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Abstract

Shanxi Province in China is one of the world’s major bauxite producers. The co-existence
of coal and bauxite mining makes this province particularly prone to acid mine drainage
(AMD) and, thus, a significant area for investigating heavy metal mobility in an aluminum-
rich geological environment. In this study, heavy metal leaching from bauxite under
simulated AMD conditions and the geochemical mechanisms controlling their mobility
were examined in this study. XRF analysis demonstrated that the bauxite is predominantly
composed of Al,O3, Fe;O3 and SiOy, while XRD, FTIR, and SEM-EDS revealed that dias-
pore and kaolinite dominate bauxite, together with accessory Fe- and Ti-bearing phases,
providing reactive surfaces for adsorption and precipitation. After batch leaching with
synthetic acidic sulphate solutions (pH = 3), Ca(OH);, neutralization was regulated. The
data reveal that pH is the key factor controlling heavy metal mobility. Acidic conditions
enhanced metal release while alkaline conditions favored hydroxide precipitation, sur-
face complexation and co-precipitation. The removal efficiency was 91%-99% for Cd and
Zn, 100% for Cd and Zn, 69%-90% for Cr, 35%-100% for Cu, 92%-100% for Ni and up
to 100% for Pb. The chemical and mineralogical composition played an indirect role by
providing adsorption sites but did not prevent the release of metals under acidic conditions.
These results reveal that pH adjustment is the major mechanism controlling heavy metal
immobilization in AMD-impacted bauxite systems and contributes to the knowledge of
geochemical processes controlling metal mobility in acidic mine drainage.

Keywords: bauxite; acid mine drainage; heavy metals leaching; mineralogical characteriza-
tion; geochemical processes; alkaline regulation

1. Introduction

Bauxite is an important component of non-ferrous metals, with considerable relevance
for the production of aluminum products, and also plays a significant part in the develop-
ment and utilization of mineral resources [1,2]. The bauxite studied is white-to-light-gray
in color, typical of several diasporic bauxite deposits in China. In contrast, most deposits
of bauxite around the world are typically red-to-reddish-brown because of their higher
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iron oxide content, with a relative density of 2.32 to 2.42 g/ cm3. Laterite, karst, or sed-
imentary are the classifications based on the changes in the underlying substrate. The
composition includes aluminum-containing minerals (gibbsite, boehmite, and /or diaspore),
iron-containing minerals (mostly hematite and goethite), and trace amounts of silicate,
titanite, sulphate, and carbonate [3-5]. Prospection and exploration indicate that bauxite de-
posits are widely distributed worldwide; nevertheless, economically significant reserves are
concentrated in particular places, notably West Africa (Guinea), Northern-Southwestern
of Australia, Northern-South of America, and some areas of Asia. Lateritic bauxite is
widely distributed in tropical and subtropical regions from 0° to 30° north latitude. Lat-
eritic bauxite is mostly soft aluminum ore, the best material for smelting aluminum, and
is found in Africa, Oceania, Latin America, and Southeast Asia [6-8]. Karst-type baux-
ite is predominantly composed of diaspore and is typically characterized by high-grade
aluminum content and is found in the Caribbean, Southern European Sea, and northern
Asia [9-14]. Sedimentary bauxite deposits are generally smaller in scale and exhibit more
variable mineral composition, and are primarily distributed in China and Eastern and
Central Europe [15,16].

China has rich bauxite resources, with estimated total reserves of 2.29 billion tons,
ranking 7th in the world [17-19]. China is the largest aluminum producer and has had
remarkable expansion in its aluminum sector throughout the last 30 years. China overtook
the United States in aluminum output to become the world’s top aluminum producer in
2002, according to figures from the International Aluminum Association [20]. The rapid
growth of industry and increasing demand for aluminum have resulted in significant
developments of its bauxite mining industry, which have been extensively studied in the
scholarly literature [21,22]. Bauxite deposits in China are primarily distributed in Shanxi
(mainly Luliang and Xinzhou), Guizhou (mainly Guiyang and Zunyi), Henan (mainly for
Sanmenxia, Luoyang, Zhengzhou, Pingdingshan and other places), and Guangxi provinces
(mainly Baise and Guigang) [23]. These regions account for 41.7%, 17.8%, 16.6%, and 15.8%
of the nation’s total estimated reserves, respectively. Furthermore, small bauxite resources
are also found in provinces including Yunnan, Shandong, Chongging, Hainan and Sichuan,
but their cumulative reserves account for less than 10% of the national total [24-31].

Soil heavy metal pollution has been an increasing environmental concern with the
increased development of economic activity [32]. Heavy metals are highly persistent and
poisonous. They have the ability to penetrate crops and vegetables, thereby representing
a concern to human health. The mining industry is considered as a great contributor
to high levels of toxic elements in the environment [33], and also to the accumulation
of heavy metals in plants grown in soils irrigated with water from rivers contaminated
with mine water [34]. To understand the mineralogical characteristics, leaching dynamics
and processing efficiency of bauxite with exchangeable and surface-bound heavy metal
fractions [35], a comprehensive examination of the pore structure of bauxite, which governs
fluid flow and ion migration within the mineral structure, is necessary. Lateritic bauxites,
in particular, can be very porous due to intense weathering processes, but karstic bauxites
tend to have more complex pore porous structures [36]. The features of these pores have a
strong influence on the physical and chemical properties of the ore and hence on leaching
efficiency and metal mobility [12]. During leaching, the leaching agents react with mineral
phases and tiny particles migrate and redistribute, thereby changing the pore shape and
connectivity [37]. The porosity of the ore governs the contact surface between the leaching
solution and the mineral surfaces, which in turn directly influences the reaction kinetics,
the ion exchange processes, and the mass transfer efficiency [38,39]. Hence, pore structure
is significant to limit the release and retention of heavy metals in bauxite in the case of
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AMD [40,41]. Several studies [42—45] have reported environmental damage due to heavy
metal discharge through AMD.

AMD is a substantial worldwide environmental concern at mining sites, primarily
resulting from sulfide oxidation. It is produced by the chemical reaction between sulfide
minerals exposed to the air and water deposited on it, which forms sulfuric acid [42]. AMD
is distinguished by its low pH and the presence of a variety of high concentrations of heavy
metals that are leached from mineral materials that have been exposed to acid. AMD poses
a threat to the ecosystem, destroys the natural habitat of animals, and results in the loss of
biodiversity in proximity to the mining site [46]. In addition to sulfide minerals, mining
wastes may contain more mineral phases that might protect acidity, neutralize acid mine
drainage, or promote the immobilization of dissolved metals, thus mitigating their geo-
chemical interactions with the environment. These minerals are principally carbonates, clay
minerals, metal oxides, hydrated salts, phosphates, arsenates and native elements [43,47].
High amounts of copper pose risks to aquatic and terrestrial ecosystems and to human
health [45]. Ingesting fish from rivers polluted with mine water [44] poses a health risk
for fish populations and for humans who consume them, due to the bioaccumulation of
trace elements (As, Cd, Cr, Ni, Cu, Pb, Zn, Pt) in edible fish species [43,48], and to the
accumulation of heavy metals in plants cultivated in soils irrigated with water from these
polluted rivers [43].

The bauxite samples were collected from Aojiawan mining area in Xing Country,
Shanxi Province, China (Figure 1), a region characterized by significant diasporic bauxite
deposits [17,19]. Shanxi is one of the major mining provinces in China, where coal and
bauxite resources frequently coexist within the same geological formations [23,28]. The
mining area is located in the Northeastern boundary of Luliangshan mountain chain, in the
Weifen River watershed of the Yellow River Basin. The typical topography of the region
is characterized by Loess erosion, with deep gullies and steep relief. Bedrock exposure
is limited because approximately 90% of the area is covered by Quaternary loess and
Tertiary laterite. Vegetation is limited in the mining area. Bauxite exists in the middle
and lower Carboniferous Benxi Formation iron clay rocks and Shanxi-type iron ore. The
mining background is environmentally significant because large-scale coal mining in the
region has been linked to AMD generation, which poses a severe threat to local water
systems and ecosystems [40,41].

