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1. Introduction

Soil, as a key component of the four circles interconnecting atmosphere, hydrosphere,
biosphere, and lithosphere, plays a vital role in sustaining human life and the terrestrial
system globally. Meanwhile, soil contamination of toxic trace metals such as mercury is
becoming an increasingly serious issue in many countries around the world, along with ur-
banization and industrialization, both of which pose severe risks to ecosystems and human
health [1]. An increased content of trace metals can adversely affect the biological properties
of soil, cause changes in the food chain, have a toxic effect on plants, and contaminate
groundwater. Measuring the total concentration and geochemical baseline concentration
are usually the first steps in the assessment of trace metal pollution [2]. Moreover, the
background values can distinguish between natural and anthropogenically influenced
concentrations, and through these values, in turn, one can calculate the anthropogenic
contribution rate. When the permissible content level is exceeded, heavy metals reduce soil
fertility, inhibit soil enzymatic activity, and change soil acidity.

Traditional long-lasting mining and extraction processes are accompanied by severe
environmental pollution and ecological damage globally, but at the same time, the min-
ing and mineral extraction processes industry plays a vital role in the development of
modern technologies. There is a growing demand for raw material production and sup-
plying invaluable resources for modern life. Modern society achieves greater efficiency by
developing innovative waste recycling technologies [3].

The increase in the amount of mining and metallurgical waste represents a big problem
for the environment. This is why various methods are used for the processing of flotation
tailings, red mud, and slag landfills, which are a potential source of accumulated metals [4].
Unfortunately, they pile up on the ground and create an intractable problem. This is why
studying the processing of various landfills is a great challenge affecting the scientific
community and, thus, the entirety of humanity [5].

This article provides an overview of advances in understanding the importance of
geochemical characteristics and soil contamination risk assessment while also covering
new challenges regarding sustainable treatment of bauxite residue and the recovery of
valuable elements. In particular, the reduction of iron oxides from bauxite residue before
the leaching process can facilitate a decrease in the quantity of disposed material and
soil pollution.

2. Contents of This Special Issue

This Special Issue contains eight papers, listed at the end of this article. Focusing on
bauxite residues, problems created by residues of metallurgical production and the ways
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in which these problems can be solved via the valorization of critical metals are explained.
Understanding the temporal-spatial distribution and influencing factors of heavy metals
on a regional scale is crucial for assessing the anthropogenic impacts and natural variations
in elemental geochemical behavior. The study by Tian et al. (Contribution 1) evaluated the
spatial distributions of heavy metals such as As, Cd, Pb, and Zn, as well as their driving
mechanisms, over the past 31 years in Guangxi, China, using three geochemical baseline
projects (the Environmental Geochemical Monitoring Network Project (EGMON) project
(1992-1996); the Geochemical Baseline (CGB) 1 project (2008-2012); and the CGB2 project
(2015-2019)). By calculating the variable importance using the random forest algorithm,
it was found that natural factors were the primary drivers of the spatial distribution of
heavy metals in the EGMON project, especially for the precipitation of As, while the digital
elevation model (DEM) was the primary driver for Cd and Pb, and temperature was the
primary driver for Zn. Surface alluvial soils showed obvious heavy metal enrichment in
the CGB1 project, with the gross domestic product (GDP) driving the spatial distribution
of all heavy metals. In addition, the anomalous intensity and range of heavy metals in
the CGB2 project decreased significantly compared to the CGB1 project, likely due to the
normalized difference vegetation index (NDVI) serving as a positive anthropogenic factor
that improves the degree of rocky desertification, thus reducing the heavy metal contents
of As and Pb, and precipitation promoted the decomposition of Fe-Mn concretions and,
thus, the migration of Cd and Zn.

The features of structural and phase transformations during the processing of alloyed
metallurgical wastes using reduction smelting are discussed herein. This is necessary
in order to determine the technological parameters of the melting process that ensure
reduction in the losses of alloying components. The use of X-ray phase analysis in combina-
tion with the methods of raster electron microscopy and X-ray microanalysis ensured the
identification of the microstructure features and the chemical composition of individual
phases and inclusions in the metal. The study by Smirnov et al. (Contribution 2) identified
new technological aspects of high-alloyed technogenic waste processing using reduction
smelting. The obtained parameters of the resource-saving alloying compound make it
possible to replace parts of the standard ferroalloys in steelmaking processes.

The study by Silin et al. (Contribution 3) includes a combined hydrometallurgical
treatment of an eudialyte ore sample with subsequent preparation of leaching residue using
mechanical separation methods. Hydrometallurgical treatment contains dry digestion with
sulfuric acid at room temperature and filtration of the obtained product. The objectives of
adopting these procedures are to test a new digestion reactor in order to prevent silica gel
formation from the eudialyte ore. The obtained results revealed that silica gel formation
is prevented during dissolution with sulfuric acid. A high leaching efficiency of light
rare earth elements (La, Ce, Nd, and Y) was reached using the dry digestion process
with sulfuric acid, where the starting molarity was 12 mol/L. After the filtration process,
magnetic separation was studied as the main method to recover weakly magnetic minerals
like amphiboles and pyroxenes from the leaching residue in the magnetic fraction and
feldspars in the nonmagnetic fraction. A new combined research strategy was developed
for the production of different concentrates such as the one bearing Zr, Hf, and Nb.

The more economically viable and environmentally sustainable approach for treating
the by-products of coal combustion from thermal power plants entails their collective dis-
posal as opposed to individual disposal methods. This aligns with pertinent EU directives
and domestic regulations, ensuring compliance with established standards while optimiz-
ing resource utilization and minimizing environmental impact. This study evaluated the
resistance to wind erosion of the binding properties of a mixture (comprising fly ash (FA),
bottom ash (BA), and additives) using an indoor wind tunnel under simulated ambient
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conditions. Investigations of the mutual impact of ash, bottom ash, and additives (CaO
and Ca(OH);,) with a certain percentage of water were carried out with eighteen samples.
The samples consisted of water at six addition rates 5, 8, 10, 15, 20, and 25% (w/w) and
an additive at three addition rates (1, 2, and 3% (w/w)). Based on the obtained results,
the optimal ratios of the additives (3% (w/w)) and water (15% (w/w)) were determined.
Prior to the wind tunnel experiments, and according to the different addition rates of
additives and water, eight samples were prepared with different addition rates of ash. The
mass concentrations of suspended particles (PM;) and total suspended particles (TSPs) in
these samples were measured at three distinct wind velocities, 1 m/s, 3 m/s, and 5m/s,
respectively. The results reported by Petkovic-Papalazarou et al. (Contribution 4) indicate
that the samples containing the optimal content of additives and water demonstrate a
maximum increase in PM;y emission zero values of no more than 1.9 times. This finding
can be considered satisfactory from the standpoint of environmental protection.

The study by Lahori et al. (Contribution 5) holds significant implications. It investi-
gates the comparative effect of biochar, zeolite, and bentonite minerals on the stabilization
of Ni fractions, bioaccumulation, translocation indices, and the reduction in their absorp-
tion by pakchoi in smelter- and mine-contaminated soils. The results, which are of great
interest, show that the maximum fresh and dry biomasses of pakchoi were 28.21 and 18.43%
for smelter-polluted soil and 61.96 and 67.90% for mine-contaminated soil amended with
zeolite compared to the control. Applying zeolite increased pakchoi chlorophyll SPAD
values 1.17-fold in smelter soil and 1.26-fold in mine-polluted soil. The highest level of Ni
immobilization in the smelter and mine soil was 76.8 and 85.38% with the application of
bentonite, which increased soil pH and CEC. The application of biochar, bentonite, and
zeolite reduced the Ni residual, oxidizable, and acid-soluble fractions, but biochar and
bentonite increased the reducible fraction of Ni in smelter soil. The highest reduction in Ni
in the shoot and root was noted as 82.08 and 68.28% of smelter-polluted soil and 77.25 and
89.61% of mine-polluted soil with bentonite compared to the control soil. Overall, it has
been concluded that biochar, zeolite, and bentonite can be successfully used to mitigate the
Ni concentration in smelter- and mine-polluted soil and reduce uptake by vegetable crops.

