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A B S T R A C T

Chrysotile asbestos tailings, while posing significant environmental risks due to their biotoxicity, represent an 
underutilized magnesium reservoir. This study uses ammonium sulfate roasting-water leaching strategy for se
lective Mg2+ extraction from Chrysotile asbestos tailings with the inhibition of impurity ion leaching, simulta
neously addressing hazardous waste management and Mg2+ selective recovery. The findings disclosed that the 
leaching rate of Mg2+ was 84.18 % at a molar ratio of sulfate to magnesium oxide in chrysotile asbestos tailings 
of 1.0, roasting temperature of 650 ◦C, roasting time of 90 min, liquid-to-solid ratio of 8 mL/g, and leaching 
temperature of 30 ◦C. Meanwhile, the leaching rates of Fe2+/Fe3+, Al3+, Cr3+, Ni2+, and Ca2+ are found to be 
0.04 %, 0.24 %, 0.09 %, 5.37 %, and 53.61 %, respectively; the purity of Mg2+ in the filtrate is measured as high 
as 98.87 %. Mechanistic insights show that ammonium sulfate reacts with metal ions in chrysotile asbestos 
tailings to form soluble sulfates at high temperatures. Because of the difference in thermal stability of different 
metal ions sulfate, MgSO4 dissolves during water leaching, while Fe2+, Fe3+, Al3+, Cr3+, and Ni2+ remain in the 
residue due to their sulfate convert to insoluble oxides conversion. Life cycle assessment identifies the roasting 
process as the primary contributor to carbon emissions, highlighting energy optimization as a critical target for 
sustainable and scale-up.

1. Introduction

Magnesium compounds are important inorganic materials whose 
industrial value increases with purity (Li et al., 2025). In recent years, 
driven by high-end industries such as aerospace, automotive, electronics 
and new energy, the global market demand for high-purity magnesium 
compounds has shown a rapid growth trend (Tian et al., 2024). Forecasts 
indicate a compound annual growth rate (CAGR) of 4.9 % in the global 
magnesium market, with the market expanding from 1.1 million metric 
tons (Mt) in 2020 to 1.6 Mt by 2027 (Tan and Ramakrishna, 2021). This 
growing demand is in stark contrast to the depletion of traditional 
magnesium sources such as magnesite. In this context, the development 
of efficient magnesium recovery technologies based on secondary re
sources (such as industrial solid waste) has become an urgent need to 

restructure the sustainable magnesium supply chain. Chrysotile asbestos 
tailings, a solid waste abundant in Mg2+, are a promising but underu
tilized source of Mg2+.

Chrysotile asbestos tailings, a by-product of chrysotile exploiting and 
processing, predominantly contain 40 %~50 % SiO2 and 35 %~45 % 
MgO, along with trace amounts of Fe3O4, Al2O3, and CaO (Hui et al., 
2021; Tan et al., 2021). Chrysotile asbestos mining regions are mainly 
situated in Canada, the United States, China, and Italy, where over 
several decades extensive mining and processing have produced hun
dreds of millions of tons of chrysotile asbestos tailings (Cavallo, 2020; 
Dong et al., 2015). It is concerning that these asbestos tailings are often 
open pit without covering. (Lévesque et al., 2020). The residual asbestos 
fibers in the tailings are prone to dispersion by wind, which can lead to 
respiratory diseases in surrounding communities, such as lung cancer 
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and malignant mesothelioma (Thives et al., 2022). Furthermore, the 
storage of asbestos tailings also occupies land resources, resulting in the 
waste of mineral resources (Kabombo et al., 2021; Li et al., 2024; Zheng 
et al., 2020).

Therefore, the selective extraction of Mg2+ from chrysotile asbestos 
tailings may address high purity magnesium resource shortages and 
reduce the environmental consequences of solid waste accumulation. 
Chrysotile, the primary Mg2+-bearing mineral in these tailings, is a 1:1 
layered magnesium silicate. Key Mg2+extraction methods include acid 
leaching and roasting. Acid leaching employs inorganic or organic acids 
to decompose the chrysotile structure (El-Sayed et al., 2023), dissolving 
Mg2+ into the acidic solution. However, this process co-dissolves im
purities like Fe3+, Fe2+, and Al3+ (Kaya and Topkaya, 2011; Lu et al., 
2022, 2023). Removing these impurities can lead to Mg2+ loss and 
generate hard-to-use residues (Alexander et al., 2007). Furthermore, 
acid leaching poses difficulties including equipment corrosion due to the 
acidic solution and substantial alkali consumption during neutralization 
(Baigenzhenov et al., 2015). Roasting, often combined with acid 
leaching, uses high-temperature treatment to destroy the chrysotile 
structure, reducing acid consumption during leaching (Liu et al., 2022; 
Raschman et al., 2013). Furthermore, the researchers also explored 
roasting with additive as an alternative method to lower the decompo
sition temperature of chrysotile and enhance Mg2+ extraction. Common 
promoters include ammonium sulfate and ammonium bisulfate. Bei 
Song et al. demonstrated that calcination of asbestos tailings with 
ammonium sulfate could achieve Mg2+ extraction rates of up to 68.56 % 
(Song et al., 2015). However, all above methods fail to address the issues 
of impurity co-dissolution and residue generation during purification 
(Sanna et al., 2013). These challenges highlight the need for further 
optimization of extraction processes to improve efficiency and envi
ronmental sustainability.

