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Abstract: To investigate the leaching characteristics and potential environmental effects of potentially
toxic metals (PTMs) from alum mine tailings in Lujiang, Anhui Province, soaking tests and simulated
rainfall leaching experiments were conducted for two types of slag. PTMs comprising Cd, Cr, Cu,
Mn, and Ni were detected in the slag. Cu and Cd contents exceeded the national soil risk screening
values (GB 15618-2018). pH values of the two slag soaking solutions were negatively correlated with
the solid:liquid ratio. pH values of the sintered slag soaking solutions with different solid:liquid
ratios finally stabilized between 4.4 and 4.59, and those of the waste slag soaking solutions finally
stabilized between 2.7 and 3.4. The concentrations of Cd, Cr, Cu, Mn, and Ni leached from waste slag
were higher than those from sintered slag, and the dissolved concentrations of these PTMs in sintered
slag were higher under rainfall leaching conditions than soaking conditions (the difference in Cr
concentration was the smallest, 5.6%). The cumulative release of Cd, Cr, Cu, Mn, and Ni increased
as the leaching liquid volume increased. The kinetic characteristics of the cumulative release of the
five PTMs were best fitted by a double constant equation (R2 > 0.98 for all fits). Single factor index
evaluations showed that Mn and Ni were the PTMs with high pollution degrees (Pi for Mn and Ni
exceed 1) in the leaching solutions. However, considering the biotoxicity of PTMs, the water quality
index evaluations showed that the water quality of the sintered slag soaking solution, the waste slag
soaking solution, and the sintered slag leachate was good, poor, and undrinkable, respectively. The
health risk assessment showed that the total non-carcinogenic risk (HI) values in adults for both the
sintered slag leachate and waste slag soaking solution exceeded the safe level of 1, with HI values of
3.965 and 2.342, respectively. The hazard quotient (HQ) for Cd was 1.994 for the sintered slag leachate,
and Cd and Cr make up 50.29% and 15.93% of the total risk, respectively. Cr makes up 28.38% of
the total risk for the waste slag soaking solution. These results indicate a high non-carcinogenic risk
of exposure to Cd and Cr in the leaching solution used for drinking purposes. These findings may
provide a reference for the evaluation and ecological control of PTM pollution in alum mining areas.

Keywords: alum mine tailings; potentially toxic metals; soaking test; rainfall leaching; kinetic fitting

1. Introduction

Due to rapid economic development, the scale of mining is increasing each year.
Mining provides energy and resources for humans, but it also causes ecological and envi-
ronmental problems [1–3]. Mining, mineral processing, and smelting processes generate
large amounts of waste (including waste rock, main tailings, and smelting slag) [4], which
occupy large areas of land and pollute the soil [5], surface water, and groundwater [6,7],
as well as affecting plants in the surrounding environment [8] and threatening the health
of local people because of the large amounts of potentially toxic metals (PTMs) in waste
slag [9,10]. China is a large country with diverse mineral resources. However, due to
unreasonable mining, processing, and solid waste treatment, about 800 million tons of mine
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waste were generated by mining enterprises in China in 2019 [11]. In particular, tailings
and wastes are dumped arbitrarily without any treatment in the environment [12], thereby
causing severe heavy metal pollution in China.

Mine tailings are recognized as among the main sources of PTMs in the environ-
ment [13]. Tailings usually contain Cu, Zn, Hg, Pb, Cd, As, Cr, Mn, Ni, and other PTMs
and acidic compounds [14,15], which undergo weathering, oxidation, and rainfall leaching
when exposed to the environment, thereby leading to biogeochemical reactions mediated
by a combination of air, water, and microbes [16]. Furthermore, acid mine drainage contain-
ing various PTMs is constantly released into the surrounding environment [17,18]. PTMs
in acid mine drainage migrate with surface runoff or leakage to pollute the surrounding
water and soil environments, and they can even threaten human health after entering
the body through exposure to the food chain or soil [19], thereby leading to great hidden
dangers in the ecological environment in mining areas. Liquids such as rainfall are the
key media responsible for the migration of PTMs from tailings [20]. The leaching and
release characteristics of PTMs from waste slag directly affect the quality of groundwater
and soil [21]. Therefore, understanding the leaching and release patterns of PTMs from
tailings is crucial for assessing the risk associated with abandoned tailings and formulating
appropriate contamination control strategies.

Many studies have investigated the leaching characteristics of PTMs using static
and dynamic leaching tests. Leaching tests can provide important information about the
transport of PTMs in tailings [22]. The leaching process by PTMs under environmental
conditions can be simulated by using appropriate test conditions and conversion of the
solid:liquid ratio and time scale [23]. In particular, standard soil column leaching tests can
be performed to understand the long-term release behavior of PTMs under field conditions
and to evaluate their environmental impacts [24,25]. Studies have shown that the migration
behavior of PTMs depends greatly on the pH and contact time with leaching liquids [26,27].
The amounts of PTMs that leach from tailings are related to the chemical fractions, contents,
slag particle size, solid:liquid ratio, and leaching depth [15,25,28–30]. In addition, metal
sulfides are found in many ores, and acid mine drainage with a low pH will be generated
after various reactions that intensify the oxidation and release of minerals and cause the
migration of more PTMs into the environment [4].

