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Abstract

The large-scale accumulation of high-sulfur lead–zinc tailings poses serious environmental and
safety challenges, while the increasing shortage of traditional mineral admixtures such as fly
ash and slag highlights the urgent need for sustainable alternatives. This study aims to develop
a high-performance mineral admixture using lead–zinc tailings characterized by high SO3

content and low pozzolanic activity. The effects of four activation routes—mechanical grinding,
wet magnetic separation, wet magnetic separation–mechanical grinding, and mechanical
grinding–high-reactivity mineral admixture synergistic modification—were systematically
compared in terms of tailings fineness, SO3 reduction, and activity index. The results indicate
that single mechanical grinding can achieve the fineness requirement of Grade II admixtures
specified in GB/T 1596–2017 (45 µm residue ≤ 30%), but the 28-day strength activity index
only reached 58.64%, and the SO3 content remained above the standard limit. Wet magnetic
separation effectively reduced the SO3 content to below 3.5%, and the combined process
yielded a product with an activity index of up to 74.51%. Further improvement was
achieved through a “mechanical grinding–high-reactivity mineral admixture synergistic
modification” process, incorporating fly ash (FA), ground granulated blast furnace slag
(GGBS), and silica fume (SF). Among these, SF exhibited the most pronounced synergistic
effect. The optimal mixture, composed of 85.19% ground tailings and 14.81% SF, achieved
the highest 28-day activity index of 76.35%. This process enables full utilization of tailings
while maintaining a simplified flow, lower energy consumption, and superior product
performance. The findings provide a feasible and efficient technological route for the
high-value utilization of high-sulfur tailings and contribute to promoting green mining
and sustainable resource development.

Keywords: high-sulfur lead-zinc tailings; mineral admixture; pozzolanic activity; synergistic
activation process; resource utilization; green mining

1. Introduction
With the continued exploitation of non-ferrous metal mines, the discharge of lead–zinc

tailings has been increasing year by year. The large-scale accumulation of these tailings not
only occupies valuable land resources but also poses significant environmental risks, such
as acid mine drainage, heavy metal migration, and potential geological hazards [1–3]. In
particular, high-sulfur lead–zinc tailings feature complex mineral compositions, elevated
SO3 contents, and low pozzolanic activity, making their utilization more challenging.
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Their long-term stockpiling threatens both ecological security and the safety of mining
areas [4,5]. At the same time, the availability of traditional mineral admixtures such as fly
ash (FA) and ground granulated blast furnace slag (GGBS) is steadily declining. Developing
tailings-based alternative mineral admixtures has therefore become an important strategy
to alleviate the supply–demand imbalance of supplementary cementitious materials and to
promote the high-value utilization of mining solid wastes [6–8].

In the field of building materials, mineral admixtures are indispensable components
in cement and concrete systems. They can improve workability, enhance strength and
durability, and reduce clinker consumption as well as carbon emissions [9]. Conventional
mineral admixtures mainly include industrial by-products such as fly ash, slag powder,
and silica fume. However, with the adoption of cleaner production technologies in thermal
power plants and industrial restructuring in the steel industry, the supply of high-quality
fly ash and slag has become increasingly constrained, urging researchers and engineers
to explore new, sustainable substitutes [10,11]. Due to their abundance and chemical
compositions similar to conventional admixtures, mine tailings have been recognized as
promising supplementary cementitious materials [12,13]. Nevertheless, high-sulfur tailings
often contain considerable amounts of pyrite and galena [14,15], resulting in excessive SO3

content and low reactivity. Such materials generally fail to meet the technical requirements
of standards such as GB/T 1596–2017 [16] when used directly. Consequently, how to
simultaneously reduce the SO3 content and activate the latent pozzolanic reactivity of
high-sulfur tailings has become a key scientific and engineering challenge for achieving
their resource-efficient utilization. Pozzolanic activity refers to the ability of a silicate-rich
material to react with calcium hydroxide (Ca(OH)2) in an alkaline environment to form
cementitious compounds such as calcium silicate hydrate (C-S-H) gel, thereby enhancing
the strength and durability of cement-based materials. The strength activity index is a
standardized metric used to evaluate the pozzolanic performance of mineral admixtures,
defined as the ratio of the compressive strength of mortar containing the admixture to that
of a pure cement reference mortar, expressed as a percentage.