The ammonium sulfate ((NH4)2SO4) roasting process has lately 
garnered interest owing to its benefits of low energy usage, reduced 
equipment corrosion, and good selectivity (Liu et al., 2024). This process 
converts target metal ions into water-soluble sulfates while transforming 
impurities into insoluble compounds (Liu et al., 2023; Tagawa, 1984), 
enabling selective metal leaching (Ju et al., 2023a, 2023b, 2024). The 
selectivity of (NH4)2SO4 roasting and water leaching has been exten
sively demonstrated in various minerals. Jinrong Ju et al. employed the 
(NH4)2SO4 roasting and water leaching method on pyrolusite, achieving 
a manganese leaching rate of 96.15 % and an iron leaching rate of 
merely 1.45 %, with residual iron existing as hematite (Ju et al., 2023c). 
Yanchun Li et al. employed sulfate roasting and water leaching to extract 
zinc from zinc leaching residues, achieving a zinc leaching rate of 92.63 
% while maintaining an iron leaching rate of 2.04 % (Li et al., 2015). 
However, systematic studies on the selective extraction of Mg2+ from 
chrysotile asbestos tailings using this method are still lacking. Addi
tionally, the potential environmental impact of this process has not been 
assessed.

This work is based on that chrysotile tailings are rich in Mg2+ and 
have a small amount of metal ions such as Fe3+, Al3+ and Cr3+. The 
Mg2+ was selectively extracted by (NH4)2SO4 roasting followed by water 
leaching to separate Mg2+ from Fe3+ and other impurities. The effects of 
roasting conditions and leaching conditions on the leaching rates of 
Mg2+ and other impurity metal ion was carefully examined to identify 
the optimal process parameters for the selective extraction of Mg2+. The 
alteration in phase composition and microstructure during roasting and 
water leaching were analyzed to clarify the process of selective Mg2+

extraction from chrysotile asbestos tailings via the (NH4)2SO4 roasting- 
water leaching method. Furthermore, a life cycle assessment was con
ducted to evaluate the environmental impact of each process stage, with 
optimization suggestions provided to enhance sustainability. This work 
not only offers a novel technical approach for Mg2+ extraction from 
chrysotile asbestos tailings but also holds promise for the processing of 
other Mg-rich minerals, contributing to the development of more sus
tainable and efficient magnesium recovery technologies.

2. Materials and methods

2.1. Materials and reagents

The chrysotile asbestos tailings utilized in this study were procured 
from the Hongliugou chrysotile asbestos mine located in Aksay, Gansu 
Province, China. The tailings were initially subjected to crushing and 
grinding, followed by drying in an oven at 105 ◦C for 24 h to eliminate 
free and adsorbed water within the samples. Subsequently, the dried 
samples were labeled as “CAT”. The median particle diameter of the CAT 
sample was 8.41 μm (Fig. 1a). The phase composition of the CAT sample 
was quantitatively analyzed using X-ray diffraction (XRD) (Fig. 1b) and 
the calcium fluoride external standard method (Fig. 1c). The results 
indicate that the CAT samples primarily consist of 61.6 % chrysotile, 
10.5 % amorphous phase, 10.4 % chlorite, along with minor amounts of 
quartz, talc, and magnetite. Given the limitations of XRD in dis
tinguishing serpentine polymorphs, Raman spectroscopy was used. It 
identified chrysotile and lizardite in CAT samples (Fig. 1d) (Liu et al., 
2023). However, in the subsequent analyses, further differentiation of 
these two polymorphs was not carried out due to the focus being on the 
overall serpentine reaction. The chemical composition mainly consists 
of 41.33 % SiO2, 41.59 % MgO, and a small amount of Fe2O3, Al2O3, and 
other components (Table 1).

The experiment utilized analytical grade chemical reagents, 
including (NH4)2SO4 and EDTA-2Na, procured from Chengdu Chemical 
Reagent Co.

2.2. Experimental procedures

2.2.1. Roasting with (NH4)2SO4 additive
The (NH4)2SO4 and 2 g of the CAT sample were mixed at a pre

determined molar ratio and thoroughly blended in an agate mortar to 
ensure a fine and uniform mixture. The mixture was transferred into a 
crucible and placed into a muffle furnace, where it was heated to the 
desired temperature at a rate of 10 ◦C/min and then held at that tem
perature for a certain period. After the roasting was completed, the 
calcined samples were collected and labeled as B-T-M-t, where "B" in
dicates the calcined sample, "T" denotes the roasting temperature (◦C), 
"M" represents the molar ratio of (NH4)2SO4 to MgO in the asbestos 
tailings, and "t" denotes the time of roasting (min).

2.2.2. Water leaching
The calcined samples were transferred into a conical flask containing 

deionized water and leached on a constant-temperature shaker for 1 h. 
After leaching, the resulting suspension was filtered with filter paper 
with an aperture of 20 μm and a Brinell funnel with a diameter of 9 cm, 
and the residue was washed with deionized water until neutral. The 
resulting leached residue was dried in an oven at 105 ◦C for 24 h, then 
stored in a sealed plastic bag and labeled as S-T-M-t, where "S" indicates 
the leached residue sample. The filtrate was collected, sealed in a conical 
flask, and labeled as FL-T-M-t, where "FL" denotes the filtrate (Fig. 2).

2.3. Characterization

The chemical composition of chrysotile asbestos tailings was 
analyzed using an Axios X-ray fluorescence (XRF) spectrometer. The 
sample preparation was conducted by pressing the sample into pellets. 
Test conditions were as follows: ceramic X-ray tube (Rh target), 
maximum power of 2.4 kW.

Thermal analysis was performed using a STA449F5 thermal analyzer 
under the following conditions: heating rate of 10 ◦C/min, temperature 
range from room temperature to 1000 ◦C, and air atmosphere. The 
reference material used was α-Al2O3.