The global generation of bauxite residue necessitates environmentally responsible
disposal strategies. The included study by Mendy et al. (Contribution 6) investigated the
long-term (5-year) behavior of bauxite residue with pH lowered to 8.5, called modified
bauxite residue (MBR), using lysimeters to test various configurations—raw MBR or used
MBR (UMBR) previously applied for acid mine drainage remediation, sand or soil capping,
and revegetation. Throughout the experiment and across all configurations, the pH of
the leachates stabilized between 7 and 8, and their salinity decreased. Their low sodium
absorption ratio (SAR) indicated minimal risk of material clogging and suitability for salt-
tolerant plant growth. Leaching of potentially toxic elements, except vanadium, decreased
rapidly after the first year to low levels. Leachate concentrations consistently remained
below LD50 for Hyalella azteca and were at least an order of magnitude lower by the
experiment’s end, except for first-year chromium. Sand capping performed poorly, while
revegetation and soil capping slightly increased leaching, though these increases were
negligible, given the low final leaching levels. Revegetated MBR shows promise as a
suitable and sustainable solution for managing bauxite residues, provided the pH is
maintained above 6.5. This study highlights the importance of long-term assessments and
appropriate management strategies for bauxite residue disposal.

Assessment of the plant’s ability to take up mercury (Hg) from polluted soil was
affected by location, plant family, and species in two former cinnabar mining areas in the
Czech Republic. At each location, seven sampling points were marked out in the vicinity
of former shafts and dumpsites connected to the mining activity, where representative
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soil samples and dicotyledonous plants were collected. The individual locations were
characterized by specific plant communities, where, in most cases, different plant species
were found within one family at both locations. The total Hg content in the soil, as well
as gaseous elemental mercury (GEMg;4ir), confirmed elevated levels of this element in
the mining-affected environment, along with high data variability. The low Hg accumu-
lation ability of plants, especially the low root-shoot translocation in most plant species,
indicated the predominant occurrence of excluders. The results reported by Baustein et al.
(Contribution 7) showed the exceptional position of the Fabaceae family regarding soil Hg
pollution, as the highest Hg content in both shoots and roots was determined for Onobrychis
viciifolia. Therefore, the behavior of Fabaceae plants in polluted soil, the mechanisms of
their tolerance to high Hg content, and their Hg accumulation ability deserve further
research.

Comparative analysis of red mud reduction techniques was performed by Stopic
et al. (Contribution 8) using both carbothermal and hydrogen-based reduction methods,
combining thermochemical modeling and experimental validation. The reduction pro-
cess is important because of the soil contamination risk assessment with disposed red
mud. Therefore, the minimization of red mud during the reduction process could be a
novel strategy for the production of metallic iron and solid residue for hydrometallurgical
treatment. Different strategies of hydrogen and carbon reduction in static and dynamic
conditions were studied between 700 °C and 1700 °C. The separation of solid residue and
formed iron was analyzed using magnetic separation. The main aim was to study the
advantages and disadvantages of using decarbonizing technologies for the treatment of red
mud, aiming to develop an environmentally friendly process. Thermochemical analysis of
the reduction offered new data about mass losses during our process through evaporation,
thermal decomposition, and the formation of metallic carbide.

3. Conclusions

Five years of leaching experiments to evaluate land spreading of a modified bauxite
residue before and after acid mine drainage treatment with comparative analysis of re-
duction techniques, aimed at the minimization of contaminated soil with bauxite residues,
represent the recent advances in understanding soil contamination risk assessment. As-
sessment of mercury uptake by plants in former cinnabar mining areas also represents an
additional contribution. Prevention of silica gel formation for eudialyte study using a new
digestion reactor can be achieved during bauxite residue treatment. The comparative effect
of sustainable materials on the immobilization, geochemical fractions, bioaccumulation,
and translocation of Ni in smelter- and mine-polluted soils has also been studied. The
effects of wind velocity on the binding properties of ash, bottom ash, and additives were
studied via a wind tunnel study. The temporal-spatial distributions and influencing factors
of certain heavy metals—namely As, Cd, Pb, and Zn—in alluvial soils in Guangxi, China,
have also been studied. In addition, it has been found that recycling of alloyed metallurgical
waste depends on structure and phase transformation.

Ultimately, this Special Issue, titled “Geochemical Characteristics and Contamination
Risk Assessment of Soil”, comprises eight important papers which offer new insights
and results needed for soil contamination risk assessment in the context of geochemical
characteristics and metallurgical and mining activities, which expose waste materials. This
is a warning to the wider community to become involved in finding solutions to these
problems by considering the latest results. Unfortunately, the Editors of this Special Issue
do not have high expectations regarding the implementation of the included insights,
because all planned actions always come with large costs and problems with securing the
necessary funding.
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Abstract: Understanding the temporal-spatial distribution and influencing factors of heavy metals on
a regional scale is crucial for assessing the anthropogenic impacts and natural variations in elemental
geochemical behavior. This study evaluated the spatial distributions of the heavy metals As, Cd,
Pb, and Zn as well as the driving mechanisms over the past 31 years in Guangxi, China, using
three geochemical baseline projects (the Environmental Geochemical Monitoring Network Project
(EGMON) project 1992-1996; the Geochemical Baseline (CGB) 1 project 2008-2012; and the CGB2
project 2015-2019). By calculating the variable importance using the random forest algorithm, it was
found that natural factors are the primary drivers of the spatial distribution of heavy metals in the
EGMON project, especially precipitation for As, the digital elevation model (DEM) for Cd and Pb,
and temperature for Zn. Surface alluvial soils showed obvious heavy metal enrichment in the CGB1
project, with the gross domestic product (GDP) driving the spatial distribution of all heavy metals. In
addition, the anomalous intensity and range of heavy metals in the CGB2 project decreased signifi-
cantly compared with the CGB1 project, especially owing to the normalized difference vegetation
index (NDVI) as a positive anthropogenic factor that improves the degree of rocky desertification,
thus reducing the heavy metal contents of As and Pb, and the precipitation promoting the decom-
position of Fe-Mn concretions and thus the migration of Cd and Zn. This research promotes an
understanding of anthropogenic and natural influences on the spatiotemporal distribution of heavy
metals and is of great significance for environmental monitoring and governance.

Keywords: heavy metals; alluvial soil; spatiotemporal variations; driving factors; geochemical
baseline projects

1. Introduction

Heavy metals are harmful pollutants that are covert, persistent, irreversible, and easily
enter the human body through the food chain, causing damage and pathological changes
in organs and thus threatening human health [1-5]. Heavy metals are widely recognized
as a global environmental threat [6-8]. Therefore, it is of great significance to study the
spatiotemporal distributions of heavy metals to monitor anthropogenic disturbances and
naturally occurring changes. However, previous studies on the spatiotemporal distribu-
tions of heavy metals have mostly been based on data from two periods and have mostly
been conducted at the local scale [9-11]. Moreover, previous studies have mainly focused
on spatial-temporal change characteristics, ignoring the quantitative evaluation of the
main driving factors of spatiotemporal changes [12,13].