To address this challenge, extensive research has been carried out on the activation
and utilization of mine tailings. Mechanical grinding is one of the most commonly em-
ployed physical activation methods, as it can effectively reduce particle size and increase
specific surface area, thereby enhancing the reactivity of the material [17,18]. However,
this approach has little effect on SO3 reduction. Wet magnetic separation can selectively
remove sulfide minerals such as pyrite, thereby lowering SO3 content and improving
chemical stability, but its contribution to pozzolanic activity is limited [19,20]. In recent
years, composite activation and synergistic modification technologies have attracted grow-
ing attention. By integrating multiple physical and chemical activation methods, these
techniques can simultaneously enhance reactivity and chemical stability. For example, the
“wet magnetic separation–mechanical grinding” process combines desulfurization with
particle refinement [21,22], while the “mechanical grinding–high-reactivity mineral admix-
ture synergistic modification” process further improves reactivity through heterogeneous
pozzolanic interactions [23,24]. These studies have provided valuable insights into the
potential use of high-sulfur tailings as mineral admixtures; however, the underlying acti-
vation mechanisms and optimal process parameters still require systematic investigation
and validation.

In this context, the present study focuses on high-sulfur lead–zinc tailings and system-
atically investigates four processing routes: mechanical grinding, wet magnetic separation,
combined wet magnetic separation–mechanical grinding, and mechanical grinding–high-
reactivity mineral admixture synergistic modification. By comparing the SO3 content,
particle characteristics, and strength activity index under different activation conditions,
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the study clarifies the mechanisms and performance differences associated with each acti-
vation approach. Based on these findings, a suitable preparation process for high-sulfur
tailings is proposed. The results provide theoretical guidance and technical support for the
high-value utilization of mine tailings and contribute to advancing green mining and solid
waste recycling in the construction materials industry.

2. Experiment
2.1. Raw Material

The raw materials employed in this study consisted of high-sulfur lead–zinc tailings,
reference cement, ISO standard sand, and high-reactivity mineral admixtures, including ul-
trafine fly ash (FA), S105-grade ground granulated blast furnace slag (GGBS), and densified
silica fume (SF), together with water.

The tailings used in this study were obtained from a lead–zinc concentrator, and their
chemical composition is presented in Table 1. The major elements in the tailings are Si,
Fe, Ca, and Al. The concentrations of toxic and hazardous elements, such as Pb and As,
are extremely low, suggesting that the tailings exhibit good environmental safety and are
suitable for use in the preparation of mineral admixtures.

Table 1. Chemical compositions of tailing/%.

Composition Content Composition Content Composition Content

Si 34.38 Ti 0.12 Bi <0.005
Fe 9.36 Zn 0.096 Cd <0.005
Ca 6.41 Pb 0.089 Co <0.005
Al 6.21 As 0.074 Li <0.005
K 3.04 Ba 0.070 Ni <0.005
S 1.47 Sr 0.042 Sb <0.005

Mg 0.76 P 0.028 Sn <0.005
C 0.68 Cu 0.014 V <0.005

Mn 0.51 Cr 0.0078 LOI 4.23
Na 0.38 Be <0.005

Note: LOI—Loss on ignition.

To facilitate the assessment of the tailings’ potential for use in cementitious materials,
the major elemental composition can be theoretically converted to oxide forms for reference:
SiO2 (73.55%), Al2O3 (11.73%), Fe2O3 (13.38%), CaO (8.97%), and MgO (1.26%). The high
SiO2 content suggests a potential contribution to strength through a pozzolanic reaction,
while the relatively lower contents of Al2O3, CaO, and Fe2O3 indicate limited inherent
pozzolanic activity. It is crucial to note that this theoretical conversion leads to a sum of
oxides exceeding 100% due to the complex mineralogy of the tailings, where elements
are present in various non-oxide forms. Therefore, the elemental composition in Table 1
provides a more accurate representation of the raw material.

The SO3 content of the tailings is 3.67 wt%, which exceeds the upper limit of 3.5 wt%
for cementitious mineral admixtures specified in GB/T 1596–2017 [16]. Therefore, the
material is classified as high-sulfur tailings.

The SO3 content of 3.67 wt% was derived from the total sulfur content, which was
quantitatively determined by X-ray fluorescence (XRF) analysis. The SO3 value was then
calculated using the stoichiometric conversion factor (SO3 ≈ S × 2.5).

The mineral composition of the tailings is shown in Figure 1. The main mineral
phases include quartz, ferropargasite, clinochlore, ferroan clinochlore, sanidine, pyrite,
epidote, piemontite, and microperthite. The XRD pattern shows sharp crystalline peaks
with a relatively low background hump, suggesting a low amorphous phase content, which
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indicates inherently weak pozzolanic activity. Sulfur in the tailings is primarily present in
the form of sulfide minerals, such as pyrite (FeS2).

Figure 1. Mineral composition analysis of tailings based on the X-ray diffraction (XRD) method.