The concentration of SO2 gas during the roasting process was 
measured using a Korn SO2 gas analyzer, with continuous reading 
testing mode.
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Fig. 1. Size distribution (a), XRD pattern (b), phase composition (c) and Raman spectrum (d) of CAT sample.

Table 1 
The chemical compositions of CAT sample (wt.%).

Component SiO2 MgO Fe2O3 Al2O3 CaO Cr2O3 NiO TiO MnO2 K2O P2O5 LOI

Content 41.33 41.59 3.09 1.20 0.47 0.42 0.21 0.08 0.06 0.03 0.03 12.74

Fig. 2. Experimental flow diagram for roasting with (NH4)2SO4 additive (a) and water leaching (b).
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The phase composition and structure of the samples were analyzed 
using an X’pert MPD Pro X-ray diffractometer. Test conditions: Cu 
target, tube voltage of 40 kV, tube current of 40 mA, emission slit (DS): 
(1/2) ◦, scatter slit (SS): 0.04 rad, and receiving slit (AAS): 5.5 mm; 
continuous scanning mode.

The microscopic morphology of the samples was observed using a 
Sigma300 field-emission scanning electron microscope (SEM). The 
testing conditions were as follows: working voltage of 10 kV, energy 
resolution >127 eV, and magnification range from × 50 to × 1,000,000. 
Energy dispersive spectroscopy (EDS) was performed with an X- 
MAXN20 energy spectrometer. The test conditions were: working 
voltage of 15 kV, energy resolution >127 eV, and magnification range 
from × 50 to × 1,000,000.

The concentrations of Al3+, Ca2+, Cr3+, and Ni2+ ions in the filtrate 
were determined using an Agilent 5110 plasma spectrometer, with a 
wavelength range of 166~847 nm and a cooling temperature of <
-40 ◦C.

The concentrations of Fe2+/Fe3+ in the filtrate were measured using 
an Evolution 300 UV–Vis spectrophotometer. Mg2+ concentrations in 
the filtrate were determined by EDTA standard titration.

The leaching rate (α) of each ion was calculated using the following 
formula: 

α = CV/M × 100 %                                                                       (1)

Where C is concentration of the specific ion in the filtrate (mg/L), V is 
total volume of the filtrate (L), M is total mass of the specific element in 
the chrysotile asbestos tailings (mg).

The purity (P) of Mg2+ in the solution was calculated using the 
following formula: 

P=CMg/CTol × 100 %                                                                     (2)

Where CMg is concentration of Mg2+ in the filtrate (mg/L), CTol con
centration of all metal ions in the filtrate (mg/L).

3. Results and discussion

3.1. Thermodynamic analysis

The thermal decomposition of (NH4)2SO4 occurs in three stages: 
Initially, (NH4)2SO4 decomposes into NH4HSO4 between 246 ◦C and 
328 ◦C (Eq. (1)), which then decomposes into (NH4)2S2O7 between 
328 ◦C and 346 ◦C (Eq. (2)). Finally, (NH4)2S2O7 decomposes into NH3, 
SO2, and other gases between 346 ◦C and 430 ◦C (Eq. (3)) (Zhou et al., 
2013). Given the presence of multiple intermediate products, the ther
modynamic calculations focus solely on the reactions of (NH4)2SO4 and 
NH4HSO4 with CAT sample. 

(NH4)2SO4→NH4HSO4+NH3                                                          (1)

2NH4HSO4→(NH4)2S2O7+H2O                                                       (2)

3(NH4)2S2O7→2NH3+6SO2+2N2+9H2O                                         (3)

During the roasting of (NH4)2SO4 and CAT, potential reactions 
involve chrysotile reacting with (NH4)2SO4 or its decomposition product 
NH4HSO4 to form MgSO4 (Eq. (4) and (5)). Magnetite reacts with 
(NH4)2SO4 or NH4HSO4 to form Fe2(SO4)3 and FeSO4 (Eq. (6) and (7)). 
Thermodynamic calculations using HSC Chemistry 6 software revealed 
that chrysotile can spontaneously react with (NH4)2SO4 or NH4HSO4 to 
form MgSO4 above 245 ◦C and 48 ◦C, respectively (Fig. 3a). Magnetite 
can spontaneously react with (NH4)2SO4 or NH4HSO4 to form Fe2(SO4)3 
and FeSO4 above 319 ◦C and 77 ◦C, respectively. However, since the 
decomposition of (NH4)2SO4 to NH4HSO4 occurs above 230 ◦C, the re
action temperatures of chrysotile and magnetite with NH4HSO4 must 
exceed 230 ◦C. 

Mg3Si2O5(OH)4+3(NH4)2SO4→3MgSO4+2SiO2+6NH3+5H2O          (4)

Mg3Si2O5(OH)4+3NH4HSO4→3MgSO4+2SiO2+3NH3+5H2O           (5)

Fe3O4+4(NH4)2SO4→Fe2(SO4)3+FeSO4+8NH3+4H2O                     (6)

Fe3O4+4NH4HSO4→Fe2(SO4)3+FeSO4+4NH3+4H2O                       (7)

The high-temperature decomposition reactions of the sulfate of the 

Fig. 3. Variation of Gibbs free energies with temperature for Eq. (1) to Eq. (7) (a) and Eq. (8) to Eq. (14) (b); TG− DSC curve (c), XRD pattern (d) and SO2 release 
concentrations at different roasting temperatures (e) of a mixture of (NH4)2SO4 and CAT samples with a molar ratio of (NH4)2SO4 to MgO of 1:1.
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main metal ions in CAT are shown in Eqs. (8)–(14), with corresponding 
ΔG-T diagrams in Fig. 3b. The theoretical decomposition temperatures 
of Fe2(SO4)3, FeSO4, Al2(SO4)3, NiSO4, and Cr2(SO4)3 are 778 ◦C, 710 ◦C, 
769 ◦C, 782 ◦C, and 758 ◦C, respectively, while the decomposition 
temperature of MgSO4 is considerably above 1000 ◦C. Given that MgSO4 
is highly soluble in water, whereas Fe2O3, Al2O3, NiO, and Cr2O3 are 
insoluble, Mg2+ can be effectively separated from Fe2+, Fe3+, Al3+, Cr3+, 
and Ni2+ through water leaching. This forms the basis for the approach 
discussed in this study. 