Minerals 2023, 13, 1107. https:/ /doi.org/10.3390/min13081107 6 https:/ /www.mdpi.com/journal /minerals
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China has conducted three environmental geochemical baseline projects aimed at
monitoring the changes in concentration and spatial distribution of geochemical elements
caused by anthropogenic activities, climate change, and geological processes, thus pro-
viding a quantitative scale for environmental change, including the Environmental Geo-
chemical Monitoring Network Project in 1992-1996 (EGMON) [14,15] and China’s first and
second Geochemical Baseline projects in 2008-2012 (CGB1) [16] and 2015-2019 (CGB2) [17].
These projects aimed to provide high-resolution and high-quality geochemical baseline data
by developing improved sampling and laboratory analysis methodologies. The primary
objective of the projects was to establish nationwide geochemical baselines against which
future human-induced or natural chemical changes could be recognized and quantified.
Samples of alluvial soil, the most representative sampling medium, which represents the
average values of elements and effectively reflects the environmental changes caused by
human input in the basin, were collected. Alluvial soils can be used to monitor environ-
mental changes and inputs because the transport processes of pollutants in rivers occur
continuously [18]. The similar sample media, analytical methods, and quality controls used
by the three projects may provide an unbiased opportunity to quantify these changes [19].

The driving factors of spatiotemporal variations in heavy metals generally include
external inputs; the influence of parent materials; and geochemical processes, such as
leaching and transformation through surface runoff [20,21]. Heavy metals in soils are
sourced from parent materials, the concentrations of which are usually increased by external
inputs, whereas both are increased or decreased by geochemical processes, depending on
the different elements and environmental conditions [22]. Therefore, identifying the main
driving factors and quantifying their influence on the spatiotemporal variations of heavy
metals is helpful in determining the sources of heavy metals and providing meaningful
information on anthropogenic disturbances and naturally occurring changes [23-25].

Random forest is a highly accurate, adaptable, and interpretable machine learning
method that uses a set of decision trees to classify and regress and can incorporate both
continuous variables and type variables simultaneously [26]. Moreover, the predictive
values of the dependent variables and the relative importance of each variable can be
calculated on the basis of the nonlinear relationships between the dependent and inde-
pendent variables. The random forest method is becoming increasingly popular in many
fields, such as geological mapping [27], digital soil mapping [28], and mineral exploration
mapping [29].

This study investigated the spatiotemporal distributions and variations of the heavy
metals As, Cd, Pb, and Zn in Guangxi, China, a typical province with a widely distributed
karst area, and quantified the driving factors impacting heavy metal concentrations at
regional scales using a random forest algorithm based on data obtained from three geo-
chemical baseline projects. This research is helpful for understanding the geochemical
behavior of heavy metals and quantitatively evaluating anthropogenic disturbances and
natural changes over a long period of time.

2. Materials and Methods
2.1. Study Area

The total area of Guangxi province, located in South China (104°26" E~112°04 E;
20°54' N~26°24' N), is about 23.67 x 10* km?, and the province has a subtropical monsoon
humid climate (Figure 1). The terrain inclines from the northwest to the southeast and
is dominated by basins. Karst landforms are widely distributed in central, western, and
northwestern Guangxi, covering an area of approximately 9.58 x 10* km?, accounting for
40.9% of the total area (Figure 2).
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A:EGMON (1992-1996)
B: CGB1 (2008-2012)
C: CGB2 (2015-2019)
@ Sampling sites
— River

Figure 1. Map showing locations of the study area and samples taken by EGMON, CGB1, and
CGB2. EGMON: Environmental Geochemical Monitoring Network Project, CGB: Geochemical
Baseline project.
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Figure 2. Guangxi geological map. mt: metamorphic rocks, pa: acidic plutonic rocks, pb: basic
plutonic rocks, pi: intermediate plutonic rocks, py: pyroclastic, sc: carbonate sedimentary rocks, sm:
mixed sedimentary rocks, ss: siliciclastic sedimentary rocks, su: unconsolidated sediment, va: acidic
volcanic rocks, vb: basic volcanic rocks, vi: intermediate volcanic rocks, wb: water body.

2.2. Sampling and Analysis Method
2.2.1. Materials and Sampling

In view of recognizing the need for global-scale geochemical baselines that can quantify
future human-induced or natural changes in the chemistry of the Earth based on Global
Reference Network grid sampling of Earth’s surficial materials [30], China initiated the
Environmental Geochemical Monitoring Networks (EGMON) project from 1992 to 1996 [14].
Most of the samples were collected in 1995. Samples of Alluvial soil, formed by flood
sediments, were collected, and the sampling locations were mostly in the floodplains of
large catchment basins ranging from 1000 to 10,000 km? [15]. The first China Geochemical
Baselines Project (CGB1), as part of the Global Geochemical Baselines Project [30], was
conducted from 2008 to 2014 [17], and most samples were collected in 2010-2012. The
Second China Geochemical Baselines Project (CGB2) was carried out between 2015 and
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2019 [18]. Samples of alluvial soil, formed from drainage sediments, were collected from
3382 and 1741 locations in CGB1 and CGB2, respectively, according to a global reference
network grid cell in mainland China (9.6 million km?). Sample locations were designated
at the outlet plains of drainage catchments ranging in area from approximately 1000 to
5000 km?, with most locations being 2000-3000 km? in area. The topsoil samples were
collected from the surface to a depth of 25 cm, and the litter was scraped off; the minimum
weight of each sample was 2.5 kg.

Temporal changes in heavy metal concentrations may increase or decrease, and a major
issue is whether these changes can be detected by soil monitoring. Sampling materials and
monitoring sites must indicate that contaminants build quickly enough to be revisited on
subsequent occasions [31]. The sample media from the EGMON and CGB were the same;
both were alluvial soils formed from catchment sediments (overbank/floodplain/delta
sediments) through river transportation (Figure 3). All runoff materials are transported to
the same outlet or plain to form soil through drainage network channels (Figure 3). The
transported samples collected from the outlets of large drainage catchments are excellent
media, representing the natural background and anthropogenic emissions of the area.
The contamination of alluvial soils occurs relatively quickly. Pollution comes from diffuse
sources, such as natural weathering, mining, industries, residents, pesticides, and fertilizers.
Rainfall on land picks up and transports pollutants into watercourses and deposits them in
low-reach plains, overbanks, or fluvial terraces.

Overbank

sediments

Floodplain
sediments

sediments

Figure 3. Figure showing the sampling sites.

Twenty samples from the EGMON project and 26 from the CGB1 and CGB2 projects
were collected in Guangxi, as shown in Figure 1.

2.2.2. Sample Preparation and Laboratory Analysis

All samples were prepared and subjected to chemical analyses in the same laboratory.
The samples were air-dried and homogenized, and each raw sample was split into two
sub-samples; one was sieved through a mesh (<2 mm) for laboratory analysis, and the
other was stored for future investigation. The sieved sample was ground to <74 um in an
agate mill for laboratory analysis.

An aliquot (0.25 g) was weighed and placed in a test tube, and 10 mL of HF, 5 mL
of HNO;3, and 2 mL of HCIO; were added to digest the samples. The test tube was
heated in a boiling water bath until it dried. After cooling, 8 mL of 1:1 aqua regia (aqua
regia (1 HNOj3 + 3 HCI): pure water = 1:1 vol.) was added to decompose the residue.
The solution was diluted with 2% HNOj3 and then analyzed by ICP-MS to determine
Cd and Zn. Arsenic was determined by hydride atomic fluorescence spectrometry, and
Pb was determined by X-ray fluorescence spectrometry [32]. The detection limits were
1.00 mg/kg, 0.02 mg/kg, 2.00 mg/kg, and 4.00 mg/kg for As, Cd, Pb, and Zn, respectively.
The accuracy of the method was assessed by analyzing the soil reference materials (GSS-1,
GSS-2, G55-17, GSS-19, GSS-25, GSS-26, GSS-27) [33] 34 times, and the AlgC was less than
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0.10 (AlgC = 11gC; — 1gCs |; C; is the average of measured values and Cs is the standard
reference value).