The particle size distribution of the tailings, determined by laser diffraction analy-
sis, is illustrated in Figure 2 as a cumulative volume-based curve spanning from 0.4 to
800 µm. The distribution is characterized by key percentile diameters of d(0.1) = 5.809 µm,
d(0.5) = 119.840 µm, and d(0.9) = 405.399 µm, representing the particle sizes below which
10%, 50%, and 90% of the total particle volume accumulate, respectively. Furthermore,
the cumulative volume fractions of particles finer than 37 µm and 74 µm are 26.84%
and 38.20%, respectively, highlighting the significant presence of fine particles in the
tailings sample.

Figure 2. Particle size distribution of tailings.

The chemical compositions of the three highly active mineral admixtures (FA, GGBS,
SF) are listed in Table 2, showing that the SO3 mass fractions of the three mineral admixtures
are all below 3.5%. Their particle size distributions are shown in Figure 3. The average
particle sizes follow the order: GGBS < FA < SF.
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Table 2. Chemical compositions of three highly active mineral admixtures/%.

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq

FA 55.60 28.00 5.19 4.07 1.13 0.67 3.28

GGBS 14.76 15.99 0.34 38.77 8.31 1.37 1.43

SF 92.99 0.02 0.24 0.60 0.70 0.42 1.04
Note: Na2Oeq represents the sum of Na2O and 0.658K2O.

Figure 3. Particle size distribution of three highly active mineral admixtures.

2.2. Test Methods
2.2.1. Mechanical Grinding Test

The tailings grinding tests were conducted. Prior to grinding, the samples were dried
in an oven at 105 ◦C for 24 h to remove moisture. Grinding durations were set according
to the experimental design. After grinding, a wet sieving test using a 45 µm square-mesh
sieve was performed following the requirements of GB/T 1596-2017 [16]. The material
retained on the sieve was re-dried for 24 h and weighed, and the residue on the 45 µm sieve
was calculated using Equation (1).

Sr = (m2/m1) × 100 (1)

where Sr is the residue on the 45 µm square-mesh sieve (%), m1 is the mass of the dry
tailings sample before sieving (g), and m2 is the mass of the dried material retained on the
sieve after sieving (g).

2.2.2. Wet Magnetic Separation Test

Sulfur in the tailings is primarily present as pyrite (FeS2), allowing the separation of
high-sulfur and low-sulfur fractions via wet magnetic separation. The tests were conducted
using a Slon-100 type high-gradient magnetic separator, with different magnetic field
strengths applied for separation. The resulting high-sulfur and low-sulfur tailings were
dried at 105 ◦C to constant weight for subsequent analyses.

2.2.3. Mortar Specimen Preparation and Activity Evaluation

Mortar specimens were prepared and cured according to the standard GB/T 17671-
2021 [25], and the 28-day flexural and compressive strengths of the test and reference
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mortars were measured (Figures 4 and 5). The strength activity index of the mineral
admixtures was calculated using Equation (2).

H28 = (R/R0) × 100 (2)

where H28 is the 28-day strength activity index (%), R is the 28-day compressive strength
of the test mortar (MPa), and R0 is the 28-day compressive strength of the reference
mortar (MPa).

 

Figure 4. Molded mortar specimens.

   
(a)  (b) 

   
(c)  (d) 

Figure 5. Flexural and compressive strength testing of specimens. (a) Flexural strength; (b) Compres-
sive strength test; (c) Flexural strength test loading head; (d) Compressive strength test loading head.
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3. Results and Discussion
3.1. Mechanical Grinding Characteristics of Tailings
3.1.1. Tailings Mechanical Grinding

Mechanical grinding can enhance the reactivity of tailings by refining particle size and
increasing specific surface area [17,18]. In this study, the mechanical grinding characteristics
of tailings at different grinding durations were systematically investigated using the method
described in Section 2.2.1. The grinding times were set at 0, 4, 8, 12, 15, 18, 21, 23, and
25 min. The residues on a 45 µm square-mesh sieve after different grinding durations are
shown in Figure 6.

Figure 6. The relationship between grinding duration and the 45 µm sieve residue (Sr).

The results in Figure 6 show that the residue on a 45 µm square-mesh sieve for
unground tailings T0 was 73.60%. With increasing grinding time, the 45 µm residue
decreased significantly: 47.04% at 4 min, 39.02% at 8 min, 28.84% at 12 min, and further
down to 6.56% at 21 min. These results indicate that the high-sulfur lead–zinc tailings
possess good grindability. Combined with the fineness requirements in Table 3, it can be
seen that a grinding duration of 12 min is sufficient for the tailings to meet the Grade II
mineral admixture specification in GB/T 1596–2017 [16] (residue on 45 µm sieve ≤ 30%);
extending the grinding time further can improve fineness.

Table 3. Fineness requirements for cementitious active blended materials according to standard GB/T
1596-2017 [16].