MgSO4→MgO + SO3                                                                      (8)

Fe2(SO4)3→Fe2O3+3SO3                                                                (9)

2FeSO4→Fe2O3+SO3(g) + SO2                                                     (10)

Al2(SO4)3→Al2O3+3SO3                                                               (11)

NiSO4→NiO + SO3                                                                      (12)

Cr2(SO4)3→Cr2O3+3SO3                                                              (13)

CaSO4→CaO + SO3                                                                      (14)

While Gibbs free energy calculations confirm the thermodynamic 
feasibility of chrysotile and magnetite sulfation reactions (Eqs. (4)–(7)), 
practical implementation is governed by kinetic constraints and process 
parameters. To elucidate the reaction pathways, the (NH4)2SO4 and CAT 
were thoroughly mixed in a 1:1 M ratio of (NH4)2SO4 to MgO for thermal 
analysis and phase analysis. The TG-DSC profile (Fig. 3c) reveals four 
distinct weight loss events between 25 and 800 ◦C, each accompanied by 
an endothermic dip. The initial weight loss, observed between 246 ◦C 
and 336 ◦C with an approximate weight loss of 15.12 %. XRD analysis 
(Fig. 3d) indicates that at this temperature, (NH4)2SO4 decomposes into 
NH4HSO4, with the diffraction peaks of chrysotile weakening, which is 
consistent with the thermodynamic results of Eq. (1). Concurrently, 
(NH4)3Fe(SO4)3 and (NH4)2Mg2(SO4)3 are formed. This suggests that the 
mass loss in this stage is primarily attributed to the decomposition of 
chrysotile and (NH4)2SO4. The second weight loss stage occurs between 
336 ◦C and 411 ◦C, with a loss rate of approximately 15.90 %. XRD 
analysis shows that the diffraction peaks of chrysotile continue to 

Fig. 4. Photographs of water-leaching solutions from roasting slag at different (NH4)2SO4 additions (a), roasting temperatures (d) and roasting times (g); Leaching 
rates of metal ions from roasting slag at different (NH4)2SO4 additions (b), roasting temperatures (e) and roasting times (h); Concentration and purity of Mg2+ in the 
filtrate at different (NH4)2SO4 additions (c), roasting temperatures (f) and roasting times (i).
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weaken, while the characteristic diffraction peaks of (NH4)2Mg2(SO4)3 
are enhanced. This indicates that chrysotile and NH4HSO4 continue to 
decompose and react. In addition, (NH4)3Fe(SO4)3 is transformed into 
(NH4)Fe(SO4)2. Therefore, the mass loss in this stage is mainly due to the 
further decomposition of NH4HSO4, chrysotile, and (NH4)3Fe(SO4)3. 
The third weight loss phase takes place between 411 ◦C and 511 ◦C, with 
an approximate loss of 18.60 %. XRD analysis reveals that the diffraction 
peaks of chrysotile further weaken, and (NH4)2Mg2(SO4)3 decomposes 
into MgSO4. This indicates that the mass loss in this stage is primarily 
due to the further decomposition of chrysotile and (NH4)2Mg2(SO4)3. 
The fourth endothermic dip occurs at 616 ◦C with a minor weight loss. 
Based on the thermodynamic data of Eq. (8) to Eq. (14), this stage is 
likely associated with the decomposition of metal sulfates such as 
Fe2(SO4)3, FeSO4, Al2(SO4)3, NiSO4, and Cr2(SO4)3 (Andersen et al., 
2021; Lacalamita et al., 2021).

To monitor the formation and decomposition of sulfates during the 
roasting process of the (NH4)2SO4/CAT mixture, an SO2 gas detector was 
used to track the release of SO2. As illustrated in Fig. 3e, the results 
reveal two primary release temperatures for SO2. The initial peak at 
474 ◦C aligns with the temperature at which SO2 is released from the 
decomposition of (NH4)2SO4 (Zhou et al., 2013). Meanwhile, the second 
peak at 592 ◦C corresponds to the decomposition of metal sulfates, 
including those of Fe2+, Fe3+, Al3+, Cr3+, and Ni2+. This is consistent 
with the thermodynamic decomposition temperatures of these metal 
sulfates as shown in Fig. 3b.