2.3. Factor Selection

Four anthropogenic factors—land use, the spatial distribution density of major pol-
lution sources, gross domestic product (GDP), and the normalized difference vegetation
index (NDVI) in Guangxi—were selected, and the geology background, temperature,
precipitation, and digital elevation model (DEM) were selected as natural factors. Ge-
ology background and land use were type variables, whereas the others were numeric
variables. Gross domestic product, NDVI, and land use were variable factors, and data
from 1995, 2010, and 2015 were selected to represent the factor characteristics of the
EGMON, CGB1, and CGB2 sampling periods. Data on land use, GDP, NDVI, temper-
ature, and precipitation were collected from the Resource Environmental Science and
Data Centre, Institute of Geographical Sciences and Natural Resources Research, Chinese
Academy of Sciences (https://www.resdc.cn/data.aspx?DATAID=123, accessed on 17
January 2022). Temperature and precipitation data are presented as annual mean val-
ues. Digital elevation model data were collected from the Geospatial Data Cloud Website
(http:/ /www.gscloud.cn/search, accessed on 26 January, 2021), and major pollution source
data for Guangxi were collected from the Guangxi Hechi Ecological Environment Bureau
(http:/ /sthjj.hechi.gov.cn/, accessed on 26 January, 2021). The spatial analysis module of
ArcGIS 10.4 was used to calculate the nuclear density to obtain the pollution source density
of Guangxi. The spatial distributions of the influencing factors in Guangxi Province are
shown in Figures 4-7.
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Figure 4. Maps showing influencing factors of Guangxi. DEM: digital elevation model.
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Figure 5. NDVI maps of EGMON, CGB1, and CGB2. NDVI: normalized difference vegetation index.
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Figure 6. Gross domestic product (GDP) maps of EGMON, CGB1, and CGB2.
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Figure 7. Land use maps of EGMON, CGB1, and CGB2.

2.4. Random Forest Algorithm

Random forest is a classic combined classifier algorithm proposed that was by Breiman [34].
A bagging algorithm was used to generate training sample subsets, and a classification
regression tree was used as a meta-classifier, which was randomly selected to split the
current node when building a single cart tree. This double random (random training set
and random attribute) strategy results in a greater difference between meta-classifiers,
which improves the classification performance [35].

Random forest is a combination of tree classifiers {h(x,0;), k=1, ...... }, and its meta-
classifier h(x,0;) is a complete growth and nonpruning classification regression tree. x is
the input vector, and {6/} is an independent and identically distributed random vector and
determines the growth process of a single classification regression tree. For classification,
the output of random forest is the result of simple majority voting, and the output is the
simple average of the output of a single tree.

Random forest has many advantages; for example, the algorithm can incorporate
both continuous and categorical attributes by using the cart algorithm as its meta-learning
algorithm. Moreover, the decision tree is of great use in identifying differences and shows
better classification performance owing to the combination of the bagging algorithm and
randomly selected candidate feature splitting, which prevents overfitting and improves
tolerance to noise.

11
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Another prominent feature of random forest is the calculation of the importance of
variables. First, the random forest algorithm adds disturbance by the random reordering
of a variable of the training samples, and then it observes the change in the classification
accuracy of all samples in the decision tree before and after disturbance to measure the
variable importance.

Random forest analysis was completed using R3.4.2 [36]. The method used in this
study is illustrated in Figure 8.

m' ral-spatial distributions of heav;:m'“

y

s l { y\ P@ / n )
P "
@:nth ropogenic facton’ ‘Natural factors
1.Land use 1. Geology
2. Pollution density 2. Temperature
3:GDP 3. Precipitation
4. NDVI 4. DEM

=

Random ForestAIgorithmJ

The driving mechanism of temporal-spatial
variations of heavy metals

Figure 8. Flow chart showing the classification method used in this study.

3. Results
3.1. Descriptive Statistics

Table 1 shows the statistical parameters of the As, Cd, Pb, and Zn concentrations
in the EGMON, CGB1, and CGB2 projects. The maximum values of As, Cd, Pb, and Zn
(1270.72 mg/kg, 30.61 mg/kg, 1385.64 mg/kg, and 3724.96 mg/kg respectively) for CGB1
were the highest, indicating that heavy metals were heavily enriched in the CGB1 project.
In addition, the coefficients of variation of As, Cd, Pb, and Zn were 405.67, 370, 314.1, and
320.28, respectively, in the CGB1 project, which were also higher than those of the other
two projects, suggesting that they had the strongest spatial variations. Moreover, As, Cd,
and Pb showed the highest median values (12.58 mg/kg, 0.26 mg/kg, and 31.04 mg/kg,
respectively) in the CGB1 project, and Zn showed the highest median value in the CGB2
project. The medians of As, Cd, and Zn were lowest in the EGMON project, and the median
of Pb was lowest in CGB2.

12
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Table 1. Descriptive statistics of heavy metals in the EGMON, CGB1, and CGB2 projects.

As Cd Pb Zn
Mean 15.77 0.17 38.35 85.98
cv 193.49 70.45 72.28 79.51
EGMON Median 7.80 0.13 34.50 72.00
Min 2.10 0.05 14.00 17.50
Max 144.00 0.47 137.00 342.00
Mean 59.71 1.57 83.06 218.96
Ccv 405.67 370.00 314.10 320.28
CGB1 Median 12.58 0.26 31.04 79.42
Min 3.12 0.10 16.10 37.96
Max 1270.72 30.61 1385.64 3724.96
Mean 12.81 0.39 32.35 87.84
Ccv 78.07 10 75.50 61.38
CGB2 Median 12.17 0.24 26.95 80.22
Min 247 0.03 10.60 27.15
Max 50.42 1.53 137.92 261.79

Units: mg/kg. CV: coefficient of variation.

3.2. Spatiotemporal Distributions of Heavy Metals

The heavy metal geochemical maps of the three projects (Figure 9) were drawn using
the inverse distance weighting method in ArcGIS 10.4 with the European Union soil heavy
metal pollution standard values (indicated by the triangular symbol on the color scale)
as the thresholds. Arsenic showed the strongest enrichment in the three projects. In the
EGMON project, As-anomalous areas were mainly distributed in the east and west of the
study area, and the proportion of alluvial soil samples exceeding the limit of 20 mg/kg
of As was approximately 10%. As-anomalous areas in the CGB1 project were distributed
in the northwest and southeast of the study area, and the proportion exceeding this limit
was approximately 23%. In addition, the As-anomalous areas in the CGB2 project were
mainly distributed in the northwest and northeast of the study area, showing an exceeding
proportion of 11%, and the anomalous intensity and range in the CGB1 project were both
weaker than those in the CGB1 project.

In the EGMON project, the Cd content at all sampling sites was below the Cd EU heavy
metal pollution threshold of 1000 ug/kg. In the CGB1 project, the Cd-anomalous areas
were mainly distributed in the northwest of the study area, with an exceeding proportion
of 17%, while the Cd-anomalous intensity and range decreased significantly, showing an
exceeding proportion of 7% in the CGB2 project.