The Fanshan mining area, located in Lujiang County, Hefei City, Anhui Province,
China, has a long history of mining, and it was once an important production base for
alum [31]. Alum mines are distinguished from metal and coal mines by the production
of waste slag containing alunite (KAl(SO4)2·12H2O) [32]. The ionization of alunite can
further aggravate the degree of water acidification caused by pyrite [33]. In the past,
alum mining activities produced large amounts of waste slag, some of which comprised
low-grade ores discarded from open-pit mining, which accumulated on many parts of the
surface without any anti-pollution measures. The other part comprising the waste residue
discharged after mineral processing and refining was stacked in and around the tailings
pits. The tailings pits accumulated water due to the long-term storage of wastewater
discharged from mineral processing, rainfall, and runoff. Open-pit mining produced many
depressions in the surface. Under abundant local rainfall, the PTMs in slag exposed to the
environment dissolved and migrated with water under rainfall leaching or surface water
soaking conditions, thereby causing severe pollution of the Shicao River downstream of the
mining area. The Shicao River is one of the main tributaries of the Zhao River. The Zhao
River is a significant body of clear water that flows into Chao Lake, which is an important
part of the Yangtze River system. The alum mines have been out of production for decades
but leaching of the residual waste slag has led to environmental problems in these mining
areas, such as extreme acidity and excessive PTM levels in soil and water environments, as
well as acid mine drainage (pH of about 3) flowing out of underground mining tunnels
all year round, which have severely affected the Zhao River basin and the surrounding
ecology. Therefore, it is necessary to study the leaching characteristics of PTMs from alum
mine tailings in order to formulate reasonable pollution control and prevention measures.
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Previous studies have shown that atmospheric precipitation is the main source of
acid mine drainage in the Lujiang alum mining area [34,35]. Water acidification in the
alum mining area has two main causes: the hydrolysis of alum in slag is the main cause,
and the oxidation of sulfide minerals in slag is the second-most important cause [36,37].
The maximum acid production potential and net acid production potential of alum mine
tailings are both high [38]. Large amounts of acid mine drainage are produced in the mining
area, and the surrounding environment has been polluted by PTMs to varying degrees.
Pollution by PTMs comprising As and Cd is the most severe in the soil in the mining area,
and pollution with PTMs comprising Cr, Cu, Mn, Ni, and Zn in the soil varies among
different sampling sites [31,37,39]. The source of acid mine drainage containing PTMs from
tailings and its impact on the environment surrounding the mining area have been studied
previously. However, the leaching and kinetic characteristics of PTMs from alum mine
tailings under both soaking and rainfall leaching conditions are still unclear. Therefore, in
this study, two types of waste slag from the Lujiang alum mine were investigated in soaking
tests and simulated rainfall leaching experiments with the following objectives: (1) to
determine the leaching characteristics of PTMs in tailings under the two conditions; (2) to
establish kinetic equations for the cumulative release of PTMs under rainfall conditions;
and (3) to understand the impacts of PTM leaching and release on the environment to
provide a basis for pollution assessments and the ecological management of PTMs in alum
mine tailings.

2. Materials and Methods
2.1. Slag Sampling and Preparation

The slag samples were collected from Fanshan (southeast of Lujiang County, Anhui
Province; Figure 1a). After field investigation, two types of slag were collected, comprising
low-grade waste slag stripped from open-pit mining and sintered slag after refining. The
sampling location is shown in Figure 1b. For each type of slag, a total of 500 kg of surface
slag was collected at 5 points in the same sampling area and then evenly mixed. The
collected slag was crushed and passed through a 2 mm sieve for soaking tests and a 10 mm
sieve for simulated rainfall leaching experiments.
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The main elements in the slag samples are shown in Tables 1 and S1. The main
component of the slag was alum, KAl(SO4)2·12H2O, so the contents of Al and S were high.
The Ni and Cr contents in the two types of slag were lower than the risk screening values
in the “Soil Environmental Quality and Agricultural Land Soil Pollution Risk Control
Standard” (GB 15618-2018) [40], whereas the Cu and Cd contents both exceeded the risk
screening values.
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Table 1. Content of the main elements in alum ore slag.