3.2. Effects of (NH4)2SO4 roasting process parameters on the selective 
leaching of Mg2+

3.2.1. The impact of (NH4)2SO4 addition
The leaching rates of various metal ions in the roasting slags were 

depicted in Fig. 4b as a function of (NH4)2SO4 addition. The data show 
that the leaching rates of the metal ions are significantly influenced by 
the amount of (NH4)2SO4. As the molar ratio of (NH4)2SO4 to MgO in 
CAT increases from 0 to 0.5, the leaching rate of Mg2+ increases sharply 
from 1.93 % to 74.52 %. This is attributed to the enhanced interaction 
between Mg2+ in the CAT and (NH4)2SO4, forming soluble MgSO4 Li 
et al., 2018; Li et al., 2017).Further increasing the molar ratio to 1.5 
leads to a slower increase in the leaching rate of Mg2+, reaching 96.36 
%. Beyond this point, further additional (NH4)2SO4 yield minimal im
provements in Mg2+ leaching. A similar trend is observed for Ca2+, 
whose leaching rate also increases with higher (NH4)2SO4 addition. In 
contrast, the leaching rates of Fe2+/Fe3+ remain low and stable when 
the molar ratio between 0 and 1.0, as Fe2+/Fe3+ primarily exist as 
insoluble hematite in the leach residues. However, as the molar ratio 
increases from 1.0 to 2.5, the leaching rate of Fe2+/Fe3+ increase 
significantly, likely attributed to the excess (NH4)2SO4 reacting with 
Fe2+/Fe3+ to form soluble iron sulfate salts (Lente and Fábián, 2002). 
The leaching of Al3+, Cr3+, and Ni2+ is negligible when the molar ratio is 
below 1.0. When the molar ratio exceeds 1.0, these ions begin to leach 
significantly. Furthermore, the leaching of Fe2+, Fe3+, Al3+, Cr3+, and 
Ni2+ is negligible when the molar ratio is less than 1.0. When the molar 
ratio exceeds 1.0, these ions begin to leach significantly. At low 
(NH4)2SO4 concentrations, (NH4)2SO4 preferentially reacts with Mg2+

and Ca2+ to form soluble sulfates (Xiao et al., 2015). When the molar 
ratio exceeds 1.0, Fe2+, Fe3+, Al3+, Cr3+, and Ni2+ begin to leach 
significantly, and the filtrate color also changes from colorless to yellow 
(Fig. 4a). This is because excess (NH4)2SO4 reacts with these ions to form 
sulfates, which are not complete to decompose during roasting and are 
easily dissolved during water leaching (Liu et al., 2012).

Fig. 4c shows the purity and Mg2+ concentration of the filtrate as a 
function of (NH4)2SO4 addition. As the quantity of (NH4)2SO4 increases, 
the purity of Mg2+ in the filtrate first rises and subsequently declines, 
because excess (NH4)2SO4 increases the leaching rate of other metal 
ions. To ensure efficient selective separation of Mg2+ and maintain a 
high leaching rate, a molar ratio of 1.0 for (NH4)2SO4 to MgO in CAT was 

optimal.

3.2.2. Influence of roasting temperature
Fig. 4e presents the leaching rates of various metal ions in the 

roasting slags as a function of roasting temperature. Roasting tempera
ture significantly affects the leaching rates of metal ions from CAT. As 
the roasting temperature increases from 500 ◦C to 650 ◦C, leaching rate 
of Mg2+ rises from 77.73 % to 85.76 %, due to increased decomposition 
of chrysotile and its reaction with (NH4)2SO4 to form soluble magnesium 
salts (Nduagu et al., 2014). However, when further increasing the 
roasting temperature to 700 ◦C, there is almost no change observed in 
the leaching rate of Mg2+, likely because some chrysotile converts to 
refractory forsterite (Chen et al., 2021). Similarly, the leaching rate of 
Ca2+ gradually increases with roasting temperature. In contrast, the 
leaching rates of Fe2+/Fe3+ decrease significantly as the temperature 
rises from 500 ◦C to 650 ◦C and remain low above 650 ◦C. This decrease, 
accompanied by a color change in the filtrate from colorless to yellow 
(Fig. 4d), is due to (NH4)2SO4 reacting with Fe2+/Fe3+ to form 
Fe2(SO4)3, which then converts to insoluble hematite at higher tem
peratures(Wu et al., 2023). Correspondingly, the leaching rates of Al3+, 
Cr3+, and Ni2+ decrease with increasing roasting temperature, as they 
transform from sulfates to insoluble oxides(Zhao et al., 2024).

Fig. 4f shows the concentration and purity of Mg2+ in the leachate as 
a function of roasting temperature. As the roasting temperature in
creases, the concentration of Mg2+ in the leachate initially rises and then 
stabilizes, while the purity of Mg2+ increases and then slightly declines. 
This is because, higher temperatures enhance Mg2+ leaching but also 
promote Ca2+ leaching. Based on these trends, 650 ◦C was chosen as the 
optimal roasting temperature.

3.2.3. Influence of roasting time
Fig. 4h shows the leaching rates of various metal ions in the roasting 

slags as a function of roasting time. Mg2+ leaching rises sharply as 
roasting time extends from 10 to 30 min, due to enhanced interaction 
between Mg2+ and (NH4)2SO4, producing soluble magnesium sulfate(Lv 
et al., 2019). Meanwhile, the leaching rates of Al3+, Cr3+, Ni2+, and 
Fe2+/Fe3+ drop significantly, and the filtrate color shifts from yellow to 
colorless (Fig. 4g), as prolonged roasting transforms their sulfates into 
insoluble oxides(Mu et al., 2018). When the roasting time is further 
extended from 30 min to 150 min, the leaching rate of Mg2+ increases 
slowly, while the leaching rates of Fe2+/Fe3+, Al3+, Cr3+, Ni2+, and Ca2+

stay nearly constant.
Fig. 4i shows the concentration and purity of Mg2+ in the leachate as 

a function of roasting time. As roasting time increases, both the con
centration and purity of Mg2+ in the leachate initially rise and then 
stabilize. This trend indicates that extended roasting time not only en
hances the leaching rate of Mg2+ but also suppresses the leaching of 
Fe2+/Fe3+, Al3+, Cr3+, and Ni2+. Considering the energy consumption, 
90 min was determined as the optimal roasting time.