The anomalous areas of Pb and Zn in the EGMON project were mainly distributed in
the northwest and southeast of the study area, and the proportions of alluvial soil samples
exceeding the limits of 70 mg/kg Pb and 160 mg/kg Zn were both approximately 5%. The
exceeding proportions of Pb and Zn in the CGB1 project were approximately 17% and
13%, respectively. Compared with the previous two projects, the anomalous intensity and
range of Pb in the CGB2 project decreased significantly, with an exceeding proportion of
3.5%, and the anomalous intensity and range of Zn in the CGB2 project were significantly
lower than those in the CGB1 project but higher than those in the EGMON project, with an
exceeding proportion of 7%.
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Figure 9. Geochemical maps of As, Cd, Pb, and Zn concentrations in Guangxi. The triangle indicates
the threshold of EU heavy metal pollution standard.
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4. Discussion

Land use affects soil quality and eco-environmental function, which may be related to
soil chemical availability and environmental migration conditions as well as fertilization
and irrigation under different land use conditions [37,38]. Gross Domestic Product likely
reflects the environmental problems caused by rapid economic development, including
industrial and commercial development [39]. The density of the pollution sources around
the sampling sites directly reflects the influence of industrial emissions on the heavy metal
content of the soils. Pollution can contaminate the downstream soils through atmospheric
sedimentation and surface runoff [40,41]. The NDVlI is a positive anthropogenic factor
that indicates an improved ecological environment and reduced rocky desertification in
karst areas [42]. Natural heavy metals in the soil originate from weathering, erosion, and
the transport of parent materials. Geological lithology likely reflects the type of parent
material. Temperature and precipitation are climatic factors that determine the weathering
and denudation rate of parent materials, and lastly, the DEM can determine the path and
difficulty of element migration.

The variable importance of the influencing factors, calculated using the random forest
algorithm, is illustrated in Figure 10. The spatial variations in As in the EGMON project
were mainly affected by precipitation, followed by the spatial distribution density of
pollution sources and GDP. The As-anomalous areas geographically coincided with poor-
precipitation areas. The greater the rainfall, the stronger the weathering and leaching, while
the batholith ions in the soil are more easily lost; thus, the soil is acidic. Fe-Mn concretions
are often associated with rich heavy metals because of their poor crystallinity, large surface
area [43], high surface negative charge, and the isomorphic substitution of manganese
oxides. Fe-Mn concretions in the soil decompose through the acidification process, which
leads to the migration of heavy metals from the solid state to the ionic state, resulting
in a relatively low heavy metal content in the soil. Natural factors were the key factors
regulating the spatial variation of As, with a proportion of more than 60% in the EGMON
project. As spatial variation was controlled by GDP and the spatial distribution density of
pollution sources in the CGB1 project, the proportion of anthropogenic factor importance
was approximately 58%. China experienced rapid economic development during this
period, and extensive economic growth has brought many problems, such as the wanton
discharge of pollutants and resulting environmental pollution, which were the key factors
controlling the spatial distribution of As in the CGB1 project. Arsenic is mainly derived
from smelting, pigments, glass, and paper manufacturing in industry, and in agriculture,
arsenide is mainly used in pesticides, algicides, and preservatives [44]. The As-anomalous
areas were decreased in CGB2 compared with CGB1, and the proportion of anthropogenic
factor importance was approximately 55%. The results of the random forest analysis
showed that the pollution source was still the key factor affecting the As spatial distribution;
however, the NDVI took second place and should be given more focus for the positive
role that it plays. The NDVI of the study area increased significantly in the CGB2 project
compared with the previous two projects. Vegetation likely regulates surface runoff and
conserves soil and water, thereby improving soil quality and the ecological environment.
Therefore, it can be concluded that a higher NDVI is associated with a lower degree of rocky
desertification; thus, the soil erosion and pollutant contents decreased correspondingly,
reflecting the positive impact of human activities on the spatial distributions of heavy
metals [45,46].

The key factors regulating the Cd spatial distribution in the EGMON project were
natural factors, including DEM, temperature, and geological lithologies, the proportion of
which was 61%. The Cd-anomalous areas geographically coincided with low-lying areas;
Cd is an active element that migrates more easily than other heavy metals, and low-lying
areas can gather materials eroding from the surrounding high-relief areas, resulting in the
accumulation of Cd. GDP was the most important factor regulating the spatial distribution
of Cd in the CGB1 project, with a proportion of anthropogenic factors of approximately
53%. Cd is a by-product of Zn smelting, which is mainly used in batteries, dyes, and
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plastic stabilizers, and is more easily absorbed by crops than other heavy metals [47]. The
anomalous intensity and range of Cd in CGB2 decreased significantly, with precipitation
being the main factor affecting its spatial distribution.
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Figure 10. Influencing factors of spatiotemporal distributions of heavy metals.

The spatial variation in Pb in the EGMON project was mainly controlled by the DEM
and precipitation, and the proportion of natural factors was approximately 53%. High wet
deposition was accompanied by high soil Pb content in Guangxi in the EGMON project,
which was different from the other elements. Leaded gasoline was used in China during the
EGMON project period; thus, Pb from the exhaust emissions of motor vehicles using leaded
gasoline would be adsorbed onto particles and enter the soil through wet deposition [48].
Gross Domestic Product is an important factor controlling the spatial distribution of Pb in
the CGBI1 project. During this period, leaded gasoline was completely banned in China;
thus, lead in soils mainly originated from mining, smelting, leaded coatings, foundry, and
other industrial production activities [49]. In the CGB2 project, NDVI was the controlling
factor affecting spatial variations in Pb, suggesting a positive role for human activities. The
implementation of vegetation restoration and the control of rocky desertification decreased
the contributions of upstream rocks; thus, the heavy metal content in the alluvial soils
decreased accordingly.

The spatial variation in Zn in the EGMON project was mainly affected by temperature,
and the proportion of natural factor importance was approximately 53%. There was
a negative correlation between Zn content and temperature. Zn is more active at high
temperatures and easily migrates from the solid state to the ionic state, resulting in relatively
low Zn content in soils. In the CGB1 project, the GDP was still a key factor, and the
proportion of anthropogenic factor importance was greater than 53%. Zn pollution sources
include zinc mining, smelting and processing, machinery manufacturing, zinc plating,
instrumentation, synthesis, and papermaking. Tire wear and coal combustion also produce
zinc and zinc compounds. Precipitation was the most important factor affecting the spatial
variation in Zn in the CGB2 project, whereas GDP still played an important role. It was
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found that the Zn-anomalous areas changed compared with the CGB1 period, which might
have been due to the development of the local economy.

In conclusion, the surface soil environmental quality in Guangxi was the best during
the EGMON project (1992-1996) period. The disturbance of human activities was relatively
small, and the spatial distribution of heavy metals was mainly driven by natural factors. In
the CGB1 project period (2008-2012), surface soils showed obvious heavy metal pollution
due to rapid economic growth and poor attention to environmental protection. In the
CGB2 project (2015-2019), economic growth slowed down, environmental protection was
strengthened, the degree of rocky desertification was reduced, and the phenomenon of soil
erosion was greatly improved; thus, the anomalous intensity and range of heavy metals
decreased compared with that in the CGB1 project.

The factors influencing the spatial distributions of Cd and Zn were similar (Figure 9).
Cd is a dispersed element that is closely associated with middle- to low-temperature Pb—Zn
deposits and occurs in sphalerite, wurtzite, and other minerals as isomorphisms. Both
Cd and Zn are sulfophilic elements with similar ionic radii; therefore, their geochemical
behavior is consistent. It is generally accepted that, at the local scale, soil-forming parent
materials are among the most important factors affecting heavy metal distribution in
soils [50]. However, this study found that wet deposition associated with the DEM is
among the most important factors responsible for the spatial distribution of heavy metals
in karst areas at a regional scale. The intense tropical rainfall associated with the special
geochemical properties of carbonates may be the key factor controlling mass migration
and, thus, heavy metal accumulation in karst areas.

