 

(more than10 μm) (Huang et al., 2020), which is because the leaching specific surface area of large 

particles is small, and the leaching speed of alkali in cement-based materials in coarse particles is slow, 

so the pH of the solution was kept lower, making the leaching of Pb2+ easier. It can be seen from the 

particle size distribution of tungsten tailings in Fig. 4 that for tungsten tailings activated in different 

ways, the yields of particle sizes less than 10 μm in the tailings are different. The results show that the 

tailings of MAS, the effective particle size of the particle size less than 10 μm accounted for 62.12%. The 

effective particle yield of tailings of MCCA was higher than that of MAS, and the yield of BCAS and 
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TCAS was higher than 70%. In addition, the specific surface areas of the tailings of four different systems 

of MAS, UCAS, BCAS and TCAS were 647 m2/kg, 936 m2/kg, 1086 m2/kg and 1113 m2/kg, respectively. 

This was because the addition of chemical activators during the tailings grinding process could 

aggravate the structural changes inside the particles (Peng et al., 2015), most of the coarse tailings are 

converted into fine particles, which increases the specific surface area of the particles and helps the 

particles to participate in the hydration reaction, forming a hydration product, which is finally reflected 

in the compressive strength of the solidified body. 

3.3. Effect of Pb2+ content on curing Pb2+ in solidified body 

 

Fig. 5. Effect of Pb2+ content on leaching rate of Pb2+ from the solidified body (a-PCS; b-MAS; c-TCAS) 

 

Fig. 6. Effect of Pb2+ content on the compressive strength of the solidified body (a-PCS; b-MAS; c-TCAS) 

Fig. 5 shows the effect of Pb2+ content on the leaching of Pb2+ from the solidified body of different 

systems. It could be seen from the figure that the rate of Pb2+ leached from the PCS was lower than that 

of the tungsten tailings-cement activation system, and as the content of Pb2+ increased from 0.5% to 5%, 

the leaching rate of Pb2+ gradually increased. When the content of Pb2+ was 2%, the leaching rate of Pb2+ 

of PCS after hydration for 28d was only 0.0102%, that of TCAS was 0.0167%, and that of MAS was 

0.0217%. When the Pb2+content was more than 3%, firstly it would react with the alkaline substances in 

the cement system and consume a part of OH-, since the Pb(NO3)2 solution was acidic, which would 

hinder the cement hydration process and reduce the hydration products. Therefore, the leaching rate of 

Pb2+ was higher in the early stage of hydration. However, with the progress of the reaction, the degree 

of hydration deepened, and the leaching rate of Pb2+ in the solidified body decreased significantly after 

curing for 28d, and the leaching concentration did not exceed 0.50 mg/L, which was far lower than the 

upper limit of 5 mg/L specified in the Chinese standards for hazardous wastes-identification for 

extraction toxicity (GB5085.3–2007). The leaching results show that the solidified body prepared by 

activated tungsten tailings and cement can effectively immobilize Pb2+. 

The effect of Pb2+ content on the compressive strength of the solidified body is shown in Fig. 6. As 

Pb2+ content increased from 0.5% to 5%, the compressive strength of the solidified body of each system 

gradually decreased. When Pb2+ content reached 5%, the compressive strength of the solidified body of 

each system after curing for 28 d was 39.26 MPa, 26.77 MPa and 31.43 MPa, which was significantly 

lower than 49.87 MPa, 34.69 MPa and 41.26 MPa while Pb2+ was not added, and the strength loss rate 

was 21.28%, 22.83% and 23.82% respectively. The main reason was that with the addition of Pb2+, the 

progress of the hydration reaction was inhibited to a certain extent (Chen et al., 2009), resulting in a 

decrease in the output of hydration products, which had an impact on the stability of the internal 
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structure of the solidified body, and ultimately manifested in the decrease in the compressive strength 

of the solidified body.  

3.4. Analysis of the solidification mechanism of Pb2+ 

Comparing the hydration products of the solidified bodies of different tungsten tailings-cement 

systems, it could be found from the XRD diagram in Fig. 7 that the main phases of the cement paste 

were hydration products Ca(OH)2 and AFt, and unhydrated particles C2S, C3S and SiO2 for curing 3 d. 