3.3. Effects of water leaching process conditions on the selective leaching 
of Mg2+

3.3.1. Influence of leaching temperature
In addition to the roasting conditions, the selective leaching results 

of chrysotile residues are also significantly influenced by water leaching 
conditions. Fig. 5a illustrates the leaching rates of different metal ions in 
the roasting slags as a function of leaching temperature. All metal ion 
leaching rates increase with rising temperature, attributed to enhanced 
solubility at higher temperatures(Rashid et al., 2020). The purity of the 
leachate decreases as the leaching temperature increases (Fig. 5b). This 
is because the elevated temperature promotes the co-leaching of Mg2+

and impurities (such as Fe2+, Fe3+, and Ca2+). Based on both leaching 
rates and changes in leachate purity, a leaching temperature of 30 ◦C 
was selected as the optimal condition.
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3.3.2. Influence of liquid-to-solid ratio in leaching
Fig. 5c illustrates the leaching rates of different metal ions in the 

roasting slags relative to the liquid-to-solid ratio. As the liquid-to-solid 
ratio increases from 4 mL/g to 8 mL/g, the leaching rates of all metal 
ions markedly enhance. The rise is due to constraints in the reaction 
interface between the leaching solution and the calcined residue at a low 
liquid-to-solid ratio, leading to quick saturation of metal ion concen
trations(Xu et al., 2021). The leachate purity increases as the 
liquid-to-solid ratio rises from 4 mL/g to 8 mL/g but slightly decreases 
with further increases (Fig. 5d). This is because while an increase in the 
liquid-to-solid ratio promotes the leaching of Mg2+, it also enhances the 
leaching rates of impurity ions such as Fe2+, Fe3+, and Ca2+. Considering 
all factors, a liquid-to-solid ratio of 8 mL/g was selected as optimal.

Based on single-factor experiments, the optimal process conditions 
were determined as follows: a molar ratio of (NH4)2SO4 to MgO in CAT 
of 1.0, a roasting temperature of 650 ◦C, a roasting time of 90 min, a 
leaching temperature of 30 ◦C, and a liquid-to-solid ratio of 8 mL/g. 
Under these conditions, the leaching rate of Mg2+, Fe2+/Fe3+, Al3+, 
Cr3+, Ni2+, Ca2+ are respectively 84.18 %, 0.04 %, 0.24 %, 0.09 %, 5.37 
%, 53.61 %, with a leachate purity of 98.87 %. While most impurity 
metal ions exhibited low leaching rates, the relatively high Ca2+

leaching rate significantly impacts the overall leachate purity.

3.4. Mechanism of selective extraction of magnesium oxide via 
(NH4)2SO4 roasting-leaching method

3.4.1. Phase composition of roasting slags and leaching residues
Fig. 6a–f presents XRD analyses of roasting slags and leaching resi

dues under various conditions, while Fig. 6g–i shows quantitative phase 
analyses of leaching residues using the calcium fluoride external stan
dard method (3 % addition).

In Fig. 6a, the XRD spectrum of the roasting slags reveal the 
diffraction peaks of MgSO4, indicating that (NH4)2SO4 has reacted with 
chrysotile in the CAT sample to produce MgSO4. As the (NH4)2SO4 
dosage increases, the intensity of the MgSO4 diffraction peaks rises, 

while the full width at half maximum (FWHM) narrows, indicating 
enhanced crystallinity. Fig. 6b shows that the leaching residues contain 
insoluble substances, including chrysotile, hematite, talc, quartz, chlo
rite, and forsterite, while the diffraction peaks of MgSO4 are absent. This 
confirms that MgSO4 has dissolved into the solution through leaching. 
As the (NH4)2SO4 dosage increases, the intensities and proportions of 
chrysotile, forsterite, and chlorite in the leaching residues decrease, 
while the content of amorphous phases rises (Fig. 6g). This reduction is 
attributed to the enhanced reactivity of (NH4)2SO4 with minerals such as 
chrysotile, chlorite due to the increased dosage(Nduagu et al., 2014). 
Excess (NH4)2SO4 reacts with Fe2+/Fe3+ to form soluble sulfate(Li et al., 
2017), reducing the hematite content in the leaching residues (Fig. 6g). 
This observation is consistent with the results in Fig. 4b, where the 
leaching rates of Fe2+/Fe3+ and Al3+increase as the amount of 
(NH4)2SO4 to MgO in CAT exceeds a molar ratio of 1.0.

As shown in Fig. 6c, at a roasting temperature of 500 ◦C, the main 
phases in the roasting slags comprises chrysotile from the CAT sample 
and MgSO4. With increasing temperature, the intensity of the MgSO4 
diffraction peaks is enhanced, while that of chrysotile diminishes. 
Fig. 6d illustrates that with the increase in roasting temperature, the 
intensity of the diffraction peaks of chrysotile in the leaching residues 
decrease, while that of hematite, chlorite and forsterite increase. 
Concurrently, the proportions of chlorite and chrysotile decrease, while 
the proportions of amorphous phases, forsterite, and hematite increase 
(Fig. h). This indicates that higher temperatures enhance the reactivity 
between (NH4)2SO4 and chrysotile as well as chlorite, and promote the 
transformation of iron sulfate into hematite. However, excessively high 
temperatures can lead to the conversion of some chrysotile into for
sterite (Song et al., 2013b).