Spatial variations in heavy metal concentrations are caused by many factors, including
numerical variables (such as GDP and NDVI) and categorical variables (such as geology
background and land use). In the past, owing to the limitations of methods, most studies
have only focused on numerical variables of the spatial variations of heavy metals, lacking
a comprehensive study of both numerical and categorical variables. In this study, numerical
and categorical variables were evaluated for the first time using a random forest algorithm.
This research promotes an understanding of anthropogenic and natural influences on the
spatiotemporal distribution of heavy metals and is of great significance for environmental
monitoring and governance. It is of great significance to study the distribution of heavy
metals on large spatial and temporal scales, as well as the potential influencing factors. It
is necessary to monitor the spatial and temporal changes in heavy metals on a regional
scale over long time periods and clarify the impact of human disturbance on natural
environmental change, which is also one of the original intentions of long-term geochemical
projects in China.

5. Conclusions

In conclusion, the surface alluvial soils showed the strongest heavy metal accumulation
in the CGBI1 project, followed by the CGB2 and EGMON projects. Arsenic showed the
strongest enrichment among the three projects. Natural factors were among the most
important factors affecting the spatial distribution of heavy metals in the EGMON project,
particularly precipitation for As, DEM for Cd and Pb, and temperature for Zn. Gross
Domestic Product was a key factor regulating the spatial distribution of all heavy metals
in CGB1. The NDVI and precipitation were important factors controlling heavy metal
variations in CGB2. As a positive anthropogenic factor, the NDVI improved the degree of
rocky desertification, reduced the heavy metal contents of As and Pb, and promoted the
decomposition of oxides and hydroxides and thus the migration of Cd and Zn.
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Abstract: The features of structural and phase transformations during the processing of alloyed
metallurgical wastes using reduction smelting are determined herein. This is necessary in order to
determine the technological parameters of the melting process that ensure the reduction in the losses
of alloying components. The use of X-ray phase analysis in combination with the methods of raster
electron microscopy and X-ray microanalysis ensured the identification of the microstructure features
and the chemical composition of individual phases and inclusions in the metal. Our study identified
new technological aspects of high-alloyed technogenic waste processing using reduction smelting.
The obtained parameters of the resource-saving alloying compound provide the possibility to replace
parts of the standard ferroalloys in steelmaking processes.
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1. Introduction

The gradual depletion of the raw materials fields dictates the rising trend of the global
market prices for refractory metal alloys [1]. One of the alternative sources of alloying
materials is processing and returning to the production of alloyed technogenic wastes,
large volumes of which are not used effectively in practice [2]. Wastes of alloyed, heat-
resistant, corrosion-resistant, and other steel and alloy grades, the operation of which can
be accompanied by the effects of aggressive atmospheres, temperatures, and mechani-
cal factors, contain expensive chemical elements. These elements include Ni, Cr, W, Mo,
and many others. A specific feature of wastes is the presence of alloying elements in the
form of oxides and complex compounds. This requires consideration of the complexity of
chemical-physical interactions of elements when developing the technological conditions
of processing [3]. The major portion of the alloyed wastes contains oxide and fine-dispersed
compounds (scale, power grinding chips, and grinding dust), the effective processing of
which is complicated. The above characteristics present challenges in terms of implement-
ing the competitive ability due to problems with production processes and the high price
of the finished products, respectively [4].

Therefore, the problem with decreasing losses of expensive chemical elements in
wastes processing resulting from the production of high-alloy steels and compounds still
needs to be urgently addressed. To accomplish this, transformations during the processing
of metallurgical oxide industrial wastes using reduction smelting should be studied.
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In accordance with the paper cited in [5], 0.043 t of scale and slag accounts for 1 ton of
produced rolled steel. Steel losses, when it is processed in scarfing machines, are 5%—-15%.
The particle size for stainless corrosion-resistant steels with a nickel content of 19 wt%
is 240-450 um. Based on the data from the work cited in [6], in the best case scenario,
12% of the manufactured product volume is lost with the scale when small commercial
billets are made of high-alloy steel. The difficulties lie in the fact that pre-treatment of scale
and other fine-dispersed wastes is required in order to increase the level of alloy element
recovery by molten metal. Moreover, there are additional difficulties associated with “oily”
(contaminated) scale [7]. This means that before adding to the charge, harmful admixtures
must be treated off. Based on the data in [6], when finely-dispersed high-alloy steel waste is
added to a liquid bath without pre-treatment, the loss of refractory elements reaches 40%.

Iron scale is composed of Fe;O4, Fe;O3, and FeO, as specified in [8], but [6] also
identified WO, and W,C-Mo,C in the high-speed steel scale. The reason for this may be
an increased level of steel alloying. Similar results to those for the iron carbide presence
were shown in [9], when chromium-nickel steel oxide waste was reduced by the carbon.
The authors of the study in [8] investigated the iron scale reduction by carbon within
the range of 1023-1323 K, with the detection of Fe3C and carbon along with the iron
phase in the resultant products. Residual iron oxides appeared only after heat treatment
at a temperature of 1023 K. In contrast, as indicated in [10], the additional presence of
tungsten seems to have had an effect on the nature of carbide formations, which affected
the microstructure’s features. Some particles, probably carbide ones, with high levels of
carbon, tungsten, and other elements, were found. Among the shortcomings, insufficient
research into the reduction products’ physical and chemical properties involving refractory
elements—tungsten and niobium—can be noted. There is still a need to identify the most
preferable conditions for reducing alloyed technogenic raw materials in the Fe-Ni-Cr-Mo-
W-O-C system.

The reduction of oxides FeO-Cr,O3 at different C:Fe ratios and temperatures varying
from 1373 K to 1523 K was studied by the authors of [11]. It was found that the increase
in the C:Fe ratio from 0.8 to 1.4 caused the increase in the chromium extraction rate from
9.6% to 74.3%, respectively. The temperature rise to 1523 K caused the formation of a larger
quantity of carbides, the residues of which could not be avoided in the products reduced
by carbon [12]. If the C:Fe ratio was less than 0.8, there was a significant decrease in the
chromium extraction rate and the carbide formation. The resulting chromium carbides
dissolved in the iron phase [11]. The formation of metallic chromium and chromium
carbides was also demonstrated by the authors of [13] during the reduction of chromium-
containing ore raw materials. After heat treatment at a temperature of 1273 K and reaching
the O:C ratio of 1.05-1.15 in the charge, the carbothermal reduction was accompanied by
the occurrence of Cr3C, and Cr;Cs. Thus, to increase the chromium extraction rate during
the reduction, the charge must contain certain excessive carbon relative to oxygen. The
study cited in [14] specifically researches Cr,O3 reduction with carbon within a range of
1273-1773 K. Parallel reduction and formation of Cr3C,, CryC3, and Cry3Cq carbides were
found, and the possibility of obtaining iron—-chromium ligatures with the limited carbon
content was fixed. There is a possibility of obtaining products of carbon thermal reduction
with relatively low residual carbon, which indicates the expanded scope of application.
However, it is impossible to see the regularities of changes in the microstructure and
composition of the phase formations in the obtained materials during the reduction of the
chromium and iron oxides complex within the alloyed technogenic raw materials.

The study cited in [15] outlines the research into reduction reactions in the Fe-Ni-O sys-
tem at a temperature of 1373 K. When the treatment temperature rose, the reduced products
appeared in the following sequence: Fe304 + NiO—Fe304 + Ni—FeO + FexNiy— FexNiy +
Fe (FenCr). That is, a relatively considerable tendency for nickel oxide reduction against
iron oxides was observed. The formation processes of metallic nickel and iron were seen
in separate stages. The possible presence of iron carbides and the iron-containing phase
FexNiy, which can appear during the reduction of oxide alloyed waste, was indicated.
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The disadvantage lies in the absence of data regarding the reduction of complex oxide
compounds which can be present in technogenic raw materials. This may lead to potential
differences during the reduction reactions. The unresolved parts of the problem lie in the
expansion of our understanding of the elements’ presence in reduced products, determined
using scanning electron microscopy and X-ray microanalysis.