Previous studies have shown that AMD is a common problem in Shanxi, which is
attributed to the oxidation of sulfide minerals in coal-bearing strata, producing acidic, metal-
rich drainage that can interact with the surrounding geological materials [42,49]. While
direct AMD discharge was not analyzed in this study, the geological and mining conditions
of the area offer a realistic and representative framework for examining the interaction
between acidic sulphate waters and bauxite. Consequently, simulated AMD treatments
were taken on to replicate such conditions in controlled laboratory environments.

AMD is an undesirable result of mining activities and most of the research on this
topic is based on the bad consequences of mining activities with the possible advantages
being ignored. Only a few research studies have thoroughly investigated the combined
effect of mineralogical composition and sulphate-rich AMD conditions on the leaching
behavior of heavy metals in diasporic bauxite systems.

This study aims to analyze the relationship between the mineralogical composition of
bauxite and the environmental leaching behavior of heavy metals simulating AMD condi-
tions. The main objectives are to: (i) characterize the mineralogical composition of bauxite
by using advanced analytical techniques such as XRD, SEM-EDS and FTIR; (ii) assess the
leaching behaviors of heavy metals under simulated AMD conditions; (iii) investigate
the influence of pH neutralization (by addition of Ca (OH);) on the mechanisms of metal
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immobilizations; and (iv) understand the geochemical mechanisms that control metal
release and retention in bauxite. This work evaluates geochemical processes controlling
metal mobility in aluminum-rich geological environments impacted by mine drainage,
which is relevant to environmental risk assessment and mine water management in bauxite
mining regions.

(b)

(c) (d)

Figure 1. Map of studied area: (a) location of Liiliang Prefecture within Shanxi (China); (b) China
Luliang Xing. (c) Aojiawan No. 1 Bauxite mine, and Aojiawan No. 2 Bauxite mine; (d) sample
of bauxite.

2. Materials and Methods
2.1. Bauxite Samples Collection, and Characterization Physicochemical Analysis

The bauxite sample were collected from Aojiawan No. 1 Bauxite mine, and Aojiawan
No. 2 Bauxite mine in Shanxi Province, China with gray appearance and uneven particle
size distribution. The ore sample is characterized by the presence of dispersed and irregular
particles, ranging in diameter from less than 0~—1.43 mm. The collected ore samples were
collected at different points, mixed evenly to obtain a composite sample, transported to
the laboratory and stored in the dark. Visible impurities such as plant debris, loose soil
particles and other foreign items were removed manually. The ore samples were oven-dried
at 105 °C for a duration of 12 h, and passed through a 10-mesh sieve for further chemical
analyses and leaching experiments.

The pseudo-total concentrations of heavy metals were determined using microwave-
assisted aqua regia digestion method according to ISO 12914:2012 (Soil Quality-Microwave-
assisted extraction of the aqua regia soluble fraction for the detection of elements. Inter-
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national Organization for Standardization (ISO): Geneva, Switzerland, 2012) [50]. This
extraction technique is designed to target the aqua regia soluble (pseudo-total) portion of
metals and not the refractory silicate bound phases and consequently gives an approxima-
tion of the environmentally accessible metal pool.

The dried materials were finely powdered, homogenized and sieved with a 200 mesh
(75 um) sieve for chemical analysis. About 0.2 g of the homogenized powder was put
into a microwave digestion vessel and digested with an aqua regia mixture (HCI-HNO3)
under controlled microwave heating for 2 h. Each sample was produced and analyzed in
duplicate to evaluate analytical repeatability. The digested solutions were cooled, filtered,
if necessary, quantitatively transferred to volumetric flasks and diluted with deionized
water to a known volume and analyzed for As, Cd, Cr, Cu, Ni, Pb and Zn by inductively
coupled plasma optical emission spectrometry (ICP-OES).

2.2. Mineralogical Characterization
2.2.1. X-Ray Fluorescence (XRF) Analysis

The chemical composition of the bauxite samples was evaluated by X-ray fluorescence
(XRF) using a Zetium X-ray fluorescence spectrometer (Malvern Panalytical B.V., Almelo,
The Netherlands). Before analysis the samples were dried, finely powdered and formed as
pressed powder pellets using the pelletizing process without fusion. Homogeneous pellets
were obtained by mixing around 0.6 g of sample powder with microcrystalline cellulose as
a binder and pressing at room temperature (about 25 °C) at 30 t for 45 s. Qualitative and
semi-quantitative analyses were carried out by the Omnian-30 standardless analysis tool
included with the device. The XRF spectrometer was operated at the maximum power of
2.4 kW and excitation settings were automatically tuned according to the element range
(25-60 kV and 40-96 mA). The elemental composition was then stated in both elemental
and oxide form.

2.2.2. X-Ray Diffractometer (XRD) Analysis

The mineral composition of bauxite samples was evaluated by X-ray diffraction (XRD)
using a D8 Advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with a
Cu Ko radiation source (A = 1.5406 A). The equipment was used at 40 kV and 30 mA. The
diffraction patterns were recorded over a 20 range of 5-70° with a step size of 0.01945°
and a counting time of 0.07-0.20 s per the step. The resulting test data is processed and
analyzed using MDI jade 6 software.

2.2.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy
(SEM-EDS) Analysis

Scanning electron microscopy (SEM) is a frequently utilized technique for the ex-
amination and evaluation of the surface morphology of materials. The surface morphol-
ogy and microstructural features of the bauxite samples were studied using a Quattro S
field-emission scanning electron microscope (FE-SEM) with an energy-dispersive X-ray
spectroscopy (EDS) system (FEI Company, Brno, Czech Republic; model MOAIA3 LMH).
SEM observations were performed at an accelerating voltage of 10.0 kV, working distance
of 4.91 mm, and magnification of 5000x. Secondary electron pictures were obtained using
an In-Beam SE detector (FEI Company, Brno, Czech Republic). For SEM-EDS investigation,
the samples were analyzed without conductive coating.

2.2.4. Infrared Spectrometer (FT-IR)

The functional groups and chemical bonds of the mineralogical elements of the baux-
ite samples were identified using Fourier-transform infrared (FT-IR) spectroscopy. FT-IR
investigations were performed with a VERTEX 80 V Fourier-transform infrared spec-

https://doi.org/10.3390 /min16080809


https://doi.org/10.3390/min16080809

Minerals 2026, 16, 809

6 of 26

trometer (Bruker Optics, Ettlingen, Germany) in transmission mode with a deuterated
triglycine sulphate (DTGS) detector. All spectra were acquired in the wavenumber range of
4000-400 cm ! with a spectral resolution of 4 cm !, based on 32 scans per sample using
the MIR_TR.XPM experiment protocol. The samples were analyzed as fine powdered pow-
ders. The FI-IR spectra obtained were analyzed with the XRD data, to find the distinctive
functional groups and to confirm the mineralogical composition of the bauxite samples [51].