Al
mg/kg

Cd
mg/kg

Cr
mg/kg

Cu
mg/kg

Mn
mg/kg

Ni
mg/kg

S
%

Sintered slag 96,290 1.1 65.2 377.3 126 17.5 2.28
Waste slag 79,400 1.2 24.1 54.8 9.4 0.1 7.77

GB 15618-2018 Screening value 0.3 150 50 60

2.2. Leaching Experiments
2.2.1. Soaking Tests

Five different weights of the two types of slag were weighed, comprising 180 g, 90 g,
36 g, 18 g, and 9 g. The weighed slag samples were placed in polypropylene plastic boxes
before 180 g of deionized water was added to each box to prepare solid:liquid ratios of
1:1, 1:2, 1:5, 1:10, and 1:20, respectively. After starting the soaking tests, 50 mL of each
supernatant was sampled every day for the first 7 days and every 2 days subsequently.
A total of 18 replicate samples were prepared for each test group during a 30 day test
period. Thereby, the soaking sample was discarded after the supernatant sample was taken.
Destructive sampling was conducted throughout the test. The pH values and heavy metal
contents were measured for the supernatant samples.

2.2.2. Simulated Rainfall Leaching Experiments

The experimental system mainly consisted of a pinhole rainfall device measuring
100 cm × 50 cm × 8 cm, a steel trough measuring 100 cm × 20 cm × 40 cm, and a water
supply bucket (Figure 2). The steel trough could be set at an inclination angle at any interval
of 30◦ relative to the ground plane. A row of circular holes with a diameter of 1 cm was
present in the middle of the bottom, which was used for collecting the leachate. A runoff
outlet on the top side was used to collect slope runoff.
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The simulated rainfall experiment was designed according to the actual local rainfall
in the previous decade. The test lasted for 12 days, and the daily rainfall corresponded to
the average monthly rainfall over the previous years. The rainfall intensity was 16 mm/h,
and the next rainfall occurred 24 h after the end of the daily rainfall. To ensure that the pH
value was close to the actual local weakly acidic rainfall, pure water with a pH of about 6.2
was used as the leaching water. The rainfall distribution and rainfall duration are shown in
Table 2.
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Table 2. Rainfall distribution and rainfall duration in simulated rainfall leaching experiments.

Time (Days) 1 2 3 4 5 6 7 8 9 10 11 12

rainfall (mm) 40 60 90 120 140 240 300 145 75 50 45 35
rainfall duration (h) 2.7 4.0 6.0 8.0 9.3 16.0 20.0 9.7 5.0 3.3 3.0 2.3

In this study, the simulated rainfall leaching experiment was only conducted with
sintered slag. The slag was loaded into the steel trough to a thickness of 30 cm and
compacted every 5 cm. The bulk density was about 2.17 g/cm3. Before the experiment, the
steel trough was leached with deionized water to saturate the slag. When liquid began
to seep through the circular holes at the bottom of the steel trough, the leaching process
was stopped, and the experiment was conducted after 48 h. In order to simulate the actual
rainfall leaching process for accumulated slag on ground with a certain slope, the angle of
inclination between the steel trough and ground was adjusted to 10◦. The application of
simulated rainfall was stopped when it reached the designated value, and the experiment
was finished when no leachate was present at the bottom. During the experiment, the
leachate and runoff were collected every hour. The total amount of liquid was recorded,
and the pH value and heavy metal contents were measured.

2.3. Chemical Analyses and Statistical Analyses

In this study, the main elements were determined in slag samples by X-ray fluores-
cence spectrometry (XRF-1800; Kyoto, Japan). The sulfur contents of slag samples were
determined using a carbon sulfur analyzer (LECO CS230; Saint Joseph, MI, USA). The pH
values were determined with a pH meter (PHSJ-5, Shanghai, China). PTMs were analyzed
with an inductively coupled plasma-mass spectrometer (iCAP Q ICP-MS; Waltham, MA,
USA), which was linearly calibrated from 0 to 1000 µg/L with a multi-element standard
solution before running the samples for analysis. All water samples were filtered through
a 45 µm membrane and diluted with deionized water. Quality assurance and control for
the heavy metal analytical processes were performed by analyzing the Chinese national
standard material (GBW07309) and method blanks, and all samples were analyzed in
triplicate. The recovery rates were 90.5–114.2%, 96.7–107.7%, 93.1–104.8%, 94.8–103.5%,
and 90.2–114.7% for Cd, Cr, Cu, Mn, and Ni, respectively. The detection limits ranged from
0.001 to 0.01 µg/L, depending on the element. All containers were soaked in 1:10 HNO3 for
24 h, rinsed with ultrapure water, and dried before use. The reagents used were of analytical
grade and high purity. Excel 2021 and Origin 2018 were used for statistical analyses.

2.4. Environmental Impact Assessment

The single factor index (Pi) and water quality index (WQI) methods were used to
evaluate the impacts of heavy metal leaching from tailings on the water environment. The
single factor index (Pi) was calculated as follows:

Pi = Coi/Csi (1)

where Pi is the environmental quality index for PTM i in water, Coi is the concentration
measured for PTM i in water, and Csi denotes the threshold value for PTM i in the Chinese
Standards for Drinking Water (GB5749-2222) [41]. Pi < 1.0 indicates that the PTM content is
below the threshold value for water quality and the water is not polluted. By contrast, the
index is higher than the threshold when the PTM pollution degree is high and the water
is polluted.