The authors of [16] studied the reduction in the Mo—O-C and Ca-Mo-O-C systems.
The formation of molybdenum dioxide as an intermediate product was found; the latter
was further transformed into molybdenum and carbides. The conditional division of
the process into the primary interaction of MoO3 with carbon occurred with the carbon
gasification reaction, as did the further reduction of MoO, with the involvement of carbon
monoxide. The authors of [17] made calculations using thermodynamics and determined
the equilibrium of WOj3 reduction reactions with the involvement of carbon and carbon
monoxide at a temperature of 1500-6000 K. The obtained characteristics of the reactions
showed that the reduction of WO3 most likely occurred to produce tungsten and then the
carbides W,C and WC. As was indicated in [18], there are stages of WO; transformation
through WO, 7, and WO, to W. The tungsten reduction takes place at a temperature
of 1223 K. The tendency to form carbides, along with the reduction of oxide tungsten-
containing compounds, was confirmed by the studies contained in [19]. The disadvantage
is that the form of the molybdenum- and tungsten-containing compounds present in
the oxide wastes of high-alloy steels can be more complicated and differ from specific
pure oxides.

Based on the above, the purpose of this work was formulated. It lies in the identifi-
cation of features of phase and structural transformations in the processing of high-alloy
wastes from metallurgical production using reduction smelting to obtain an alloy con-
taining refractory elements such as Ni, Cr, Mo, and W. This is necessary to determine the
parameters that reduce the losses of alloying elements by means of sublimation in the
processing of oxide-alloying raw materials and use of the received alloying additive.

2. Materials and Methods

In this study, a mixture of chromium-nickel-containing steels, type 18-10 (grades
08H18N10, 04H18N10 and others, respectively, GOST 5632-2014) scale, and a grinding
chip of nickel-based heat-resistant alloys (grades EI868 and EK171, respectively, GOST
5632-2014) formed under metallurgical production conditions, was used as a feedstock. The
addition of metal chips ensured the intensification of heat exchange at the initial stages of
charge heating and an additional alloying improvement. The reducing agent was carbon in
the form of ultradispersed dust, which was the waste from the carbon-graphite production,
the addition of which ensured the O:C ratio in the charge at the level of 1.56. The samples
for the research were melted in an indirect heating furnace with coal lining in alundum
crucibles. The melting temperature was 1873-1913 K. After melting, the alundum crucibles
with the alloy were taken out of the furnace and cooled at ambient temperature.

To make a comparative assessment of the probability of reduction reactions in the
Ni-Cr-Mo-W-O-C system at a temperature of 300-2000 K, the Gibbs energy change (AG)
was calculated using the given thermodynamic values of the changes in enthalpy (AH),
entropy (AS), and heat capacity (ACp) [20-25]. In the calculations, we used the technique
described in [21], along with the following equation:

T T AC

AGY = MH§, + TS} + [ AT -1 [ =ar 1)
1 1

The effect of the heat capacity changes and polymorphic transformation progress in the
initial components and reaction products at different temperatures was also taken into account.
X-ray phase analysis of the samples was performed with the help of a diffractometer,
using monochromatic radiation Cu Ko (A = 1.54051 A). Measurements were made at
the tube voltage of U = 40 kV and anode current of I = 20 mA. Images of the sample’s
microstructure were obtained with the help of a JSM-IT300 scanning electron microscope
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from JEOL (Tokyo, Japan). Equipping the microscope with a X-MAX80 attachment for X-ray
microanalysis from Oxford Instruments (Abingdon, UK) allowed us to identify the contents
of elements in individual phase formations, which can be seen on the microstructure
images. The sample’s microstructure was studied at an accelerating voltage of 10-25 kV
and an electron probe current of 52-96 pA. The operating distance to the sample surface
was 10.5-11.7 mm.

3. Results

As one can see in Figure 1, reaction 25, providing the reduction of molybdenum oxide
MoO3 to MoO, when reacting with carbon, had the highest probability in the Ni-Cr-Mo-W-
O-C system within the studied temperature range of 300-2000 K. Curve 25 of this reaction
is located in the negative part of the diagram.
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Figure 1. Dependence of the Gibbs free energy difference on the carbon reduction reaction tempera-
ture in the Ni-Cr-Mo-W-O-C system: 1—7/33Cr,O3 + CO = 2/33Cr;C3 + 27/33CO,; 2—1/3Cr,O3
+ CO =2/3Cr + COy; 3—23/93Cry03 + CO = 2/93Cr3Cq + 81/93C0O,; 4—3/17Cr,03 + CO =
2/17Cr3Cy + 13/17COy; 5—1/3Mo0O; + CO = 1/6Mo,C + 5/6CO,; 6—1/5WO3 + CO = 1/5WC
+4/5C0Oy; 7—1/2Mo00O; + CO =1/2Mo + COy; 8—1/2WO, + CO = 1/2W + COy; 9—1/3WO3 +
CO =1/3W + COy; 10—WO3 + CO = WO, + COy; 11—1/4M00O3 + CO = 1/8Mo,C + 7/8CO»;
12—7/27CrpyO3 + C =2/27Cr;C3 + 21/27CO; 13—1/3Cry03 + C = 2/3Cr + CO; 14—3/13Cr,03 + C
=2/13Cr3C; +9/13C0O; 15—23/81CryO3 + C = 2/81Cry3Cq + 69/81CO; 16—NiO + CO = Ni + COp;
17—1/3W0O; + C =1/3WC + 2/3CO; 18—1/4W0O3 + C = 1/4WC + 3/4CO; 19—2/5Mo0, + C =
1/5Mo,C +4/5CQO; 20—1/2Mo0O; + C =1/2Mo + CO; 21—1/2WO, + C = 1/2W + CO; 22—1/3WO5
+C=1/3W + CO; 23—WO3 + C = WO, + CO; 24—NiO + C =Ni + CO; 25—Mo03 + C = MoO; + CO;
26—1/3Mo0O3 + CO =1/3Mo + COy; 27—1/3Mo0O3 + C = 1/3Mo + CO; 286—Mo003+CO = MoO, +
COy; 29—2/7M003 + C =1/7Mo,C + 6/7CO.
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When the temperature rises above 700 K, the reduction reaction of nickel oxide NiO to
Ni (curve 24) takes negative values of the Gibbs free energy difference. At a temperature
above 950 K, the negative values of the Gibbs free energy difference are taken by the
reaction of the molybdenum trioxide reduction to Mo,C carbide, and above 800 K to Mo.
Reaction 23, which is typical for the reduction of WO3 to WO,, which takes negative values
of the Gibbs free energy difference at a temperature above 850 K. In the temperature range
of 920-1050 K, the negative values of the Gibbs free energy difference are taken by the
reactions of tungsten oxides WOj3 (reactions 18, 22) and WO, (reactions 17, 21) reductions
to WC and W, respectively (Figure 1). In the case of MoO,, one can observe reactions 20
and 19 with the formation of Mo,C and Mo, respectively.

In the temperature range of 1400-1600 K, the reactions involving the carbonothermal
reduction of chromium oxide Cr,Oj3 (reactions 12-15) take negative values of the Gibbs free
energy difference. Reactions with the formation of Cr3C; and Cry3Cg carbides can most
likely be seen from the thermodynamic point of view (reactions 14 and 15, respectively).
The reduction reaction of chromium oxide Cr,Oj3 to carbide Cr;yCs had the lowest thermo-
dynamic probability; thus, the relevant curve is seen in the negative part of the diagram at
a temperature of 1600 K.