Grade of Cementitious Active Blended
Materials

Fineness (Residue on 45 µm
Square-Mesh Sieve)/%

Grade I ≤12.0
Grade II ≤30.0
Grade III ≤45.0

3.1.2. Activation Effect of Mechanical Grinding

Based on the results in Section 3.1.1, the mortar strength and activity were evaluated
using the method described in Section 2.2.3. The mortar mix proportions for tailings
ground for different durations are listed in Table 4. After 28 days of curing, the flexural and
compressive strengths were measured, and the strength activity indices were calculated, as
shown in Figure 7.
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Table 4. Mortar mix proportions for tailings mechanical activation experiments.

Sample No. Tailings Type Raw Material Mass
Tailings Reference Cement Standard Sand Water

Mc None 0 450 1350 225
M0 T0 135 315 1350 225
M4 T4 135 315 1350 225
M8 T8 135 315 1350 225

M12 T12 135 315 1350 225
M15 T15 135 315 1350 225
M18 T18 135 315 1350 225
M21 T21 135 315 1350 225
M23 T23 135 315 1350 225
M25 T25 135 315 1350 225

 
(a)  (b) 

Figure 7. Activation performance of tailings with different grinding durations. (a) Flexural strength
and compressive strength; (b) Activity index.

As shown in Figure 7, the 28-day flexural and compressive strengths of the tailings
mortars generally increase with grinding time. When the grinding duration reached
21 min, the compressive strength of the specimens reached its maximum, corresponding
to a strength activity index of 58.64%. These results indicate that mechanical grinding
can significantly enhance the reactivity of tailings; however, the improvement is limited,
and grinding alone is insufficient to achieve a strength activity index above the standard
requirement of 70%.

3.2. Desulfurization Effect of Wet Magnetic Separation

Wet magnetic separation can selectively remove magnetic sulfide minerals, primarily
pyrite (FeS2), from the tailings, thereby effectively reducing the SO3 content and improving
chemical stability [19,20]. In this study, the tailing sample T0 was treated under four
magnetic field strengths—5000 Gs, 8000 Gs, 10,000 Gs, and 15,000 Gs—using the method
described in Section 2.2.2.

The sulfur content and yield of the high-sulfur and low-sulfur fractions obtained from
the wet magnetic separation tests were determined, and the results are presented in Table 5.
Compared with the unmagnetically separated tailing T0, which had an SO3 mass fraction of
3.67%, the SO3 mass fractions of the low-sulfur fractions obtained after magnetic separation
(T0–5000L, T0–8000L, T0–10000L, and T0–15000L) were significantly reduced, indicating
that magnetic separation can substantially decrease the SO3 content in tailings. As the
magnetic field strength increased, the SO3 content in T0–5000L, T0–8000L, T0–10000L, and
T0–15000L initially decreased and then stabilized, suggesting that an appropriate increase
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in magnetic field strength is effective for reducing SO3 in tailings. Additionally, the yield
of low-sulfur tailings obtained from wet magnetic separation increased with increasing
magnetic field strength.

Table 5. Sulfur content and mass yield of tailings after magnetic separation test under different
magnetic field strengths.

Sample No. Mass Fraction of SO3
Mass of Sample after
Magnetic Separation Mass Yield

T0-5000H 3.87% 348.76 70.48%
T0-5000L 2.10% 146.05 29.52%
T0-8000H 4.67% 273.18 55.65%
T0-8000L 1.70% 217.70 44.35%

T0-10000H 4.94% 321.00 54.80%
T0-10000L 1.42% 264.80 45.20%
T0-15000H 5.84% 264.60 45.84%
T0-15000L 1.50% 312.60 54.16%

Note: 5000H, 8000H, 10000H, and 15000H represent high-sulfur tailings samples separated after wet magnetic
separation under magnetic field strengths of 5000 Gs, 8000 Gs, 10,000 Gs, and 15,000 Gs, respectively. Similarly,
5000L, 8000L, 10000L, and 15000L represent low-sulfur tailings samples separated under the corresponding
magnetic field strengths. Mass yield represents the mass percentage of the separated fraction (high-sulfur or
low-sulfur) relative to the total mass of the original tailings sample before magnetic separation.

It is noteworthy that even at a relatively low magnetic field strength of 5000 Gs, the
SO3 content of the low-sulfur fraction obtained from tailings after magnetic separation
meets the upper limit specified in GB/T 1596–2017 [16] for cementitious active blended
materials (SO3 ≤ 3.5%). Therefore, subsequent studies plan to use a magnetic field strength
of 5000 Gs for wet magnetic separation of tailings for the following reasons: (1) At 5000 Gs,
the SO3 content of the low-sulfur fraction produced by wet magnetic separation is already
well below the maximum limit specified in GB/T 1596–2017 [16] for cementitious active
blended materials. (2) The energy consumption at 5000 Gs is lower than that at 8000 Gs,
10,000 Gs, and 15,000 Gs, offering better economic efficiency. (3) Compared with 8000 Gs,
10,000 Gs, and 15,000 Gs, the SO3 content of the high-sulfur fraction produced at 5000 Gs is
the lowest, making the high-sulfur tailings more suitable for backfilling in accordance with
GB/T 51450–2022 [26].