The WQI was calculated as follows:

WQI = ∑
[

Wi ×
(

Coi
Csi

)]
× 100 (2)
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where Wi is the relative weight for a single PTM type calculated as: Wi = wi/∑ wi, where
wi is the attributed weight for PTM i in drinking water according to its relative perceived
effects on human health and significance for drinking purposes. The weight values for
different PTMs were as described by Xiao et al. in 2019 [42]. According to the WQI values
obtained, the water quality can be classified into five categories: excellent (WQI < 50), good
(50 ≤ WQI < 100), poor (100 ≤ WQI < 200), very poor (200 ≤ WQI < 300), and undrinkable
(WQI > 300) [25,42].

The health risk posed by exposure to the PTMs comprising Cd, Cr, Cu, Mn, and Ni in
the leaching solution through drinking water ingestion was quantified using the hazard
quotient (HQ) method of the USEPA (1999) [43]:

HQi = CDIi/R f D, (3)

CDIi =
Ci × IR

BW
, (4)

where CDI is the dose of metal intake (mg/kg/day) and RfD is the reference dose (mg/kg/day),
which refers to the maximum acceptable dose of a toxic substance. The RfD values of Cd,
Cr, Cu, Mn, and Ni for exposure through drinking water ingestion were 0.0005, 0.003, 0.037,
0.14, and 0.02 mg/kg/day, respectively [44,45]. IR is the ingestion rate of water, which was
set to 3.49 L/day for adults [45], and BW is body weight, which was taken as 70 kg for
adults [46].

The hazard index (HI) reflects the cumulative non-carcinogenic risk of multiple pollu-
tants. The HI can be calculated from the following equation [45]:

HI = ∑n
i=1 HQi (5)

an HQ or HI value greater than 1 indicates a high chronic health risk [47].

3. Results and Discussion
3.1. pH of Soaking Solution and Leachate

The changes in the pH values of the solutions in the soaking tests over time are shown
in Figure 3, which indicates that the pH decreased as the soaking time increased. According
to Figure 3, the changes in the pH values can be divided into three stages: the early stage of
soaking, the middle stage of soaking, and the late stage of soaking. In the early stage, during
days 0–7, the pH of the soaking solution decreased rapidly. Under different solid:liquid
ratios, the pH of the sintered slag soaking solution decreased rapidly from the initial value
of 7.5 to 4.6–4.8, and the corresponding range for the waste slag decreased to 2.7–3.5. In the
middle stage during days 7–15, the pH increased initially and then decreased. In the final
stage, during days 15–30, the pH decreased slowly and then tended to stabilize. Under
different solid:liquid ratios, the differences in the pH were smaller in the sintered slag
soaking solution (the final pH ranged from 4.4 to 4.59) than in the waste slag soaking
solution (the final pH ranged from 2.7 to 3.4). These results demonstrate that the slag
contained acidic minerals and had a great potential for generating acid under soaking
conditions. The pH of the soaking solution was negatively correlated with the solid:liquid
ratio. In the present study, the water used in the soaking tests had a fixed weight of 180 g.
The pH decreased as the solid:liquid ratio increased, probably due to the increase in acidic
minerals at higher proportions of solid slag. The potential for generating acid was greater
for the waste slag than the sintered slag, probably due to the different properties of the
slag samples. According to Table 1, the sulfur content was greater in the waste slag than
the sintered slag, and the sulfur content affected the pH of minerals and the potential to
generate acid to a certain extent [38,48,49].
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The changes in the pH with the volume of the leachate under rainfall leaching con-
ditions are shown in Figure 4. The pH of the leachate decreased as the leachate volume
increased. The pH of the leachate decreased rapidly in the initial stage (where the pH
decreased from the initial value of 6.2 to about 4.3 on the 5th day of leaching), and the rate
of decrease gradually slowed in the later stage (the pH decreased from 4.3 to 4). The daily
pH of the leachate also decreased rapidly initially (i.e., the pH decreased from 6.2 to 4.77 on
the 1st day), before then fluctuating slightly. The pH dropped to about 4 and then stabilized.
Compared with the solution in the soaking process, the leachate had a lower pH in the
rainfall leaching process.
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In the alum tailings soaking solution and leachate solution, the pH ranged between
2.7 and 5.3, thereby indicating that the alum tailings produced acid mine drainage under
leaching conditions, and thus long-term exposure and accumulation will cause damage to
the soil, surface water, and groundwater environments. The water and soil environments
in the mining area are acidic, and the levels of As, Cu, Cd, Cr, Ni, Mn, and other PTMs
exceed the standards [36,37,39]. The pH values in the soaking solution and leachate
tended to decrease rapidly initially before then decreasing slowly, which has been due
to the hydrolysis of KAl(SO4)2·12H2O in the alum ore generating hydroxide colloids and
releasing large numbers of hydrogen ions with a rapid decrease in the pH. The reaction
can be described by Equations (5) and (6) [50]. In addition, alkaline substances present in
the slag consumed some H+ ions [38]. The exchangeable fraction of PTMs in the slag was
completely released over the reaction period, and the carbonate-bound fraction reacted with
H+ to increase the pH. The changes in the pH of the leachate in this study are consistent
with the results obtained by Li et al. [51], but different from those reported by Qian et al. [52],
probably due to differences in the slag compositions, i.e., acidic or alkaline.
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KAl(SO4)2 = K+ + Al3+ + 2SO4
2− (6)