2.3. Leaching Experiment Design
2.3.1. Preparation of Simulated Leaching Solutions of AMD

To simulate AMD conditions, synthetic leaching solutions were formulated based
on the typical geochemical characteristics of mine drainage from coal mines in northern
China and similar mining environments [40,42,49]. These solutions were prepared by
mixing sulfuric acid (H,SO4) and sodium sulfate (Na;SOy) in deionized water, thereby
allowing independent regulation of both acidity (pH) and sulfate (50,42~) concentration.
Hydrochloric acid and sodium hydroxide (NaOH) were used to adjust the pH of the
leaching solution. The temperature was kept at 25 °C. Such systems are typically low
pH (3) and have high sulphate concentrations, which arise from the oxidation of sulfide
minerals such as pyrite. In all studies, the baseline pH and the sulphate concentration
were held constant to isolate the influence of Ca (OH), dosage on metal removal and
geochemical processes. Each solution was produced in a 1000 mL volumetric flask with
ultrapure deionized water. The required pH was attained by slowly adding exact quantities
of concentrated sulfuric acid while constantly stirring. The pH was tested at the end with a
calibrated pH meter. The appropriate sulphate concentrations were obtained by adding
sodium sulphate (NaySO4, >99% purity). This phase was to mimic the amounts of sulphate
in AMD. The exact amount of NaySO4 was weighed on an analytical balance and then
added to the acidified solution. All solutions were thoroughly mixed and stored in plastic
bottles that had been previously washed with acid until use. This simplified composition
allows for controlled investigation of the effects of acidity and sulphate on heavy metal
leaching and mineral solution interactions.

2.3.2. Batch Leaching Experimental Procedure, pH Levels, Liquid-to-Solid-Ratio

The leaching absorption experiments were conducted in batch mode under controlled
laboratory conditions to simulate the interaction between acid mine water, bauxite, and
removed chemical substances. The aim was to assess mobilization of heavy metals (As, Cd,
Cu, Ni, Pb, Zn) under varying pH and sulphate concentrations. A mass of 4.00 g of bauxite
was used for each leaching test. The sample was randomly put in the batch of leaching and
synthetic leaching solutions were added. Acid mine water was generated from H,SO4 and
NaySOy4 and the extracted chemical compounds were added in proper proportions. For
each test, 40.0 mL of leaching solution was applied to the solid sample with L/S ratio of 10:1.
The bauxite-solution mixture was transferred to acid-washed polypropylene centrifuge
tubes, which were sealed to reduce evaporation, and agitated with a shaker (THZ-82A) at
an oscillation speed of 200 rpm and a constant temperature of 25 °C for a duration of 24 h.
Subsequent to leaching, the suspension was centrifuged for 15 mn at 4000 rpm, and the
supernatant was filtered using a membrane filter (15-20 um). The digests were analyzed
using ICP-OES to ascertain the amounts of heavy metals in the solution.

However, the present study was designed as a short-term batch experiment intended
to investigate the initial geochemical response of heavy metals in bauxite under simu-
lated AMD conditions. The selected contact time was chosen to achieve near-equilibrium
laboratory conditions and to identify dominant dissolution, adsorption, and precipita-
tion mechanisms. Therefore, the experimental results should be interpreted as short-term
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geochemical behavior and not as a direct representation of long-term field-scale AMD
processes occurring at mining sites.

2.3.3. Analytical Methods

Dissolved heavy metal concentrations were determine (ICP-OES HKYT-799; Beijing
Huake Yitong Analytical Instrument Co., Ltd., Beijing, China). The pH and electrical con-
ductivity (EC) of the leachate were assessed post-filtration utilizing a calibrated pH meter
(PHS-3C) and a conductivity meter (DDS-11A; Shanghai Yueping Scientific Instrument Co.,
Ltd., Shanghai, China). Calibration was performed daily with standard buffer solutions
(pH 4.00, 9.18) and KCl standards for electrical conductivity (EC).

2.4. Neutralization Process (Liming)

Following the acid leaching testing, neutralization tests were performed using calcium
hydroxide (Ca (OH), purity > 95.0%; Xilong Scientific Co., Ltd., Shantou, China) to simulate
the alkaline treatment usually utilized for the remediation of AMD. Specific concentrations
of Ca (OH); (0.1 to 1.0 g, which corresponded to 0.014 to 0.14 mol/L of each treatment
agent variation with 2%, 3% and 5% w/v) were immediately added to the leached bauxite
suspension. The mixtures were agitated at 200 rpm and kept at 25 °C for 24 h to allow
appropriate reaction and equilibrium.

The pH of the system was measured with a calibrated pH meter (PHS-3C) and me-
thodically adjusted to the desired values in the range from neutral to severely alkaline
conditions (pH 7-12). The samples were treated, centrifuged, filtered and then chemically
analyzed. This method enabled us to evaluate the effect of high pH on the precipitation,
adsorption and coprecipitation processes of heavy metals.

2.5. Data Treatment and Statistical Analysis

The concentrations of dissolved heavy metals (As, Cd, Cr, Cu, Ni, Pb, and Zn) in the
leachates were determined by ICP-OES. All experiments were carried out in duplicate,
with some in quintuplicate; the data is represented as mean values + standard deviation.
Initial data processing, organization and tabulation was done in Excel 2019. Origin Pro
2021 was used to generate figures. The rigorous analytical approach ensured the accuracy
of the analysis and interpretation of the datasets.

Leaching performance was expressed as removal efficiency (R, %). The removal
efficiency was calculated by the following equation:

x 100 (1)

where: Cj is the initial concentration of the metal in the solution before treatment
(mg/L) and C; is the concentration of the metal in the solution after leaching or
neutralization (mg/L).

Positive R values indicate a net removal of metals from the aqueous phase, while
negative values indicate a net release of metals into the solution, through desorption
or mineral dissolution processes. In highly acidic and sulphate-rich matrices, ICP-OES
analysis has several problems determining trace-level concentrations. High ionic strength
and dissolved sulphate concentrations can change plasma stability, emission intensity, and
analytical precision due to matrix effects. Also, overlapping emission wavelengths can
cause spectral interferences, which might cause small mistakes, especially for ultra-trace
elements. Calibration standards, repeated analyses, and quality-control systems reduced
analytical uncertainty, but instrumental variability remains.
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3. Results

3.1. Mineralogical Characteristics of Bauxite
3.1.1. Chemical Composition by XRF

The chemical composition of the bauxite sample collected by XRF is presented in
Table 1. The results revealed that the sample is mostly composed of Al,O3 (46.45 wt%),
Fe; O3 (25.06 wt%) and SiO, (19.44 wt%) and the other oxides are in the relatively low
proportions. The primary elements as elemental form are aluminum (36.90 wt%), iron
(36.46 wt%) and silicon (15.04 wt%), confirming that the material studied is an alumina-rich,
iron-bearing diasporic bauxite.

Table 1. Chemical composition.

Oxide Content (wt%)
Al,O3 46.45
F62 03 25.06
SiO, 19.44
TiO, 3.36
CaO 2.51
K,O 1.77
and others <1

This high proportion of Al,Oj3 is in consistent agreement with the mineralogical com-
position observed by XRD and FTIR. The predominant aluminum mineral was diaspore
(AIO(OH)) along with kaolinite (Al;SipO5(OH)4). The presence of 19.44 wt% SiO, is consis-
tent with the quantity of kaolinite as reflected by the diffraction peaks and the characteristic
FTIR absorption bands at 1024 cm~tand 914 em™ 1, indicating that aluminosilicate minerals
form a large part of the bauxite matrix.

The studied sample is characterized by a relatively high content of Fe,O3, which
reveals that iron-bearing minerals are an important portion of the ore. The main crystalline
phases were determined by XRD examination. SEM-EDS elemental maps revealed a broad
distribution of Fe in the mineral matrix. Iron occurs as independent accessory minerals
and as fine disseminations associated with aluminosilicates. Such Fe-bearing phases are
environmentally relevant, as iron oxides and oxyhydroxides are characterized by high
specific surface area and a large number of reactive hydroxyl groups that can adsorb trace
metals through surface complexation and co-precipitation processes. Therefore, they are
anticipated to play a significant role in immobilizing heavy metals during AMD leaching.