3.3. Effect of Combined Activation via Wet Magnetic Separation and Mechanical Grinding
3.3.1. Large-Scale Magnetic Separation Test of Tailings

Based on the results in Section 3.2, approximately 18 kg of tailing T0 were subjected to
large-scale magnetic separation at a magnetic field strength of 5000 Gs. The SO3 content and
mass yield of the high-sulfur and low-sulfur tailings are summarized in Table 6. The yield
of the low-sulfur tailings was 31.22%, which is generally consistent with the previously
reported small-scale test results.

Table 6. Sulfur content and mass yield of tailings after magnetic separation test under a magnetic
field strength of 5000 Gs.

Sample No. Mass Fraction of SO3
Mass of Sample after
Magnetic Separation Mass Yield

T0-5000H 3.90% 12.4525 kg 68.78%
T0-5000L 2.10% 5.6515 kg 31.22%

Note: 5000H represents the high-sulfur tailings separated after wet magnetic separation under a magnetic field
strength of 5000 Gs, while 5000L represents the low-sulfur tailings separated under the same conditions.
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3.3.2. Mechanical Grinding Test of the Low-Sulfur Fraction from Wet Magnetic Separation
of Tailings

The low-sulfur fraction T0–5000L obtained from wet magnetic separation of tailings
was subjected to mechanical grinding, with grinding times set at 0, 4, 8, 12, 16, 20, 24, 28,
and 32 min.

The tailings samples subjected to wet magnetic separation at 5000 Gs and subsequent
mechanical grinding were wet-sieved, and the residues on a 45 µm square-mesh sieve
were calculated, as shown in Table 7. The 45 µm sieve residue of tailing T0–5000L after
magnetic separation but without grinding was 81.67%. With increasing grinding time,
the 45 µm sieve residue of the magnetically separated tailings continuously decreased.
According to Table 3, the 45 µm residue was 33.67% at 12 min, 27.67% at 16 min, and
9.00% at 32 min, corresponding to the fineness standards for Grade III, Grade II, and
Grade I mineral admixtures specified in GB/T 1596–2017 [16], respectively. Compared with
unmagnetically separated tailings, the grindability of the magnetically separated tailings
was slightly reduced, likely due to changes in mineral composition and adjustments in
particle size distribution.

Table 7. Residue on a 45 µm square-mesh sieve of tailings T0–5000L after different mechanical
grinding durations.

Sample No. Tailings Grinding Duration m1/g m2/g Sr/%

T0-5000L 0 min 30.00 24.50 81.67%
T4-5000L 4 min 30.00 16.90 56.33%
T8-5000L 8 min 30.00 14.30 47.67%

T12-5000L 12 min 30.00 10.10 33.67%
T16-5000L 16 min 30.00 8.30 27.67%
T20-5000L 20 min 30.00 7.80 26.00%
T24-5000L 24 min 30.00 6.20 20.67%
T28-5000L 28 min 30.00 4.90 16.33%
T32-5000L 32 min 30.00 2.70 9.00%

3.3.3. Investigation of Tailings Activation Performance Based on Mortar Tests

Based on the tailings samples listed in Table 7, mortar mix proportion tests were
conducted following the experimental method described in Section 2.2.3, with the mix
proportions shown in Table 8.

Table 8. Mortar mix proportions for activation performance experiments of tailings after wet magnetic
separation and mechanical grinding.

Sample No. Tailings Type Raw Material Mass
Tailings Reference Cement Standard Sand Water

Mc / 0 450 1350 225
M0-5000L T0-5000L 135 315 1350 225
M4-5000L T4-5000L 135 315 1350 225
M8-5000L T8-5000L 135 315 1350 225

M12-5000L T12-5000L 135 315 1350 225
M16-5000L T16-5000L 135 315 1350 225
M20-5000L T20-5000L 135 315 1350 225
M24-5000L T24-5000L 135 315 1350 225
M28-5000L T28-5000L 135 315 1350 225
M32-5000L T32-5000L 135 315 1350 225
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After curing the mortar specimens prepared according to the mix proportions in
Table 8 for 28 days, the flexural and compressive strengths of the specimens were measured,
and the activity indices of the tailings subjected to different mechanical grinding durations
were calculated, as shown in Figure 8.