Al3+ + 3H2O 
 Al(OH)3(colloid) + 3H+ (7)

3.2. Leaching Characteristics of PTMs

In soaking tests, Cd was lower than the detection limit and was not detected, and
Cu and Ni in the sintered slag soaking solution were also lower than the detection limits.
The concentration variations of Cr and Mn in the two kinds of slag and Cu and Ni in
waste slag with time under soaking conditions were shown in Figure 5. Figure 5 shows
that the PTM (Cr, Cu, Mn, and Ni) concentrations all increased as the solid:liquid ratio
increased. According to previous studies [53], the dominant effect of the solid:liquid ratio
on PTMs release from solid waste is based on solubility. Under the fixed weight of water,
the fraction of solids that can dissolve PTMs increases as the solid:liquid ratio increases,
leading to a continuous increase in the release of PTMs. This should remain relatively
stable when the dissolution limit is reached and will no longer increase with increases in
the solid-to-liquid ratio.
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The changes in the Cr ion concentrations in the two slag-soaking solutions followed
a similar trend with the soaking time, where the change was relatively small during
days 0–7. The concentration of Cr in the soaking solution with different solid:liquid ratios
for the sintered slag was about 0.019 mg/L, and the concentration of Cr in the waste slag
soaking solution varied greatly with different solid:liquid ratios, where the range was
about 0.019–0.029 mg/L. During days 7–15, the Cr concentration tended to increase rapidly
initially, before then decreasing rapidly, where the Cr concentration peaks with different
solid:liquid ratios for the waste slag ranged from 0.032 to 0.04 mg/L, and the lowest Cr
concentrations ranged from 0.011 to 0.019 mg/L. After 15 days, the changes were not
significant, and the Cr concentration tended to stabilize. The peak concentration of Cr
ions occurred in the middle stage of soaking, thereby indicating that the chemical fractions
of Cr in the two slag types mainly comprised the oxidizable fraction or organic-bound
fraction. However, the Cr concentration in the sintered slag-soaking solution was higher
than the initial concentration when it was stable in the later soaking stage, whereas the Cr
concentration in the waste slag-soaking solution was lower than the initial concentration
when it was stable in the later stage, probably due to the lower pH of the waste slag-soaking
solution. Fonseca et al. [54] showed that the capacity of soil for adsorbing Cr ions increased
as the pH value decreased. The pH of the waste slag soaking solution was low in the later
soaking stage (Figure 3), and thus Cr might have been re-adsorbed by the slag, thereby
reducing the Cr concentration in the soaking solution. Finally, the Cr ion concentration
in the sintered slag soaking solution was higher than that in the waste slag at the same
solid:liquid ratio due to the difference in the Cr contents of the two types of slag (Table 1).

The Mn concentration increased with time in the early soaking stage (i.e., the Mn
concentration in the soaking solution with different solid:liquid ratios increased from 0 to
the range of 0.016–0.15 mg/L) but changed little with time after 15 days because a large
amount of soluble Mn was precipitated out of the slag in the early soaking stage. As the
soaking time increased, the proportion of soluble Mn in the slag gradually decreased, and
the amount of precipitation decreased. The Mn content in the sintered slag was more
than ten times that in the waste slag (Table 1), but the concentration of Mn in the sintered
slag soaking solution was lower than that in the waste slag (the range of the final Mn
concentration was 0.018–0.158 mg/L and 0.03–0.386 mg/L, respectively), probably due
to differences in the chemical fractions of Mn in the slag. High-temperature processing
and other treatments of sintered slag will lead to changes in the fractions of PTMs, thereby
resulting in differences in the dissolved Mn concentration. The dissolution characteristics
of Cu and Ni were similar, where the concentrations of Cu and Ni in the solution increased
rapidly in the early stage (the concentrations of Cu and Ni almost reached the maximum
values on the 7th day, i.e., 0.792 mg/L and 0.174 mg/L, respectively; Figure 5), before then
decreasing rapidly (i.e., 0.352 mg/L and 0.075 mg/L on the 9th day, respectively), and then
increasing slowly in the late stage, thereby indicating that the chemical fractions of Cu and
Ni were similar in the waste slag.