The sample additionally has a 3.36 wt% TiO, indicating presence of titanium-carrying
accessory minerals, most likely rutile or anatase, but their abundance may be too low
to be identified clearly by XRD. This is also consistent with the localized Ti enrichment
in the SEM-EDS elemental distribution. Such behavior has been reported repeatedly for
diasporic bauxites in which Ti-bearing minerals occur as minor accessory phases in intimate
association with aluminum minerals.

The minor oxides include CaO (2.51 wt%), K,O (1.77 wt%), MgO (0.36 wt%), MnO
(0.27 wt%), P,Os (0.12 wt%) and SO3 (0.08 wt%) with a total less than 5 wt% of the bulk com-
position. In very small concentrations, these components could locally influence mineral
dissolution, ion exchange and secondary mineral precipitation when affected by AMD.

Trace-element oxides, such as CryO3 (0.05 wt%), NiO (0.04 wt%), Co30y (0.07 wt%),
PbO (0.03 wt%), ZrO, (0.17 wt%), Y203 (0.03 wt%), NbyOs (0.02 wt%) and SrO (0.16 wt%),
are present only in small amounts. These elements are of small abundance but are envi-
ronmentally significant as they may be liberated during acid weathering and contribute
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to trace-metal pollution. The mineralogical affinities, pH and subsequent adsorption or
precipitation reactions during AMD leaching would likely strongly influence their mobility.

Overall, the XRF results are in excellent agreement with the XRD, FTIR and SEM-EDS
investigations, which demonstrate that the investigated bauxite is a diasporic ore of iron-
rich aluminosilicates dominated by aluminum hydroxides, clay minerals and accessory Fe-
and Ti-bearing phases. This mineralogical and geochemical background is used to evaluate
the following leaching behavior and immobilization mechanisms of heavy metals under
simulated AMD circumstances.

Chemical composition of bauxite was first established by XRF for general elemental
chemistry and then mineralogical characterization by XRD, FTIR and SEM-EDS methods.

3.1.2. Mineralogical Characterization by XRD

The crystalline mineral phases in bauxite sample taken from Shanxi Province, northern
China were identified by X-ray diffraction (XRD) after bulk chemical characterization by
XREF. The lithology of the bauxite layer is generally characterized by dominance of some
minerals, and the optical microscope observation provides the basis for further research.
The diffraction pattern presented in Figure 2 reveals well defined peaks indicating a high
degree of crystallinity and relatively simple mineralogical composition.

& Diaspore
¢ Kkaolinite

L

Intensity (a.u)

10

2-theta (°)

Figure 2. Bauxite mineral sample X-ray diffraction pattern.

The main recognized phases are diaspore (AIO(OH)) and kaolinite (Al;SiOs(OH)4).
Diaspore has multiple sharp diffraction peaks, with the highest peak at 26 = 22.5°, which
confirms its elevated concentration in the sample. The finding of several diffraction peaks
corresponding to diaspore in the 20-60° range further confirms that it is the main crystalline
aluminum mineral phase, consistence with the high Al,O3 concentration reported by XRFE.

The distinctive reflections of kaolinite, especially those between 12° and 30° 26, are
clearly detected, albeit at reduced strength. The peaks are revealed to be well-ordered
kaolinite layers and are consistent with the relatively high SiO, concentration obtained
by XRF. This demonstrates that kaolinite is a secondary but important part of the bauxite
matrix. No reflections could be assigned to gibbsite, boehmite or quartz, indicating their
absence or concentrations below the detection limit. The XRF characterization indicated
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relatively significant Fe,O3 and noticeable TiO; contents but no distinguishable diffraction
peaks for crystalline iron- or titanium-bearing minerals (goethite, hematite or anatase)
were detected. This apparent disparity is probably attributed to Fe and Ti being present in
weakly crystalline, amorphous or finely dispersed phases, giving weak diffraction signals
or being obscured by the apparent reflections of the kaolinite and diaspore.

The predominant crystalline phase is determined to be diaspore. This is in agreement
with the XRF data showing the Al,O3-rich composition, which is a typical composition
of diasporic bauxite. It is of great interest for both alumina production and environ-
mental geochemistry research due to its high aluminum content and stability in certain
geochemical environments.

The combined XRF, XRD, FTIR and SEM-EDS characterizations provide complemen-
tary information to assess the mineralogical controls on heavy metal retention and release
during leaching. Structural and surface-mediated interactions of heavy metals with di-
aspore and kaolinite as a function of pH and sulphate changes are explored. The Shanxi
bauxite is defined by a combined interpretation of XRE, XRD, FTIR and SEM-EDS studies,
and it is an Al-rich and Fe-bearing aluminosilicate with crystalline diaspore and kaolinite,
and accessory Fe- and Ti-bearing phases.

3.1.3. Surface Morphology and Related Minerals

The microstructural properties and elemental distribution of the bauxite sample were
investigated by SEM with EDS.

The SEM micrograph (Figure 3a) demonstrates a heterogeneous microstructure (a
volume of ore around 70 cubic microns) consisting of aggregated mineral grains with
irregular forms and a different contrast that indicates differences in phase composition and
density. The EDS spectrum (Figure 3b) reveals the presence of significant elements such
as Al, O, Fe, Si and Ti, and trace quantities of environmentally relevant metals such as As,
Cd, Cr, Cu, Nji, Pb and Zn. The quantitative analysis demonstrated that aluminum and
oxygen were the most abundant elements in the matrix, which is compatible with the prior
identification of the existence of the bauxite mineral framework by XRD and FTIR.

Elemental mapping reveals a complicated trace metal distribution. The distribution of
aluminum is homogeneous, but Fe, Ti and Mn are localized in certain locations indicative of
the presence of small oxides or related phases. Arsenic, lead and chromium have scattered
but concentrated patterns, assumed to be adsorbed on iron- or aluminum-rich sites. Other
metals such as Cd, Cu and Zn are more diffuse and are likely to be due to non-specific
sorption on a variety of mineral surfaces.

These experimental results demonstrated the capacity of the bauxite matrix to retain
many minerals, where aluminum oxides, iron oxides and clays act synergistically to immo-
bilize the heavy metals. The irregular distribution of certain elements, especially As, Cr
and Pb, suggests that their mobility may be important in acidic or reducing environments,
especially when their host phases are destabilized.

The SEM-EDS elemental maps demonstrate a widespread presence of Fe and a more
limited distribution of Ti in the bauxite matrix, besides the predominant diaspore and
kaolinite phases. These observations reveal the existence of supplementary Fe- and Ti-
bearing mineral phases, compatible with the mineralogical composition determined by
XRD. Although the crystallographic character of these phases cannot be identified univo-
cally by SEM-EDS and FTIR, they provide complementary evidence of their geographical
distribution. These Fe- and Ti-bearing phases can also play a role in heavy metal retention
through adsorption and surface complexation processes, and thus impact the geochemical
behavior of trace elements during AMD leaching.
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Figure 3. Energy spectrum of sample bauxite ore. (a) Environmental scanning electron microscope
backscattering image; (b) energy spectrum analysis spectrum at the white box in Figure (a); surface
scan distribution characteristics of metals in the white box in Figure (a): (c) AL (d) As; (e) Zn; (f) Cd;
() Cr; (h) Cu; (i) Fe; (j) Pb; (k) Mn; (1) Ni; (m) Ti.

In brief, the SEM-EDS analysis supports the results of the XRD and FTIR by verifying
the mineralogical heterogeneity and explaining the spatial correlations between the host
phases and the trace metals. Micro- to nano-scale associations are essential for understand-
ing the leaching potential and environmental behavior of heavy metals in bauxite under
mine water conditions.