Fig. 6e shows that at 10 min of roasting, the primary phases in the 
roasting slags are chrysotile and MgSO4. As roasting time increases, the 
intensity of the diffraction peak of chrysotile weakens, while that of 
MgSO4 increases. This indicates that prolonged roasting time promotes 
the reaction of (NH4)2SO4 with chrysotile and the formation of MgSO4. 
Fig. 6f shows that extended roasting times reduce chrysotile peak 

Fig. 5. Leaching rates of metal ions from roasting slag at different leaching temperatures (a) and liquid -to- solid ratio (c); Concentration and purity of Mg2+ in the 
filtrate at different leaching temperatures (b) and liquid -to- solid ratio (d).
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intensity in leaching residues and increase quartz peak intensity. The 
proportions of chlorite and chrysotile diminish in the leaching residues, 
while those of hematite and amorphous phases increase (Fig. 6i). This 
indicates that longer roasting times enhance the reaction between 
(NH4)2SO4 and chrysotile as well as chlorite, while also facilitating the 
decomposition of iron sulfate into hematite (Deng et al., 2020; Li et al., 

2022). Additionally, through the aforementioned analyses, it was found 
that under the conditions of this study, talc and quartz in the CAT sample 
hardly react.

Fig. 6. XRD patterns of roasting slags at different (NH4)2SO4 additions (a), roasting temperatures (c) and roasting times (e); XRD patterns of leaching residues at 
different (NH4)2SO4 additions (b), roasting temperatures (d) and roasting times (f). Phase proportion of leaching residues at different (NH4)2SO4 additions (g), 
roasting temperatures (h) and roasting times (i).
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3.4.2. Micromorphology of the roasting slags and leach residues from 
(NH4)2SO4/CAT mixture

To elucidate the mechanism of selective extraction of Mg2+ from CAT 
through (NH4)2SO4 roasting and subsequent water leaching, SEM-EDS 
analyses were performed on the original sample, roasting slags, and 
leaching residues, as seen in Fig. 7. The original CAT sample (Fig. 7a) 
consists of asbestos fibers and fine powder agglomerates. EDS analysis 
(Fig. 7d) shows high Mg content (18.05 %) and significant oxygen 
(64.12 %), consistent with chrysotile composition. After roasting with 
(NH4)2SO4, the roasting slag (Fig. 7b) exhibits a molten and porous 
surface, indicating morphological changes due to chrysotile decompo
sition and MgSO4 formation (Highfield et al., 2012). EDS analysis of the 
roasting slag (Fig. 7e) reveals increased sulfur (15.48 %) and magnesium 
(10.98 %), confirming MgSO4 and other sulfate formation. EDS (Fig. 7g) 
shows a close spatial correlation between sulfur and magnesium, further 
confirming MgSO4 formation during roasting. The leaching residues 
(Fig. 7c) show no fibers compared to the original CAT. This confirms 
chrysotile decomposition during roasting. EDS analysis of the leaching 
residues (Fig. 7f) shows a significant decrease in magnesium content 
(2.03 %), demonstrating effective MgSO4 dissolution. Meanwhile, the 
increased Fe, Si, and Al contents in the residues indicate their retention 
as insoluble compounds like hematite and corundum.

Owing to the low concentrations of Fe, Al, Ni, and Cr in the CAT 

samples, XRD analysis and SEM imaging are unable to elucidate the 
transformations of these metal ions during the calcination process. 
Consequently, (NH4)2SO4 was mixed with Fe3O4, Al2O3, NiO, and Cr2O3 
reagents at a molar ratio of 1:1 and calcined at various temperatures for 
60 min to investigate the transformations of Fe, Al, Ni, and Cr metal ions 
during the calcination process (Fig. 8). The results indicated that at a 
calcination temperature of 500 ◦C, Fe3O4 primarily transformed into 
Fe2(SO4)3. As the temperature increased to 650 ◦C, the diffraction peaks 
of Fe2(SO4)3 gradually weakened and ultimately disappeared, leading to 
complete transformation into hematite (Fe2O3). At 500 ◦C, Al2O3 pri
marily formed NH4Al(SO4)2, which decomposed into Al2(SO4)3 at 
600 ◦C and subsequently transformed into alumina (Al2O3) at 650 ◦C. At 
500 ◦C, NiO primarily formed NiSO4 and bunsenite (NiO); as the tem
perature increased to 650 ◦C, the diffraction peaks of NiSO4 dis
appeared, resulting in complete transformation into bunsenite. At 
500 ◦C, Cr2O3 formed NH4Cr(SO4)2, Cr2(SO4)3, and a small amount of 
Cr2O3. At 600 ◦C, NH4Cr(SO4)2 almost completely decomposed, yielding 
Cr2(SO4)3 as the main product, with the diffraction peaks of Cr2O3 
becoming more pronounced. At 650 ◦C, Cr2(SO4)3 was completely 
converted into Cr2O3. These findings elucidate that during the 
(NH4)2SO4 calcination process of asbestos tailings, as the temperature 
increases, Fe, Al, Ni, and Cr ions progressively transform from soluble 
sulfate phases into insoluble oxides, which is a key factor contributing to 

Fig. 7. Microscopic characteristics of CAT (a), roasting slag (b) and leaching residues (c) under optimal conditions; EDS of CAT (d), roasting slag (e) and roasting 
slags (f) under optimal conditions; Elemental mapping of O, S, Mg, and Si in the area of figure b (g).
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the significant reduction in their leaching rates.
The mechanism for the selective extraction of Mg2+ from chrysotile 

asbestos tailings using the (NH4)2SO4 roasting-leaching method is 
illustrated in Fig. 9. During the roasting process, chrysotile in CAT reacts 
with (NH4)2SO4 or its decomposed product NH4HSO4 to form MgSO4. 
Meanwhile, magnetite initially converted to Fe2(SO4)3 in the presence of 

(NH4)2SO4 or NH4HSO4. As the roasting temperature increases and the 
roasting time extends, Fe2(SO4)3 transforms into insoluble hematite, 
releasing SO2 and SO3. Water leaching then selectively extracts Mg2+, 
enriching iron in the leaching residues as hematite. Similarly, Al3+, 
Cr3+, and Ni2+ are initially converted to sulfates during the roasting 
process and ultimately decompose into oxides at high temperatures. The 

Fig. 8. XRD patterns of roasting slag at varying temperatures by (NH4)2SO4 roasting with Fe3O4 (a), Al2O3 (b), NiO (c) and Cr2O3 (d).