Figure 6 shows the changes in the concentrations of PTMs in the sintered slag leachate
under rainfall leaching conditions. The concentration of Cd reached a peak on the first
day of leaching before then decreasing rapidly (from 2.2 to 0.38 µg/L). In the late leaching
stage, the concentration peaks occurred intermittently and were smaller than those on the
first day, thereby indicating that part of the chemical fractions of Cd in the sintered slag
were relatively stable, where they were activated and transformed into the exchangeable
fraction constantly under the repeated weathering and oxidation conditions during the
rainfall leaching process. The release of Cr and Cu followed an intermittent process,
where concentration peaks appeared in the early, middle, and late leaching stages (i.e., Cr
concentration peaked on days 1, 7, and 10), thereby indicating that some of the chemical
fractions of Cr and Cu were relatively stable in the sintered slag. The soluble fraction
was generated constantly in the leaching process, but the soluble fraction of Cu gradually
decreased whereas the soluble fraction of Cr tended to increase. The Mn concentration
peaked (1.93 mg/L) on the first day of leaching but then decreased rapidly to a low level
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(0.1 mg/L) and tended to stabilize. Cr may have existed mainly in Fe-Mn oxide-bound or
organic-bound fractions, which are not readily released under general conditions, whereas
Mn may have existed mainly in the exchangeable fraction. The leaching characteristics of
Ni were similar to those of Cd, which indicates that the chemical fractions of Ni and Cd
were similar in the sintered slag.
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The rapid increases in the PTM concentrations that appeared in the early stages of
both the soaking process and the rainfall leaching process were probably due to the fast
dissolution of the water-soluble fractions and weakly adsorbed fractions on the slag’s
surface [15,55]. Due to the dissolution of the exchangeable fraction, the slag surface was
degraded and the internal parts of the slag were exposed, thereby yielding adsorption
sites, and some of the dissolved PTMs were re-adsorbed to decrease the concentrations of
PTMs. In the late soaking stage, as the internal parts of the slag gradually reacted with
the soaking solution, the fractions that were difficult to exchange were released through
further oxidation [56], which was relatively slow. Accordingly, the PTM concentrations
increased slowly in the late stages of soaking or leaching.

The Ni, Cu, and Cd contents in the sintered slag solution under soaking conditions
were all lower than the detection limit, whereas all three metals exhibited a certain amount
of dissolution under the rainfall leaching conditions. These results indicate that intermit-
tent reoxygenation during the dynamic leaching process made the slag undergo repeated
weathering and oxidation. The chemical fractions of PTMs were transformed and recom-
bined, and the residual fraction could be continuously activated and transformed into
exchangeable fractions, which were released into the leachate. By contrast, under the
static soaking conditions, the slag was in the water in a state of anoxic reduction, and
thus the activation rates of some internal elements in the slag were greatly reduced [57].
Previously, Huang et al. [55] and Jiang et al. [28] showed that the dissolution of PTMs
was related to the elemental content, chemical fractions, adsorption capacity of slag, and
solid–liquid interactions.

Except for Cr, the released contents of Cd, Cu, Mn, and Ni followed the opposite trend
to the pH values of the leaching solutions, where the pH of the solution decreased but the
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dissolution of PTMs increased, which is consistent with the results obtained by Wang et al.
and Zhang et al. [49,58]. Low pH can actually weaken the strength of metal association and
reduce the negative surface charge of organic matter and Fe-Mn-Al oxides [59], thereby
causing the adsorbed PTMs to desorb into the leaching solutions and an increase in the
released contents of PTMs in the leaching solutions.

3.3. Kinetic Fitting of Cumulative PTM Release

The cumulative release of Cd, Cr, Cu, Mn, and Ni into the sintered slag leachate
followed an increasing trend as the leachate volume increased under simulated rainfall
leaching conditions (Figure 7). Except for Cr, the increases in the cumulative release of
other PTMs could be roughly divided into two stages: the rapid dissolution stage and
the slow dissolution stage. In the first stage, the ionic PTMs adsorbed on the surface of
the slag dissolved rapidly, and the water-soluble fraction also dissolved quickly into the
leachate. In the second stage, the rate of increase in the cumulative release of Cd, Cu,
Mn, and Ni gradually slowed down when the leachate volume exceeded 50 L, probably
because the dissolution of the water-soluble fraction on the surface of the slag destroyed
the surfaces of the metal compounds and more PTMs were released. In addition, the inner
parts of the slag were then in contact with the rainfall and air, which further oxidized and
released PTMs that were more difficult to exchange. The release rate of PTMs was relatively
slow in this process. These results are consistent with the leaching test results obtained by
Zhang et al. [60] and Li et al. [61]. Our analysis suggested that the chemical fractions of Cr
in the slag mainly comprised the inactive fraction, i.e., the oxidation state or organic state,
and the repeated weathering and oxidation during the rainfall leaching process promoted
the transformation of Cr into the active fraction. Therefore, the increase in the cumulative
release of Cr continued during the rainfall leaching period in this study.
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These findings demonstrate that the leaching and release of PTMs from the tailings
were relatively complex processes. A numerical model was applied to further explore the
relationships between rainfall leaching and the migration and release of PTMs from alum
slag, which are important for evaluating and controlling heavy metal pollution, conduct-
ing ecological risk assessments, and understanding PTM migration and transformation
mechanisms. According to the results obtained in the rainfall leaching experiment, four
commonly used kinetic equations comprising the first-order kinetic equation, modified
Elovich equation, double constant equation, and parabola equation were used to model
the relationships between the cumulative release of Cd, Cr, Cu, Mn, and Ni from sintered
slag and the cumulative leachate volume. The fitting results for each model are shown in
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Tables S2–S5. The kinetic characteristics of the cumulative release of the PTMs were best
fitted by the double constant equation (R2 > 0.98 for all fits; Figure 7). The first-order kinetic
equation is suitable for describing a process controlled by a single diffusion mechanism,
whereas the modified Elovich equation is suitable for describing a process involving a
series of reaction mechanisms [62], the double constant equation is suitable for describing
the heterogeneity of an energy distribution, and the parabolic equation is suitable for
describing a process controlled by multiple diffusion mechanisms [61].