XRF characterization indicated a relatively large Fe,O3 content; however, XRD did not
identify apparent diffraction peaks attributable to crystalline iron oxides. Such apparent
disparity is most likely due to Fe being present in weakly crystalline, finely distributed or
amorphous phases, whose weak diffraction signals are obscured by the dominating peaks
of diaspore and kaolinite. This conclusion is corroborated by the elemental maps from
SEM-EDS, which reveal that Fe is widely distributed throughout the bauxite matrix. Thus,
the combined XRF, XRD, and SEM-EDS investigations provide complementary evidence of
the occurrence of Fe-bearing phases in the examined bauxite.

3.1.4. Functional Group Analysis by FTIR Spectroscopy

In order to identify the primary functional groups associated with mineral phases in
the bauxite sample, FTIR spectroscopy was implemented. The FTIR spectrum (Figure 4)
presents many well resolved absorption bands, which are useful for the XRF and XRD
investigation pointing out the existence of hydroxylated and silicate structures within
bauxite matrix.
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Figure 4. FTIR spectrum of bauxite ore sample.

The wide and strong bands at 3689 cm ™! and 3631 cm ™! for Al-bearing minerals
(diaspore and kaolinite) are related to O-H stretching vibrations of structural hydroxyl
groups. These bands are characteristic of inner surface hydroxyls engaged in hydrogen
bonding in stratified or hydroxide-type structures. The absorption peak of the bands at
1024 cm !, attributed to Si-O stretching vibrations, is consistent with the presence of phyl-
losilicates, especially kaolinite, and supports the XRD identification of this mineral, as well
the relatively high SiO, content determined by XRF. The band at 914 cm ! is assigned to
Al-OH bending vibrations, which are characteristic of octahedrally coordinated aluminum
in kaolinite and diaspore. The bands detected around 689 cm~! and 549 cm~! are pre-
dominantly assigned to the Al-O-H and Al-O bending vibrations of diaspore and kaolinite.
These bands may comprise minor contributions from Fe-O and Ti-O vibrations related
to accessory Fe- and Ti-bearing phases, given the relatively high Fe,O3 and detectable
Ti;O3 contents as measured by XRE, together with the SEM-EDS elemental maps showing
a widespread distribution of Fe and a localized presence of Ti.

Overall, the FTIR spectrum is consistent with the presence of hydroxylated aluminum
minerals and silicate clays, in agreement with the identification of the bauxite mineral
framework as reported by XRD, and the Al,O3- and SiO,.rich chemical composition de-
termined by XRF. Moreover, the prevalence of structural hydroxyl groups in the O-H
stretching region may suggest the availability of reactive surface sites contributing to
surface complexation and metal adsorption. Surface functional groups are anticipated to
play a role in limiting retention and the release of heavy metals in leaching under varied
geochemical conditions.

3.1.5. Minerals Controlling Metal Mobility and Retention

Mineralogical composition of bauxite is a regulating factor for retention and mobility
of heavy metals in bauxite. Particular mineral phases have specific roles according to their
surface chemistry, structural characteristics and stability in acid or sulphate condition.
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The behavior of heavy metals in bauxite systems is determined by the characteristics
and amounts of component minerals, which act as sinks or sources according to their
surface reactivity and environmental stability. The combined XRF, XRD and FTIR analyses
show that the bauxite is an Al-rich, Fe-bearing aluminosilicate ore, dominated by dias-
pore (AIO(OH)) and kaolinite (Al;SipO5(OH)4), providing a mineralogical and geochem-
ical basis for the interpretation of heavy-metal immobilization under acidic, sulfate-rich
leaching conditions.

The main phase, diaspore, comprises many structural hydroxyl groups that may form
surface complexes with divalent and trivalent ions such as Pb2*, Cu?*, Zn?%*, and Cr3*.
Strong adsorption of trace metals to the surface, especially in neutral-to-moderately acidic
conditions, leads to high surface activity. Under severely acidic conditions (pH < 4) the
solubility of diaspore is increased and metals previously adsorbed or incorporated in
the structure may be released. This result correlates well with the high Al,O3 content
obtained by XRF.

The layered aluminosilicate mineral kaolinite contains trace metals. The material has
flat and edge surfaces for ion exchange and weak surface complexation with metal species.
Kaolinite buffers and immobilizes metal in low-Fe mineral matrices, but its retention
capacity is less than that of Fe- and Al-oxides. Metal retention by kaolinite may be lost under
acidic and competitive anionic environments such as sulphate, resulting in accelerated
metal desorption. Although no distinct diffraction peaks attributable to crystalline Fe-
bearing minerals were observed by XRD, the relatively high Fe;O3 content determined
by XRF and the widespread Fe distribution revealed by SEM-EDS strongly suggest the
occurrence of poorly crystalline or finely dispersed iron-bearing phases. These phases are
well known for their high affinity toward oxyanions and divalent metals through surface
complexation and co-precipitation processes. These minerals have a high sorption capacity
and affinity for metals that are sensitive to redox conditions such as arsenic and chromium
in inner-sphere complexes. In reduction or acidic conditions, dissolution can shift them
from immobilizing to releasing contaminants. Similarly, the TiO, content measured by XRF,
together with the localized Ti distribution observed by SEM-EDS, suggests the presence of
accessory Ti-bearing minerals that may provide a limited contribution to metal adsorption
because of their comparatively low surface reactivity. Quartz (SiO;) is inert and has no
functional adsorption sites and so does not hold metal.

The combined chemical (XRF) and mineralogical (XRD, FTIR and SEM-EDS) character-
ization demonstrates that the investigated bauxite is dominated by diaspore and kaolinite,
together with accessory Fe- and Ti-bearing phases, which collectively influence the retention
and release of heavy metals during interaction with acid mine drainage. The geochemical
behavior of trace elements is therefore governed by the dissolution—precipitation reac-
tions of these mineral phases, the availability of reactive surface hydroxyl groups, and the
abundance of Fe-bearing phases, with pH and sulfate concentration acting as the principal
environmental controlling factors.

3.2. Leaching Behavior of Heavy Metals
3.2.1. Acid-Soluble Heavy Metals in Bauxite

The heavy metals (As, Cd, Cr, Cu, Ni, Pb and Zn) in the raw bauxite samples were
determined by acid digestion and ICP-OES analysis. To consider the effect of particle size,
the materials were divided into several size fractions (<0.1 mm, 0.1-0.3 mm, 0.9-1.3 mm,
1.3-1.43 mm and total fraction <1.43 mm) and each fraction was analyzed in quintuplicate
(n =5). The results are given in Table 2.
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Table 2. Acid-soluble heavy metal concentrations.

Particles As (mg/kg) Cd (mg/kg) Cr(mg/kg) Cu (mg/kg) Pb (mg/kg) Ni (mg/kg) Zn (mg/kg)
<0.1 (mm) 0.151 0.004 0.031 0.069 0.079 0.348 2.094
0.1-0.3 (mm) 0.106 0.001 0.021 0.054 0.015 0.179 0.480
1.3-0.9 (mm) 0.112 0.002 0.025 0.051 0.026 0.160 0.155
0.9-1.43 (mm) 0.119 0.006 0.027 0.054 0.138 0.143 0.076
<1.43 (mm) 0.105 0.006 0.024 0.048 0.130 0.118 0.040
Mean 0.118 0.004 0.025 0.055 0.078 0.190 0.569
Minimum 0.105 0.001 0.021 0.048 0.015 0.118 0.040
Maximum 0.151 0.006 0.031 0.069 0.138 0.348 2.094
Standard 0.019 0.002 0.003 0.008 0.057 0.092 0.870

Deviation

These data allow for the evaluation of metal release during leaching experiments and
the determination of leaching efficiency based on the acid-soluble metal content of the
solid phase.