Fig. 9. Mechanism of selective separation of MgO from CAT via (NH4)2SO4 roasting-leaching method.
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NH3, SO2, and SO3 released during roasting can be absorbed and recy
cled using dilute sulfuric acid solution.

3.5. Process evaluation

Building upon the aforementioned research, a sustainable process for 
utilizing chrysotile asbestos tailings has been developed, as illustrated in 
Fig. 10a. The (NH4)2SO4 roasting method converts Mg2+ in CAT into 
soluble MgSO4, which is selectively extracted via water leaching, leav
ing Fe2+/Fe3+, Al3+, Cr3+, and Ni2+ as oxides in the residue. The MgSO4 
solution can be further processed to produce high-purity magnesium 
carbonate and other magnesium-containing compounds (Ning et al., 
2022). During the roasting process, NH3 and small amounts of SO2 are 
generated, both of which can be absorbed and recycled using a dilute 
sulfuric acid solution. For the processing of 1000 kg of chrysotile 
asbestos tailings, 1172 kg of (NH4)2SO4 is required. The main compo
nents of the leachate residue include SiO2, Fe2O3, along with minor 
amounts of MgO, Cr2O3, and NiO. Alkaline leaching facilitates the se
lective extraction of SiO2 to generate a sodium metasilicate solution, 
which can then be employed in the production of white carbon black 
(Febriana et al., 2020). Additionally, the alkaline leaching residue can 
be directly used as an iron concentrate.

To investigate the environmental impact of the process above, a 
comprehensive life cycle assessment (LCA) was performed using the 
Gabi software. Given that the processes in stages S2, S3, and S4 are 
relatively mature and have been extensively documented, parameters 
from existing literature were directly utilized for the calculations 
(Table S1). Additionally, considering the hazardous nature of chrysotile 
tailings, they were treated as zero-emission raw materials in this anal
ysis. The LCA analysis revealed that the carbon emission impact of the 
process, from highest to lowest, is as follows: S1 > S2 > S4 > S3 
(Fig. 10b) to handle one ton of chrysotile tailings. Notably, the carbon 
emissions at the roasting process accounted for 82 % of the total of the 
S1 stage, indicating that it is the primary source of carbon emissions in 
the entire process. The standardized results across various impact cat
egories further indicated that the process has significant impacts on 
global warming potential (GWP), abiotic depletion potential (ADP), and 
human toxicity potential (HTP) (Fig. 10c). Specifically, the high-energy- 

consuming roasting process is the main driver of global warming. 
Therefore, enhancing the energy efficiency of the roasting process, such 
as by using renewable energy sources like solar or wind power, could 
significantly reduce the overall carbon emissions of the process. 
Resource consumption is closely linked to the utilization of auxiliary 
materials. Improving the recovery and recycling efficiency of ammo
nium sulfate would help lower resource consumption. Human toxicity 
primarily originates from the crushing and grinding processes of 
chrysotile tailings. The use of enclosed ball mills or other enclosed 
grinding equipment in industry can greatly reduce this risk.

A comparison between the process proposed in this study and other 
methods for extracting Mg2+ from chrysotile asbestos tailings is pre
sented in Table 3. This study proposes an (NH4)2SO4 roasting-water 
leaching process for the extraction of Mg2+ from chrysotile asbestos 
tailings. Compared to acid leaching and conventional (NH4)2SO4 
roasting methods, this process is more efficient and environmentally 
friendly while effectively addressing the issue of co-leaching impurity 
metal ions. This method is not only applicable to the treatment of 
chrysotile asbestos tailings but can also be extended to the resource 
utilization of other magnesium-containing minerals, offering significant 
application potential. However, the transformation of chrysotile to for
sterite at high temperatures reduces Mg2+ leaching efficiency, so future 
research will focus on inhibiting forsterite formation during roasting to 
enhance process efficiency.

4. Conclusions

(1) Under the conditions of an (NH4)2SO4 to MgO in CAT molar ratio 
of 1.0, a roasting temperature of 650 ◦C, a roasting time of 90 
min, a liquid-to-solid ratio of 8 mL/g, and a water leaching 
temperature of 30 ◦C, the leaching rate of Mg2+ reaches 84.18 %, 
with a purity of 98.87 % in the filtrate.

(2) During the roasting process of (NH4)2SO4 roasting process, 
chrysotile in the tailings reacts with (NH4)2SO4 or its decomposed 
form, NH4HSO4, resulting in the formation of MgSO4. Magnetite 
reacts to form Fe2(SO4)3, which further convert to hematite as the 
roasting temperature and time increase. Similarly, Al3+, Cr3+, 
and Ni2+ initially convert to soluble sulfates and subsequently 

Fig. 10. Resource utilization process for chrysotile asbestos tailings (a); Carbon emissions of different process stages (b); Effects of processes on different envi
ronmental impact category (c).
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decompose into insoluble oxides at high temperatures. The water 
leaching process enables the selective extraction of Mg2+.

(3) LCA identified the roasting process as the main source of carbon 
emissions. Future sustainability improvements can be achieved 
by using clean energy sources such as solar or wind power and by 
enhancing the cycle efficiency of ammonium sulfate.

However, the process has limited effectiveness in extracting Mg2+

from asbestos tailings with high impurity mineral (such as talc) content 
and cannot effectively separate Ca2+. Future research should focus on 
exploring the applicability of the process to different wastes and 
improving techniques for Ca2+ removal.
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