In the modified Elovich equation and double constant equation, parameter a represents
the diffusion rate of PTMs from the solid phase to the liquid phase [55], which reveals
that the diffusion rates of Mn and Ni are much higher than the other PTMs. The fitting
results from the parabolic model indicate that intra-particle diffusion is the rate-limiting
step in the leaching processes, especially for Mn and Cu. The fitting results showed that
the dissolution and diffusion mechanism for Cr in sintered slag was relatively simple, but
the Mn leaching and release process was a complex reaction process with large changes
in the activation energy. The Cu release kinetic process was more complex, with greater
energy inhomogeneity. Both the double constant rate equation and parabolic equation
were suitable for describing the Ni and Cd release processes, thereby indicating that their
leaching and release were mainly characterized by the release of different energy points and
multiple diffusion mechanisms. Therefore, these kinetic equations suggest that the release
of PTMs from mine tailings under rainfall leaching conditions was a complex process
controlled by multiple factors.

In general, the pathways of PTMs releasing from mine tailings contain the direct
dissolution of PTMs in rainfall, desorption from tailing particles, and ions exchanging with
cations [63], which can be influenced by many factors, such as the reaction rate, adsorption-
desorption, mineralogy of alum tailings, the acidity and alkalinity of precipitation, and
the diffusion factor [15,64]. For the factors of adsorption and desorption characteristics,
iron-manganese oxides play a key role in the adsorption of PTMs on mine tailings. They
will be destroyed under rainfall, which results in the adsorption sites loss accordingly [65].
This is one of the reasons that the cumulative release of PTMs increases with the increase of
leachate or rainfall. In the present study, the cumulative release of PTMs in the leachate
was ranked in the order of Mn (0.274 mg/kg) > Cu (0.147 mg/kg) > Ni (0.045 mg/kg) > Cr
(0.018 mg/kg) > Cd (0.001 mg/kg). This shows that the contents of PTMs in leachate are
in general positively correlated with their contents in alum mine tailings, as well as the
chemical fractions of PTMs.

3.4. Effects of Leaching and Release of PTMs on the Environment

The maximum concentrations of PTMs in the static soaking solution and the dynamic
leaching solution were compared with the standard values in the Chinese standards for
drinking water quality, as shown in Table 3. Pi and WQI were used to evaluate the effects
of PTMs leaching from tailings on the water quality, as shown in Table 4. The Pi evaluation
results showed that the pollution degree was highest for Mn and the environmental quality
indexes for Mn were large in the slag soaking solution and leaching solution (Pi for Mn were
1.6, 19.3, and 3.86 in the sintered slag soaking solution, the sintered slag leaching solution,
and the waste slag soaking solution, respectively). The second highest pollution degree
was for Ni, and the environmental quality indexes were large for Ni in both the sintered
slag leaching solution and waste slag soaking solution, where the Pi values were 8.3 and 8.7,
respectively. The WQI evaluation results showed that the water quality was good for the
sintered slag soaking solution (WQI = 67.078), whereas the water quality was the worst and
undrinkable for the sintered slag leachate (WQI = 616.411), and the water quality was poor
for the waste slag soaking solution (WQI = 186.9). These findings indicate that the water
quality evaluation results would be different but more objective by considering the toxicity
of PTMs and their effects on human health. In addition, it should be noted that according to
our results, the concentration of PTMs that dissolved from waste slag was greater than that
from sintered slag (i.e., the maximum concentrations of Cr dissolved from waste slag and
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sintered slag during the soaking process were 0.04 mg/L and 0.036 mg/L, respectively, and
the data for Mn were 0.386 mg/L and 0.158 mg/L, respectively), and the PTMs were more
likely to dissolve under rainfall leaching conditions than static soaking conditions, which
can be confirmed by comparing the concentration of PTMs dissolved from sintered slag
under the two test conditions. Thus, we suggest that the concentrations of these harmful
PTMs dissolved from the waste slag will be higher under dynamic leaching conditions,
which are more harmful to the environment.

Table 3. Comparison of the maximum dissolved concentrations of PTMs in static soaking and
dynamic leaching tests with Chinese standards for drinking water quality (bold values exceed
the standards).