3.2.2. Effect of Ca(OH); on Heavy Metals Removal

The removal efficiencies of heavy metals (As, Cd, Cu, Cr, Ni, Pb and Zn) were affected
by Ca(OH), treatments, and metal-specific trends were found under acid-sulphate leaching
conditions. The baseline (simulated mine water) was of pH = 3, with Ca(OH);, values of
0.014-0.14 mol/L.

Figure 5 demonstrates the heavy metal removal efficiency variation with the dosage
of Ca(OH);. In general, most metals perform efficiently at alkaline conditions; however,
the behavior is element-specific and not always linear. As, Pb and Zn showed relatively
high and constant removal efficiencies, often between 90 and 100%, indicating effective
immobilization through precipitation and adsorption. Cd is almost completely removed in
most treatments, whereas Ni is high and rather constant (>90%).

The efficiency of Pb removal rapidly rose from around 11% in the untreated acidic
environment to almost complete removal after addition of Ca(OH),. After then, the
removal efficacy was about 100% in the other treatment settings, which means that the
immobilization of Pb was stable when the conditions were sufficiently alkaline. This
behavior is consistent with the low solubility of Pb hydroxide and increased adsorption of
Pb on newly generated hydroxide precipitates and mineral surfaces.

Cu exhibits moderate-to-high efficiency, with values ranging from about 70% to
100%, suggesting sensitivity to the geochemical parameters of the system. Cr displays an
increasing elimination (~=70%-90%) with the increase in Ca(OH), dosage, consistent with
progressive hydroxides precipitation under alkaline conditions.

For several elements the measured values around or similar to 100% indicate a sub-
stantial immobilization of metals under alkaline conditions. In summary, the enhancement
of heavy metal immobilization is noticed with the rise in Ca(OH), dosage with the stabi-
lization of efficiencies under conditions from near neutral to alkaline with the dominance
of precipitation and adsorption mechanisms.
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Figure 5. Removal efficiency of heavy metals with Ca (OH), treatment, such as: (a) removal efficiency
of As; (b) removal efficiency of Cd; (c) removal efficiency of Cr; (d) removal efficiency of Cu;
(e) removal efficiency of Pb; (f) removal efficiency of Ni; (g) removal efficiency of Zn.

P
N

The nearly 100% removal efficiency should be examined with appropriate sensitivity
in the context of the analytical uncertainty, especially when residual dissolved metal con-
centrations are close to the ICP-OES detection limit. Small analytical differences at very low
concentrations can lead to apparent removal efficiencies close to or equal to 100%. Thus,
these figures should be considered as an indication of near-complete immobilization of dis-
solved metals under the studied experimental conditions rather than an absolute removal.
The gradual increase in pH coupled with the considerable diminution in dissolved metal
concentrations is consistent with the prediction that hydroxide precipitation, adsorption
and surface complexation were the primary processes influencing metal immobilization.
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Metal

3.2.3. Effect pH and Sulphate Concentration

The regulation of metal release was significantly influenced by pH, thereby confirming
that pH is the major factor determining the immobilization mechanisms in the system
examined. Increasing the pH from acidic (3) to alkaline conditions significantly improved
the removal efficiency of As, Cd, Pb, and Zn. The change from acidic conditions to near
neutral and alkaline pH (7.4-11.0) promoted the reduction in dissolved quantities of As,
Cd, Cr, Cu, Ni, Pb and Zn (Figure 6). This progression reflects the gradual formation
of thermodynamically favorable conditions for precipitation of metal hydroxides and
adsorption on aluminosilicate and oxyhydroxide surfaces.

Heatmap of heavy metal removal efficiency under Ca(OH). treatment
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Figure 6. Heatmap of the removal efficiency (%) of heavy metals as a function of the final pH after
Ca(OH); treatment. Values are measured removal efficiency. High removal efficiency is shown by
light-yellow colors whereas lower removal efficiencies are indicated by dark-blue colors.

The high efficiencies obtained for Pb, Zn and Cd reveal that these metals rapidly
become unstable in solution with increasing pH, favoring the precipitation of poorly
soluble phases such as Pb(OH),, Cd(OH);, and Zn(OH),. The increasing rise in Cr removal
efficiency with pH also shows a conversion to less mobile trivalent species related to the
precipitation of Cr(OH)s at alkaline conditions.

The relative stability of As (>90%) suggests that arsenate species have a high attraction
for Al- and Fe-rich surfaces, where surface complexation and co-precipitation mechanisms
dominate at high pH. Cu and Ni demonstrate a more moderate variability, which may be
due to a greater sensitivity to speciation equilibria, competition for adsorption sites and
ionic interactions in solution.

Sulphate, held constant at an initial concentration in this work, does not appear to be
the regulating factor for metal mobility, but it does contribute indirectly to the geochemical
stability of the system by raising the ionic strength and the likely production of secondary
sulphate phases. Thus, the results suggest that the immobilization of metals under the
simulated AMD conditions is mainly dominated by alkaline precipitation mechanisms and
surface adsorption due to the increase in pH.
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Based on this profile (Figure 7), the range between pH~7.5 and 12 (dosages > 2%)
promotes hydroxide precipitation and co-precipitation with sulphates, maximizing metal
retention. Very high pH (>11) can lead to the re-dissolution of certain amphoteric metals (for
example, Zn) under real-world conditions, so fine-tuning treatment dosage is important.
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Figure 7. Evolution of pH as a function of the dosage of Ca(OH);.

3.2.4. Temporal Evolution of Metal Release

The studies were carried out in batch equilibrium settings but the changes seen with
the dosage of Ca(OH), show a progressive evolution of the geochemical mechanisms
governing the immobilization of metals. Low dosages of Ca(OH); correlate to conditions
where neutralization is partial, which restricts the production of poorly soluble metallic
phases and keeps a larger fraction of metals in dissolved form. This is especially evident
for Cu, Cr and Pb, whose removal efficiencies remain rather low at the lowest dosages.

The progressive removal efficiencies with the increase in Ca(OH), dosage indicate
that the increase in pH pushes the speciation equilibria towards more thermodynamically
stable forms. This evolution favors the precipitation of metal-hydroxides, adsorption on
aluminosilicate surfaces and co-precipitation with secondary phases generated during
neutralization. The results indicate that As, Cd, Ni and Zn rapidly attain significant
immobilization levels (>90%) suggesting that their mobility is strongly restricted as soon as
conditions approaching neutrality are introduced.

The progressive increase in Cr and Pb removal efficiency shows a stronger depen-
dence on the alkalinization of the medium, suggesting that their immobilization is mainly
regulated by the production of weakly soluble hydroxylated phases. The behavior of Cu
with a remarkable enhancement of immobilization with rising pH further supports the
significance of precipitation and adsorption mechanisms in diminishing its mobility.

The results indicate that metal retention in acid-mine-water-impacted systems is not
instantaneous, but the outcome of a protracted geochemical evolution characterized by pH
increase and stabilization of secondary mineral phases. Such interpretation verifies alkaline
neutralization as the primary mechanism governing metal mobility and is a critical process
in designing passive treatment solutions for AMD.
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3.2.5. Variations in Metals Depending on the Host Mineral Phases

The variations discovered between the metals indicate different immobilization mech-
anisms governed by their geochemical speciation and their interaction with the mineral
phases of bauxites. As removal efficiency was >90%, demonstrating a strong affinity be-
tween As and Al and Fe-rich surfaces, where unique adsorption mechanisms become
dominant in alkaline conditions.

Cd and Zn obtained efficiencies close to 100%, revealing that their mobility is sub-
stantially constrained by the precipitation of metal hydroxides when pH increases. Like-
wise, the progressive enhancement in Cr removal efficiency from 70% to nearly 90% sup-
ports the fact that its retention is mainly controlled by the formation of poorly soluble
hydroxylated phases.