   
(a)  (b) 

Figure 8. Activation performance of low-sulfur tailings after wet magnetic separation with different
grinding durations. (a) Flexural strength and compressive strength; (b) Activity index.

Combined with Figures 7 and 8, it can be seen that the 28-day compressive strength of
mortar specimen M0–5000L, prepared from magnetically separated but unground tailing
T0–5000L, reached 31.22 MPa, which is significantly higher than the 28-day compressive
strength of 24.32 MPa for specimen M0 prepared from unmagnetically separated and
unground tailing T0. This indicates that wet magnetic separation can effectively enhance the
reactivity of tailings. The underlying mechanism may be that magnetic separation removes
surface-encrusted sulfides, making the silico-aluminate active phases more available for
hydration and secondary reactions [21,22].

Figure 8 further indicates that the strength activity index of the mineral admixture
T0–5000L, prepared from magnetically separated but unground tailing T0, reached 69.01%,
which is very close to 70%. The mineral admixtures prepared from magnetically separated
and mechanically ground tailings—T4–5000L, T8–5000L, T12–5000L, T16–5000L, T24–5000L,
and T28–5000L—all exhibited strength activity indices above 70%, with T8–5000L achieving
the highest index of 77.79%.

Based on the results in Tables 6 and 7 and Figure 8, the mineral admixture samples
T16–5000L, T24–5000L, and T28–5000L simultaneously meet the Grade II mineral admixture
requirements for fineness, SO3 content, and 28-day strength activity index, with T24–5000L
exhibiting the highest 28-day strength activity index of 74.51%.

In summary, wet magnetic separation and mechanical grinding exhibit a clear syn-
ergistic effect: the former improves the chemical stability of the raw material through
desulfurization, while the latter enhances reactivity via physical activation. The combina-
tion of these methods yields a product with both high safety and elevated reactivity.

3.4. Effect of Synergistic Modification by Mechanical Grinding and Highly Active
Mineral Admixtures
3.4.1. Minimum Dosage of Highly Active Mineral Admixture

To ensure that the SO3 content of the tailings-based mineral admixture does not exceed
3.5%, the minimum dosage of different highly active mineral admixtures was calculated
based on the data in Table 2, as shown in Table 9. The results indicate that the minimum
dosages are 5.67% for FA, 7.39% for GGBS, and 5.23% for SF, demonstrating that only
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a relatively small amount of highly active mineral admixture is required to meet the
desulfurization requirement.

Table 9. The minimum proportion of high-reactivity mineral admixtures in tailings-based
mineral admixtures.

Types of Mineral Admixtures The Minimum Proportion of High-Reactivity Mineral Admixtures

FA 5.67%
GGBS 7.39%

SF 5.23%

Figure 3 shows the particle size distributions of the three highly active mineral admix-
tures, with the fractions of particles smaller than 45 µm for FA, GGBS, and SF being 94.91%,
100.00%, and 94.89%, respectively. Accordingly, the residues on a 45 µm square-mesh sieve
are 5.09%, 0%, and 5.11% for FA, GGBS, and SF. If the fineness of mechanically ground
tailings meets the Grade II cementitious active blended material requirement in GB/T
1596–2017 [16]—i.e., a 45 µm sieve residue not exceeding 30.00%—then mixing any of
the highly active mineral admixtures with the tailings in any proportion will result in a
composite powder with a 45 µm sieve residue still below 30.00%.

3.4.2. Synergistic Modification of Tailings by Mechanical Grinding and Highly Active
Mineral Admixtures

The study selected tailing T12 for synergistic modification with highly active mineral
admixtures. Tailing T12 was unmagnetically separated, mechanically ground for 12 min,
and had a 45 µm sieve residue of 28.84%, meeting the Grade II cementitious active blended
material requirements in GB/T 1596–2017 [16]. Compared with tailings ground for more
than 12 min, T12 exhibited the lowest strength activity index of 54.45%, but the energy
consumption was minimal and the efficiency was highest. After uniformly mixing tailing
T12 with different types of highly active mineral admixtures, mortar tests were conducted.
The mix proportions for the mortar specimens prepared using the mechanical grinding–
highly active mineral admixture synergistic modification method are listed in Table 10.

Table 10. Mortar mix proportions for tailings mechanical–chemical composite activation experiments.