In addition, the amorphous calcium silicate hydrate (C-S-H gel) was difficult to detect, and no 

corresponding characteristic peaks were found in the diffraction pattern. After adding tailings, the main 

phase in the solidified body did not change, but the diffraction peaks of unhydrated particles C2S, C3S 

and SiO2 were slightly enhanced, and the intensity of AFt and Ca(OH)2 diffraction peaks decreased. The 

H-O-H bending vibration peaks of structural water at 3440 cm-1 and 1639 cm-1 (Mollah et al., 2000) for 

the solidified body of the activated system have little changed; the O-H vibration peak of Ca(OH)2 at 

3644 cm-1 (Mollah et al., 2000) and the S-O stretching vibration peak of AFt at 1114 cm-1 were shifted to 

a lower wave number than that of the PCS; the stretching vibration peak of the Si-O bond shifted from 

999 cm-1 to 996 cm-1, and the wave number of the bending vibration peak of the Si-O bond at 469 cm-1 

reduced to 465 cm-1,so it was difficult for the Si-O bond to polymerize to form the Si-O-Si bond (Hu et 

al., 2020). It indicated that the content of AFt and Ca(OH)2 was low, the formation process of C-S-H gel 

was inhibited, and the degree of hydration was low. At this time, the strength of the solidified body was 

affected, and the curing effect of Pb2+ was not as good as that of PCS. As shown in the SEM image, in 

the PCS, some flaky Ca(OH)2 and needle-like AFt could be clearly seen in the early stage of hydration, 

and the hydration products are cemented with each other to form a stable network structure. However, 

limited by the age of hydration, there were still areas not participating in the reaction. In the activation 

system, most of the regions were not involved in the reaction, and the content of hydration products 

was less, and a few fine needle-like AFt and flake Ca(OH)2 could be seen, the network structure voids 

formed between them were large, and the hydration degree was not as good as that of the PCS. It was 

shown that the compactness of the solidified body was low, the compressive strength was insufficient, 

so the leaching concentration of Pb2+ was relatively high, which correspond to Fig. 3. 

The analysis of the hydration product of the solidified body curing for 28d is shown in Fig. 8. 

Compared with curing for 3d, its main phase unchanged, the peaks of C2S and C3S decreased obviously, 

the intensity of Ca(OH)2 diffraction peaks decreased, and the stretching vibration peaks of O-H and Si-

O  bonds  of  hydration  products  were  shifted  to  a  higher wave number. This indicated that with the 

 

Fig. 7. Analysis of hydration products of different tungsten tailings cement system solidified bodies mixed with 

Pb2+ for 3d. (a-XRD of the solidified body; b-FT-IR of the solidified body; c-e are the SEM images of the solidified 

body of Blank, B1 and B2; Blank-PCS, B1-MAS, B2-TCAS) 
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extension of curing age of the solidified body, its hydration degree also increased, and Ca(OH)2 could 

react with active SiO2 in tailings to form hydrated calcium silicate (Peng et al., 2015). With the progress 

of the reaction, the difference between the MAS and the PCS was more obvious, the degree of hydration 

and the content of hydration products of the MAS were far inferior to the PCS, while the TCAS was 

better than the MAS. It could be seen from the SEM image that with the progress of the hydration 

reaction, the amount of amorphous C-S-H gel in the PCS and the TCAS increased, the size of AFt 

increased significantly, and the voids between the reactants decreased. A dense network structure was 

formed, which was the main reason for the excellent mechanical properties of the solidified body. The 

C-S-H gel developed from an initial fibrous to a network structure (Ji et al., 2021), and with the increase 

of the density of the solidified body, it eventually becomes a flower-like structure. The C-S-H gel has a 

very high specific surface area, which is favourable for the adsorption and co-sedimentation of Pb2+, 

and with the progress of the hydration reaction, Pb2+ can be further wrapped and immobilized during 

the formation of the C-S-H network structure (Chen et al., 2009). The C-S-H gel products of the MAS 

also gradually increased, and many needle-like AFt crystals were interspersed in the C-S-H gel, but the 

hydration products have significantly larger voids and a moderate degree of hydration. 

Macroscopically, the compressive strength was low, and the curing effect of Pb2+ was weak. 

 

Fig. 8. Analysis of hydration products of different tungsten tailings cement system solidified bodies mixed with 

Pb2+ for 28d. (a-XRD of the solidified body; b-FT-IR of the solidified body; c-e are the SEM images of the solidified 

body of Blank, B1 and B2; Blank-PCS, B1-MAS, B2-TCAS) 

Fig. 9 shows the analysis of the hydration products of solidified body of the TCAS with different 

Pb2+ contents. With the increase of the content of Pb2+ in the solidified body, the intensity of the Ca(OH)2 

diffraction peak of 3d was significantly weakened. The stretching vibration peak of the O-H bond 

contained in Ca(OH)2 weakened with the increase of Pb2+ concentration and gradually shifted to a low 

wave number. This is because Pb2+ will first react with OH- in the hydration environment to form 