Cu displays a considerable increase in the removal efficiency with the increase in
Ca(OH); dose, indicating that its immobilization is more dependent on the alkalinization of
the medium and the subsequent development of adsorption and precipitation mechanisms.
The most sensitive dependence on pH is revealed by Pb with efficiencies varying from low
beginning values to almost complete immobilization, confirming the prominent function of
the precipitation of weakly soluble lead phases.

Ni exhibits excellent removal efficiency (>90%) in all treatments, implying immobi-
lization through surface adsorption and partial precipitation under alkaline environment.
These results suggest that the differences found between the metals are mostly controlled
by their geochemical behavior in response to the increase in pH rather than by the miner-
alogical composition of the bauxite alone.

4. Discussion
4.1. Correlation Between Mineralogy and Metal Mobility

The mineralogical characterization of bauxite, which is dominated by diaspore
(AIO(OH)) and kaolinite (Al,Si;O5(OH)y), gives vital information on the geochemical mech-
anisms governing the mobility of heavy metals under simulated AMD conditions. Informa-
tion about the main mineral phases and functional groups of bauxite was obtained via XRD
and FTIR analyses, whereas trace elements were not measured directly. However, these find-
ings give a crucial basis for the interpretation of the adsorption, dissolution—precipitation
and surface complexation mechanisms that control the behavior of heavy metals.

The predominant aluminum oxyhydroxide phase, diaspore, shows a strong surface
reactivity owing to the presence of hydroxyl groups (=Al-OH). The increase in pH gener-
ated by the addition of Ca(OH), facilitates the deprotonation of these groups and increases
the number of reactive sites accessible for the adsorption of dissolved molecules. This
result is in accordance with the high removal efficiencies exhibited for As (91.09%-99.45%),
suggesting that aluminum-rich surfaces play a significant role in the retention of oxyanions
through surface complexation [52]. The presence of Ca?* can also facilitate the binding of
metals through electrostatic bridging mechanisms between mineral surfaces and dissolved
species [53]. Thus, the higher immobilization at higher pH is thermodynamically linked to
lower metal solubility and increased surface affinity of Al-rich mineral phases.

Kaolinite also assists in the fixation of metals by surface adsorption and complexa-
tion processes at its reactive sites. The high efficiencies found for Ni (91.72%-100%), Cd
(44.50%-100%) and Zn (100%) show that the increase in pH enhances simultaneously the
attachment on mineral surfaces and the precipitation of metal hydroxides. On the other
hand, protonation of mineral surfaces under acidic circumstances limits the availability of
adsorption sites and enhances the mobility of dissolved metals [54,55].

The experimental results reveal that the steady rise in Ca(OH), dose is conducive to the
immobilization of metals. This trend is more marked for Pb, whose removal effectiveness
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goes from 11.50% to 100%, for Cu from 35.41% to 100%, and for Cr from 70.55% to over 90%.
These trends suggest that the precipitation of metal hydroxides is the dominant process
controlling metal mobility. The corresponding precipitation reactions are presented in
Section 4.2 (Equations (2)—(4)).

Although sulphate ions might contribute to the secondary mineral phase development,
such as PbSOy, their geochemical influence was secondary in the present investigation,
as sulphate concentrations were kept constant throughout the experiments [56]. Thus,
pH-dependent precipitation and adsorption processes were the main mechanisms driving
trace metal immobilization.

The results reveal consistent and physically plausible patterns, demonstrating the
almost total immobilization of Cd, Pb and Zn under the most alkaline conditions.

In general, the results indicate that the mineralogical composition provides reactive
surfaces that favor metal fixation, while pH is the main geochemical parameter that controls
metal mobility and stabilization in bauxite systems impacted by AMD [57]. Aluminum-rich
mineral assemblages favor adsorption and precipitation processes in alkaline circumstances,
while their retention capability is dramatically reduced in acidic conditions. These data
confirm that alkaline amendment is an efficient strategy to reduce the mobility of heavy
metals, while stressing the importance of local mineralogical and geochemical variables in
the efficiency of remediation strategies.

4.2. Geochemical Processes Controlling Metal Release

The release and mobilization of heavy metals under simulated acid sulphate min-
ing drainage conditions are controlled by pH-dependent geochemical processes such as
dissolution, precipitation, surface complexation and ion exchange, and not just by the
mineralogical presence of trace elements. Experimental results show that pH is the key
governing factor of metal mobility, whereas sulphate content and mineral composition
have a secondary influence on the behavior of As, Cd, Cr, Cu, Ni, Pb and Zn.

Under acidic conditions, the high activity of H* ions promotes the dissolution of
mineral surfaces and the concentration of dissolved metal species. At the same time, proto-
nation of surface functional groups decreases the number of reactive sites for adsorption,
hence enhancing the mobility of metals in solution. In such settings, Cu, Zn and Ni are
largely in a soluble ionic state, which facilitates transport and bioavailability.

The steady increase in pH due to the addition of Ca(OH), tends to move the system
towards conditions conducive for precipitation of metal hydroxides and adsorption on
mineral surfaces. The increase in removal efficiencies of Pb, Cu and Cr is directly consistent
with this development. The almost total immobilization of Cd and Zn and the significant
retention of As and Ni indicate that hydroxide precipitation and surface complexation are
the predominant retention processes [58,59], such as:

Pb*" +20H™ — Pb(OH), )
Zn** +20H" — Zn(OH), (3)
Cr¥" +30H™ — Cr(OH), 4)

The increase in pH also encourages the deprotonation of aluminosilicate and oxyhy-
droxide surfaces, thus increasing the density of sorption sites and improving the retention
of dissolved metals. High efficiencies found for As (91%-99%) especially imply excellent
adsorption on surfaces rich in aluminum and iron.

Sulphate ions can alter the ionic strength of the system and participate in the creation
of secondary sulfate phases. However, their action was limited in the present investigation
as their initial concentration was constant throughout all the tests [60]. Therefore, the
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fluctuations of metal mobility observed are mainly ascribed to the changes in speciation
and precipitation equilibria generated by pH.
The partial dissolution of aluminosilicate phases and aluminum oxyhydroxides also

releases AI3*

ions, which are believed to be involved in co-precipitation processes and
in the production of secondary phases contributing to the immobilization of metals [61].
Thus, the neutralization of acid mine fluids proceeds with simultaneous dissolution and
secondary mineral precipitation processes.

XRD and FTIR analyses were used to identify primary mineral phases and functional
groups involved in metal retention, but were not directly able to detect trace elements.
The abundance of diaspore and kaolinite provides reactive surfaces amenable to adsorp-
tion and precipitation mechanisms. Moreover, iron oxyhydroxides like ferrihydrite and
goethite have highly reactive hydroxyl sites that can easily adsorb arsenic and chromium
molecules [62].

High arsenic removal efficiencies demonstrate considerable affinity of As(V) for Fe
and Al-rich surfaces via inner-sphere complexation:

=FeOH + H,AsO;~ — =FeH AsO;~ + H,O (5)

Similarly, the steady increase in Cr removal efficiency with increasing pH suggests
enhanced Cr immobilization, likely resulting from Cr(OH); precipitation and reduced
mobility of Cr under alkaline conditions [63].

The calculated and experimental results reveal a good agreement. In summary, the
results indicate that the primary mechanisms for immobilization of heavy metals in bauxite
systems influenced by AMD are precipitation of metal hydroxides and pH-controlled
surface complexation. The main purpose of mineralogy is to offer the reactive surfaces for
these reactions to occur and the alkalinity limits the efficacy of these processes. These results
confirm that regulated pH adjustment is an efficient geochemical method to minimize
the mobility of heavy metals and the environmental concerns in bauxite environments
affected by AMD [64]. However, further investigation should involve the quantitative
thermodynamic interpretation through PHREEQC to speciation models and saturation
indices and secondary mineral stability.