Sample No. Highly Active Mineral Admixture Mass of Other Raw Materials
Type Mass Proportion Tailings T12 Reference Cement Standard Sand Water

Mc / 0 / 0 450 1350 225
M12 / 0 0% 135 315 1350 225

M12-FA10 FA 10 7.41% 125 315 1350 225
M12-FA15 FA 15 11.11% 120 315 1350 225
M12-FA20 FA 20 14.81% 115 315 1350 225
M12-FA25 FA 25 18.52% 110 315 1350 225

M12-GGBS10 GGBS 10 7.41% 125 315 1350 225
M12-GGBS15 GGBS 15 11.11% 120 315 1350 225
M12-GGBS20 GGBS 20 14.81% 115 315 1350 225
M12-GGBS25 GGBS 25 18.52% 110 315 1350 225

M12-SF10 SF 10 7.41% 125 315 1350 225
M12-SF15 SF 15 11.11% 120 315 1350 225
M12-SF20 SF 20 14.81% 115 315 1350 225
M12-SF25 SF 25 18.52% 110 315 1350 225

Note: The proportion of highly active mineral admixture refers to its content in the tailings-based mineral
admixture, i.e., the mass of the highly active mineral admixture divided by the total mass of the highly active
mineral admixture and tailings T12.
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After curing the mortar specimens prepared according to the mix proportions in
Table 10 for 28 days, the flexural and compressive strengths of the specimens were measured,
and the strength activity indexes of the mineral admixtures were calculated, as shown in
Figure 9.

   
(a)  (b) 

Figure 9. Activation performance of tailings-based mineral admixtures prepared by mechanical
grinding and synergistic modification with highly active mineral admixtures. (a) Flexural strength
and compressive strength; (b) Activity index.

Figure 9 indicates that among the mineral admixtures prepared by synergistic modifica-
tion of tailings T12 with highly active mineral admixtures, SF produced the most significant
improvement in compressive strength and strength activity index, followed by GGBS,
while FA showed the least effect. The primary reason is that SF is rich in high–specific-
surface-area amorphous SiO2, which can undergo pozzolanic reactions with Ca(OH)2 in an
alkaline environment, generating more C–S–H gel and significantly enhancing cementitious
strength and density. GGBS contributes reactive Si–Al components and participates in
hydration under alkaline activation, also improving system reactivity. In contrast, FA’s
reactivity depends on its amorphous content and particle size distribution, resulting in
relatively moderate overall activity [27–29].

Comprehensive analysis indicates that the mineral admixtures M12–GGBS20, M12–
GGBS25, M12–SF15, M12–SF20, and M12–SF25 simultaneously meet the Grade II cemen-
titious active blended material requirements in GB/T 1596–2017 [16] for fineness, SO3

content, and 28-day strength activity index. Among them, mineral admixture M12–SF20
exhibits the highest 28-day strength activity index of 76.35%.

Overall, the “mechanical grinding–highly active mineral admixture synergistic modifi-
cation” approach can significantly enhance the reactivity of tailings-based admixtures while
ensuring fineness and chemical stability. Through heterogeneous blending and secondary
hydration reactions, this method demonstrates superior overall performance compared
with either single mechanical grinding or the “magnetic separation–grinding” process.

4. Production Process of Mineral Admixtures
4.1. Production Process of Mineral Admixtures via Combined Wet Magnetic Separation and
Mechanical Grinding Activation Using High-Sulfur Lead–Zinc Tailings

Based on the results in Section 3.4, the mineral admixtures T16–5000L, T24–5000L,
and T28–5000L simultaneously meet the Grade II cementitious active blended material
requirements in GB/T 1596–2017 [16] for fineness, SO3 content, and 28-day strength activity
index. The production process for this type of mineral admixture is illustrated in Figure 10.
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Figure 10. Production process flow of mineral admixtures prepared from high-sulfur lead–zinc
tailings via wet magnetic separation and mechanical grinding composite activation.

The detailed production process is as follows:

(1) Wet magnetic separation: High-sulfur lead–zinc tailings are subjected to wet magnetic
separation using a wet magnetic separator. The sulfur content in the separated low-
sulfur and high-sulfur fractions is measured. The SO3 content of the low-sulfur
fraction should be below 3.5% to allow further use in mineral admixture production,
while the elemental sulfur content of the high-sulfur fraction should be below 8% to
meet underground backfilling requirements.

(2) Dewatering and drying: The low-sulfur tailings fraction meeting the SO3 requirement
is dewatered and dried using a tailings filter press and tailings dryer to remove
water content.

(3) Mechanical grinding: The dewatered and dried low-sulfur tailings are mechanically
ground in a ball mill to the desired fineness. After quality inspection and packaging,
the mineral admixture product is obtained.

4.2. Production Process of Mineral Admixtures via Mechanical Grinding–Highly Active Mineral
Admixture Synergistic Modification Using High-Sulfur Lead–Zinc Tailings

Based on the results in Section 3.4, the mineral admixtures M12–GGBS20, M12–
GGBS25, M12–SF15, M12–SF20, and M12–SF25 simultaneously meet the Grade II cemen-
titious active blended material requirements in GB/T 1596–2017 [16] for fineness, SO3

content, and 28-day strength activity index. The production process for this type of mineral
admixture is illustrated in Figure 11.