PTM Chinese Standards for
Drinking Water Quality

(GB5749-2022)

Sintered Slag Waste Slag
Weight

(wi)

Relative
Weight

(Wi)(mg/L) Static
Soaking

Dynamic
Leaching

Static
Soaking

Cd ≤0.005 —— 0.002 —— 5 0.278
Cr ≤0.05 0.036 0.038 0.04 5 0.278
Cu ≤1 —— 0.177 0.821 2 0.111
Mn ≤0.1 0.158 1.93 0.386 5 0.278
Ni ≤0.02 0.0086 0.166 0.174 1 0.056

Table 4. Environmental risk assessments for pollution by PTMs in leaching solutions (bold values are
single-factor contamination indexes).

PTM Cd Cr Cu Mn Ni WQI Result

Sintered slag Static soaking – 0.720 0.022 1.600 0.430 67.078 Good
Dynamic leaching 0.400 0.760 0.177 19.300 8.300 616.411 Undrinkable

Waste slag Static soaking – 0.800 0.821 3.860 8.700 186.900 Poor

On the basis of the above analysis, the health risk posed by exposure to Cd, Cr, Cu,
Mn, and Ni in the leaching solution through drinking water ingestion was estimated. The
results of CDI and the non-carcinogenic risk of HQ for adults are given in Tables S6–S8. The
total non-carcinogenic risk (HI) values in adults were greater than 1 for both the sintered
slag leachate and the waste slag soaking solution, where the HI values were 3.965 and
2.342, respectively, whereas HI for the sintered slag soaking solution was below 1. These
results indicate that there is a high chronic health risk when the sintered slag leachate and
waste slag soaking solution are used as drinking water, which is consistent with the water
quality index (WQI) results. For the sintered slag leachate, only HQ for Cd (1.994) >1, and
HQ values show that Cd and Cr make up 50.29% and 15.93%, respectively, of the total
non-carcinogenic risk (HI). For the waste slag soaking solution, Cd was not detected, and
Cr makes up 28.38% of the total non-carcinogenic risk (HI). These results indicate a high
non-carcinogenic risk of exposure to Cd and Cr in the leaching solution used for drinking
purposes. In addition to causing adverse non-carcinogenic health effects, Cd and Cr are
categorized as carcinogenic substances [66]. Previous studies showed that HQ values were
usually higher for children than for adults [45,46,67]. One of the main reasons for the high
non-carcinogenic risk in children is their lower body weight (BW) compared to adults [68].

Studies have shown that the levels of Cd, Cr, Cu, Mn, Ni, and other harmful PTMs in
soil and surface waters in alum mining areas exceed the standards [34,37], thereby demon-
strating that the leaching of alum tailings has caused severe pollution in the surrounding
environment. Therefore, measures need to be implemented to prevent the exposure of
tailings to the air and rainwater to control the leaching of alum tailings and reduce human
exposure to Cd, Cr, and other PTMs through drinking water.
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4. Conclusions

Under soaking and rainfall leaching conditions, acid mine drainage with a low pH
(roughly in the range of 2.7–4.59) and PTEs comprising Cd, Cr, Cu, Mn, and Ni were
leached from both the sintered slag and waste slag. pH values of the two slag soaking
solutions were negatively correlated with the solid:liquid ratio under the fixed water weight
(180 g) in the present study, probably due to the increase in the acid-producing substance
(KAl(SO4)2·12H2O) at higher proportions of solid slag. The PTMs’ leaching and release
capacities were higher for waste slag than for sintered slag. The maximum concentrations of
Cr dissolved from waste slag and sintered slag during the soaking process were 0.04 mg/L
and 0.036 mg/L, respectively, and the data for Mn were 0.386 mg/L and 0.158 mg/L,
respectively. The concentrations of PTMs (Cd, Cr, Cu, Mn, and Ni) dissolved from sintered
slag were greater under rainfall leaching conditions than soaking conditions (the difference
in Cr concentration was the smallest, 5.6%). The double constant equation fitted best to
the kinetic characteristics of cumulative PTMs release under rainfall leaching conditions
(R2 > 0.98 for all fits). Single factor contamination indexes Pi for Mn and Ni in almost
all the leaching solutions (except for Ni in the sintered slag soaking solution) exceeded 1.
However, considering the biological toxicity of PTMs, the results of the WQI showed that
the water quality of the sintered slag leachate was the worst and undrinkable, and the
water quality of the waste slag soaking solution was poor. The total non-carcinogenic risk
(HI) values for adults indicate a high chronic health risk of exposure to PTMs in the sintered
slag leachate and waste slag soaking solution used for drinking purposes, as HI values
exceeded the safe level of 1 for both. Among them, Cd and Cr make up 50.29% and 15.93%,
respectively, of the total risk for the sintered slag leachate, with a HQ of 1.994 for Cd, and
Cr makes up 28.38% of the total risk for the waste slag soaking solution. Therefore, the
impacts of the acid mine drainage leached from alum mine tailings on the environment
require further attention, and measures must be implemented to avoid the exposure of slag
to water and air.
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