4.3. Environmental Implications Under AMD

AMD is a significant cause of environmental contamination as it can mobilize heavy
metals and transport them to surface and groundwater. The data obtained reveals that the
leaching of trace elements present in bauxite is favored under acidic conditions, confirming
the risk of metal dispersion in mining areas exposed to acid sulfate waters.

The remarkable increase following alkaline neutralization confirms the dominant role
of pH in regulating heavy metals transport. These studies demonstrated that alkaline
conditions favor the immobilization of metals by precipitation and adsorption, therefore
limiting their availability for hydrogeochemical transport and bioaccumulation in aquatic
ecosystems [40,65]. Conversely, under acidic conditions they are likely to remain in solution
and are more apt to contaminate sediments, aquatic creatures and water resources [41,49].

The efficiency of the Ca(OH), therapy observed indicates that alkaline neutralization
is an efficient strategy for reducing metal mobility in systems affected by AMD [65-67].
Results reveal that the mobility of metals is mostly controlled by pH, while the mineralogy
of bauxite has a major influence on the availability of reactive surfaces for adsorption and
precipitation processes.

These observations underline the need to include mineralogical and geochemical
characterization in the environmental monitoring programs of bauxite sites. The integration
of laboratory experimental results and hydrogeochemical modeling methodologies at the
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field scale would improve the prediction of heavy metal behavior and the effectiveness of
long-term remediation initiatives.

4.4. Comparison with Literature and Similar Studies

The leaching behavior documented in this work is in agreement with the mechanisms
reported for mining wastes, aluminosilicate minerals and systems affected by AMD, as
revealed in Table 3.

The high removal efficiencies achieved for As, Pb, and Cd are in line with the increase
in pH promoting the precipitation of metal hydroxides and the co-precipitation mechanisms
as described by Herath et al. (2023) [68] and Tian et al. (2024) [69]. These data indicate that
alkalinization is the key factor controlling metal retention in AMD-contaminated systems.

The gradual increase in Cr and Cu removal efficiencies with the increase in Ca(OH);
dosage further confirms the predominant role of precipitation and adsorption processes
under alkaline circumstances. This progression is consistent with the observations of
Equeenuddin et al. (2013) [70] and Lottermoser (2010) [41] who suggested that the mobility
of metals improves dramatically under acidic conditions due to the dissolution of carrier
phases and decrease in adsorption capabilities..

The high efficiencies measured for Ni and Zn show that their mobility declines rapidly
as soon as near-neutral conditions are achieved. These results support the conclusions
of Alankangas et al. (2013) [71], according to which alkaline neutralization is the most
effective strategy to restrict the transfer of metals in mining environments.

The results also point to the importance of mineralogy in creating reactive surfaces
that are favorable for adsorption and co-precipitation. This result is compatible with the
work of (Lweya et al., 2015) [72] that revealed the implication of Fe and Al-rich phases in
Cu retention, and also with the study of Gongalves et al. (2024) [73] about the efficiency
of bauxite-derived materials for the treatment of acid mine fluids. Similarly, Babel and
Kurniawan (2003) [74] highlighted the ability of aluminosilicate materials to immobilize
heavy metals through adsorption.

This current study presents a mechanistic evaluation of heavy metals in bauxite under
simulated AMD settings. Nevertheless, there are several limitations related to this study.
The results of the experiment strongly indicated the development of secondary metal-
carrying precipitates during Ca(OH); neutralization. The solid phases, however, were
not directly characterized in the present work. The observed increase in pH and the
considerable decrease in dissolved metal concentrations indicate that the precipitates are
likely to comprise metal hydroxides, mixed hydroxide phases and possibly metal-bearing
sulphate minerals.

In addition, the long-term environmental stability of these precipitates can depend on
future geochemical conditions. Further drops in pH induced by recurrent AMD develop-
ment, seasonal hydrological changes or climatic variations may result in partial dissolution
of some secondary phases and favor remobilization of metals previously immobilized.
Therefore, the immobilization reported in this study has to be considered conditional to the
maintenance of favorable alkaline conditions.
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Table 3. Heavy metal removal efficiency treatment in similar studies.

Metals Matrix Treatment/Condition Findings Study
Multiple metals Metal release strongly
P Mine wastes water Natural AMD pH-dependent; mineral Lottermoser (2010) [41]
(AMD context) - o
buffering governs mobility
Fe, Cu, Zn, and Sulfidic mine wastes + Neutralization prevented AMD Alankangas et al.

other trace metal

alkaline by-products

Neutralization mixes

formation, reduced metal release

(2013) [71]

Pb, Cd, Cr, Ni, Cu,
Zn

Aqueous solutions

Low-cost adsorbents
(natural and
waste-derived)

Adsorption effective in
removing metals; mineral
surfaces play key role

Babel and Kurniawan
(2003) [74]

Fe, Cd, Al, trace

pH controlled
precipitation/adsorption of

Equeenuddin et al.

metals AMD sediments pH variation metals; similar mechanism to (2013) [70]
bauxite leaching
Cu Lateritic soils, Natural leaching and Cu mobl'hty regulated by laterite Lweya et al. (2015) [72]
groundwater transport mineralogy and pH
Cd Soil with bauxite residue Wat.er manag.emgnt * Cd 1mm0b1hzat1.or.1 via sorption Tian et al. (2024) [69]
residue application. and precipitation
Pb, Cd, Ni, Zn Polluted water Bauxite sorption Bauxite effective for heavy metal Herath et al. (2023) [68]

experiments

removal

Multi-metals (AMD)

Geopolymer
(bauxite-based)

3D-printed treatment
blocks

Neutralized AMD and removed
multiple metals simultaneously

Gongalves et al. (2024) [73]

As, Cd, Cr, Cu, Ni,
Pb, Zn

Bauxite (diaspore,
kaolinite); AMD

Acid sulphate-rich mine

water leaching. Ca (OH),

2%-5%

Mineralogy (diaspore, kaolinite)
controls retention; pH and
sulphate regulate

This study

dissolution-precipitation. High
removal at pH > 7.5

5. Conclusions

The present study investigated the effect of mineral composition on the leaching
behavior of heavy metals in Shanxi province bauxite under simulated AMD conditions. In
order to isolate the effect of alkaline treatment, the initial pH and sulphate concentration
were kept the same in all tests. The combined chemical (XRF) and mineralogical analyses
(XRD, FTIR and SEM-EDS) combined with batch leaching tests and chemical analyses
helped to identify the major mechanisms controlling the mobility of trace elements.

The results revealed that pH is the main controlling factor of the mobility of heavy
metals, while the chemical and mineralogical composition of bauxite determines the avail-
ability of reactive surfaces engaged in processes of adsorption, surface complexation
and precipitation.

Alkaline neutralization facilitated heavy metal immobilization through the combined
effects of metal hydroxide precipitation and interactions with aluminosilicate and Fe-
bearing mineral phases as evidenced by the combined XRF, XRD, FTIR and SEM-EDS
studies. The results therefore display consistency with the necessity of pH geochemical man-
agement in the reduction in the mobility of trace elements in AMD-affected environments.

The combination of bulk chemical composition, mineralogical characterization, and
leaching tests in this paper provides new insights into the geochemical mechanisms con-
trolling heavy-metal behavior in bauxite exposed to simulated AMD. However, further
research is required to assess the long-term behavior of the metals, to study effects of dif-
ferent sulphate concentrations and different redox conditions, to characterize amorphous
ferric phases and the direct identification of metal-bearing minerals using complementary
techniques, to characterize the secondary phases generated during neutralization, and to
investigate their stability under different environmental conditions.
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