Pb(OH)2 precipitation, which weakens the alkaline environment in the hydration process and hinders 

the progress of the hydration reaction, resulting in a significant reduction in the content of Ca(OH)2 in 

the early stage. The characteristic peak of CaCO3 was at 1419 cm-1 (Mollah et al., 2000), which was caused 

by the carbonization of Ca(OH)2 during the hydration process, and it gradually migrated to a low wave 

number with the increase of Pb2+ content. The more Pb2+ was added, the less CaCO3 content was, which 

was consistent with the decrease of Ca(OH)2 content. The vibrational peaks of Si-O at 996 cm-1 and 876 

cm-1 (Hu et al., 2020) weakened significantly with the increase of Pb2+ content at 28 d, and shifted to 

lower wave numbers, indicating that the degree of polymerization of C-S-H gels decreased. As shown 

in the SEM image, with the incorporation of Pb2+, the voids between the hydration product particles 

gradually increased, and the compactness decreased, leading to the reduction of the compressive 

strength of the solidified body, which was consistent with the results in Fig. 6. 
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Fig. 9. Analysis of the content of Pb2+ on the hydration products of the solidified body of the TCAS (a, b-3d, 

28d XRD; c, d-3d, 28d FT-IR; e, f-3d SEM images of Pb2+ content of 0% and 5%; g, h-28d SEM images of Pb2+ 

content of 0% and 5%) 

Fig. 10 shows the EDS semi-quantitative analysis of the hydration products of the solidified body 

curing for 28d of the TCAS with Pb2+ content of 0, 2%, and 5%. For the slurries without Pb2+, no Pb was 

detected in the hydration products. In Fig. 10(b), there was a bright part in the dense backscattered 

image of the region, and the EDS energy spectrum analysis of this region showed that O, Ca, Si, Al and 

Pb were contained in point 1, which indicated that there was Pb in the hydration product. Pb could be 

detected in the two bright areas in Fig. 10(c), and the element content reached 18.62% and 22.53%, 

respectively. According to the element content of the EDS spectrum and the composition of the 

hydration product, it is known that the hydration product is a C-S-H gel, so it can be judged that Pb2+ 

is mainly immobilized in the C-S-H gel. It may be that Pb replaces Ca in C-S-H gel, and combines with 

Ca and Si, so as to be fixed in C-S-H gel; it is also possible that Pb attached to the particle surface is 

wrapped by the newly generated C-S-H gel (Chen et al., 2009), in order to achieve the purpose of curing. 

4. Conclusions 

Tungsten tailings have certain gelling activity after activation. There are different effects in the treatment 

of tailings by different activation methods. After ternary composite activation, the particle size 

distribution of tailings can be effectively changed, and the specific surface area of tailings particles can 

be increased, which is better than other activation conditions. It can participate in the hydration reaction  



10 Physicochem. Probl. Miner. Process., 59(2), 2023, 162618 

 

 

Fig. 10. EDS analysis of hydration products of the TCAS (a-0%Pb, b-2%Pb, c-5%Pb) of the cement system, the 

compressive strength of the solidified body formed with the cement is the best, and the effect of preventing Pb2+ 

leaching is the best 

The content of Pb2+ and the curing age will affect the curing effect. Under standard curing conditions, 

with the increase of the content of Pb2+ in the solidified body, the leaching rate of Pb2+ gradually 

increased, and the compressive strength decreased; with the extension of curing age, the leaching rate 

of Pb2+ gradually decreased, and the compressive strength of the solidified body increased. When the 

mass fraction of Pb2+ was 5%, the leaching rate of Pb2+ of PCS for 28d was only 0.0240%, that of TCAS 

was 0.0253%, the Pb2+ leaching concentration of TCAS was only 0.38 mg/L, which was within the safety 

limit specified in Chinese standard (GB5085.3–2007). Therefore, tungsten tailings synergize with cement 

to solidify Pb2+ is a green way to realize the resource utilization of tailings and treatment of the lead-

containing wastewater. 

Pb2+ can be effectively immobilized in the hydration product C-S-H gel of the solidified body. In 

addition to the C-S-H gel generated by cement hydration, the active SiO2 in the solidified body tailings 

have a pozzolanic reaction with the Ca(OH)2 generated by cement hydration. The Si-O bond breaks, 

recombines, then polymerizes into Si-O-Si bond, and eventually forms a structurally stable C-S-H gel. 

According to the analysis of SEM and EDS, Pb2+ can be effectively immobilized in the “calcium-silicon-

rich” hydration product C-S-H gel. It may be that Pb replaces Ca in C-S-H gel, it is also possible that Pb 

attached to the particle surface is wrapped by the newly generated C-S-H gel.  
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