 

Figure 11. Production process flow of mineral admixtures prepared from tailings via mechanical
grinding and synergistic modification with highly active mineral admixtures.
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The detailed production process is as follows:

(1) Dewatering and drying: Tailings slurry is dewatered and dried using a tailings filter
press and tailings dryer to remove water.

(2) Mechanical grinding: The dewatered and dried tailings are mechanically ground in a
ball mill to the required fineness.

(3) Synergistic modification with highly active mineral admixtures: An appropriate
amount of highly active mineral admixture (GGBS or SF) is added to the mechani-
cally ground tailings and thoroughly mixed in a dry-mixing machine. After quality
inspection and packaging, the tailings-based mineral admixture is obtained.

4.3. Analysis of Optimal Production Process

A comprehensive comparison of the advantages and disadvantages of the two pro-
duction processes is summarized in Table 11. It can be clearly seen that, compared with the
mechanical grinding–highly active mineral admixture synergistic modification process, the
wet magnetic separation–mechanical grinding activation process for tailings-based mineral
admixture, although not requiring additional activator costs, has several drawbacks: the
maximum reactivity of the produced mineral admixture is lower; additional wet magnetic
separators must be procured, which entails ongoing energy consumption and periodic
maintenance costs; the yield of low-sulfur tailings separated by wet magnetic separation is
low, while the separated high-sulfur fraction has higher sulfur content and higher yield,
which may adversely affect underground backfilling. Therefore, the optimal production
process for high-sulfur lead–zinc tailings is the mechanical grinding–highly active mineral
admixture synergistic modification method.

Table 11. Comparative analysis of production processes for tailings-based mineral admixtures.

Production process Wet magnetic separation–mechanical
grinding

Mechanical grinding–synergistic
modification with highly active mineral

admixtures

Maximum activity index of the product
The mineral admixture T24–5000L

exhibits the highest activity, reaching
74.51%.

The mineral admixture M12–SF20
exhibits the highest activity, reaching

76.35%.

Main process equipment

Wet magnetic separator
Tailings dewatering filter press

Tailings dryer
Ball mill

Tailings dewatering filter press
Tailings dryer

Ball mill
Dry-mixing mixer

Highly active mineral admixture None GGBS or SF

Impact on other production processes

High-sulfur tailings produced by wet
magnetic separation have higher sulfur

content and yield, which can easily affect
the quality of mine backfill.

No impact.

Tailings utilization rate

Taking mineral admixture T24–5000L as
an example, after wet magnetic

separation, the yield of low-sulfur
tailings available for mineral admixture
preparation is only 31.22% (see Table 6).

All tailings can be used 100% for the
production of mineral admixtures.

5. Conclusions
Based on the results of this study, the following conclusions can be drawn:

(1) Mechanical grinding can effectively refine tailings particles, optimize particle size
distribution and specific surface area, thereby enhancing their potential pozzolanic
activity. When the grinding time reaches at least 12 min, the 45 µm sieve residue of the
tailings is below 30%, and the 28-day strength activity index can reach up to 58.64%.
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While mechanical grinding alone provides good activation, it is insufficient to achieve
high-grade reactivity.

(2) Wet magnetic separation of high-sulfur lead–zinc tailings can efficiently remove high-
sulfur fractions, reducing the SO3 content from 3.67% to 2.10%, thereby meeting the
Grade II mineral admixture limit in GB/T 1596–2017 [16] and laying a foundation for
subsequent activation.

(3) The “wet magnetic separation–mechanical grinding” combined activation process
enables synergistic optimization of desulfurization and activation. The low-sulfur
tailings obtained after magnetic separation and subsequent grinding exhibit superior
fineness and reactivity compared with solely ground samples, with a 28-day strength
activity index reaching 74.51%, meeting Grade II mineral admixture standards. This
process significantly enhances reactivity while maintaining SO3 control.

(4) Incorporating highly active mineral admixtures can further improve the reactivity
and chemical stability of tailings. Silica fume shows the most pronounced activation
effect; at a dosage of 14.81%, the 28-day strength activity index reaches 76.35%. The
mechanism involves the secondary reaction between amorphous SiO2 and Ca(OH)2,
generating additional C–S–H gel and improving the compactness of the cementi-
tious structure.

(5) The study identifies the mechanical grinding–highly active mineral admixture syner-
gistic modification process as the optimal production method. The resulting mineral
admixture products exhibit low SO3 content, appropriate fineness, and high reactivity,
with no adverse impact on underground backfilling. Tailings utilization can reach
100%, achieving reduction, detoxification, and value-added reuse of tailings. This
process has significant engineering implications for promoting green mining and the
circular utilization of mineral waste.
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