The oxide reduction reaction curves of the discussed system with carbon monoxide
show the lowest values of the Gibbs free energy difference in areas of relatively low
temperatures. However, regarding the thermodynamic probability of an oxide reduction
reaction, a clear analogy with the interaction with carbon can be seen. This means that the
probability of the occurrence of a reduction reaction for the relevant oxides decreases in the
following sequence: NiO, MoO3, WO3, MoO,, WO,, Cr,0s3. It should also be noted that
reactions 11, 16, 26, and 28 can be found in the negative part of the diagram, and reactions
9 and 10 fall within the positive part of the diagram only at temperatures of 1400 K and
1800 K, respectively. The curves of reactions 14, 7, and 8 occur in the positive part of the
diagram. Reactions 1 and 2 of Cr,O3 reduction to Cr;Cs and Cr, respectively, have the
highest value of Gibbs free energy difference.

Studies of the phase composition of the obtained alloying compound showed relatively
active development of the FeNi phase, as well as FeCr (Figure 2). The carbide component
was expressed as the development of Fe3C, tungsten carbides WC and W,C, and complex
carbide W,C-Mo,C.
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Figure 2. Diffractogram section related to the X-ray phase analysis of the alloying compound.

The alloy’s microstructure was composed of several phases, with different shapes and
sizes of particles (Figure 3a—d). The phases with relatively high contents of Ni (areas 3, 7,

24



Minerals 2023, 13, 1171

9, and 15) and Cr (areas 5, 8, 11, 12, and 16), up to 44.33 wt% and 46.33 wt%, respectively,
were identified in the studied areas (Figures 3 and 4, Table 1). Some particles had high
contents of Mo and W (areas 2, 4, 10, 13), up to 14.17 wt% and 26.52 wt%, respectively.
These particles also contained Nb up to 1.59 wt%. The carbon content in the above areas
(Figures 3 and 4, Table 1) varied within a range of 0.45-2.26 wt%. Moreover, some phase
formations with carbon contents up to 89.54 wt% were found, and they seemed to be the
residual unreacted carbon-reducing agents.

50 pam

(d)

Figure 3. Images of the alloying compound’s microstructure, with magnifications of: (a,b)—x100, (c)—
%500, (d)—x1000, 1-17—X-ray microanalysis areas. Arrows indicate scaled points of microstructure.

The determination of element concentrations in the studied area of the sample surface
showed a clear distribution between the phases with different contents of Cr and Ni
(Figure 5c,d). The Fe content was relatively uniform throughout the studied area (Figure 5b),
except for carbon inclusions and phases with high Mo and W contents. However, the
highest concentration of iron was observed in the phase with a high nickel content, which
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is evidenced in the figure by the corresponding more intensively colored areas. W and Mo,
as well as Nb, were more concentrated in separate inclusions (Figure 5e-g).
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Figure 4. Spectrographs of the X-ray microanalysis of some studied areas of the alloy obtained in
Figure 3, respectively: (a)—9; (b)—11; (c)—12; (d)—13.

Table 1. Results of the X-ray microanalysis of the alloying compound, based on Figure 3.

Element Content, wt%

Areas
Studied C Al Cr Mn Fe Ni Nb Mo w Total
1 81.37 0.00 0.87 0.00 9.92 7.84 0.00 0.00 0.00 100
2 2.26 0.15 5.46 0.00 41.50 22.13 0.85 9.79 17.86 100
3 0.47 0.07 3.77 0.11 48.97 44.33 0.00 0.41 1.87 100
4 2.21 0.07 591 0.00 40.28 23.03 1.02 9.18 18.30 100
5 1.81 0.08 46.33 0.00 42.90 5.42 0.00 1.09 2.37 100
6 85.53 0.00 0.98 0.00 7.67 5.82 0.00 0.00 0.00 100
7 0.45 0.10 3.62 0.09 49.52 44.09 0.00 0.39 1.74 100
8 1.85 0.06 46.17 0.00 42.67 5.65 0.00 1.16 2.44 100
9 0.48 0.00 3.16 0.10 51.61 41.53 0.00 0.67 2.45 100
10 2.25 0.12 7.26 0.00 36.27 15.51 1.44 13.3 23.85 100
11 1.82 0.03 45.10 0.00 43.39 5.60 0.00 1.36 2.70 100
12 1.89 0.06 31.97 0.00 50.52 6.56 0.00 3.52 5.48 100
13 2.23 0.17 7.78 0.00 33.07 14.47 1.59 14.17 26.52 100
14 89.54 0.00 1.09 0.00 6.02 3.35 0.00 0.00 0.00 100
15 0.46 0.11 3.70 0.08 50.02 43.75 0.00 0.31 1.57 100
16 1.84 0.05 45.46 0.00 43.17 5.54 0.00 1.23 2.71 100
17 84.02 0.00 0.71 0.00 8.94 6.33 0.00 0.00 0.00 100
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Figure 5. The results of X-ray microanalysis in the major elements distribution mode in the character-
istic X-rays, according to Figure 3d (magnification x1000). The higher element contents correspond
to more intense colors: (a)—C, (b)—Fe, (c)—Ni, (d)—Cr, (e)—Mo, (f)—W, (g)—Nb.

4. Discussion

It follows from the results obtained from thermodynamic analysis in the Ni-Cr-Mo-
W-O-C system regarding the reduction of metal oxide technogenic raw materials that the
stability of oxide compounds of refractory elements decreases as the temperature rises.
From a thermodynamic point of view, higher oxide compounds have less stability than
lower oxide ones. In the system which we studied, the formation of metal oxides and
carbides, free metals, and CO and CO; are possible. The refractory metal oxides are
reduced by carbon and carbon monoxide. A high probability of parallel carbide formation
reactions, along with the reduction reactions at relatively low temperatures, has been
discovered. As the temperature rises, the probability of metal reduction in a free state
increases. This additionally dictates a negligible probability of obtaining a carbon-free
product. The consideration of phase transitions and the change in the heat capacity of
the reaction components along with the temperature increase allowed us to obtain more
accurate results. The significant number of concerned reactions in a wide temperature
range demonstrates a broader picture of possible transformations in the process of alloyed
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technogenic waste reduction. Difficulties in the development of this area lie in the lack of a
sufficiently large reference base to be used for calculations. There are possible prospects of
studies in this direction for calculating, plotting, and updating the equilibrium reaction
diagrams in the Ni-Cr-Mo-W-O-C system with the identification of the formed areas. In
addition, it will be possible to establish the most acceptable conditions for the existence of
phases depending on changes in the temperature and partial pressure of CO. The plotted
diagram can be used in the technological field for the purpose of obtaining metallized
materials from alloyed steel waste.

The X-ray phase analysis of the studied compound (Figure 2) shows that the alloying
elements Cr and Ni mostly occurred in the form of intermetallic phases FeNi and FeCr,
respectively. Some alloying elements could be found in the form of substitutional atoms
in Fe3C. This agrees with the results of the study cited in [9], where the diffractogram of
the reduced alloyed product clearly showed only iron-containing compounds, which is
also typical for unalloyed raw materials [8]. However, in contrast to the above study, the
completed studies also showed some carbide compounds of the alloying elements, such
as WC, W,C, and W,C-Mo,C. This agrees with the results of [12] regarding the parallel
reduction and carbide formation and the practical impossibility of obtaining a completely
carbon-free product, as well as with the results of [7]. In this case, the residual carbon in
the form of carbides will further ensure a relatively high reducibility when the alloying
element is used.

The studies of the microstructure, together with the X-ray microanalysis of the obtained
alloy, further demonstrate the nature of the elements’ presence within it. The inclusions
with higher contents of nickel with iron (Figure 3c,d, areas 3,7, 9, 15) appear to constitute
the intermetallic phase of FeNi, which is evidenced by the completed X-ray phase analyses
(Figure 2). This agrees well with the results of [15], where the relatively high efficiency of the
carbon reduction of the iron—nickel oxide component was confirmed. At the same time, [15]
showed that the iron-containing carbide component Fe (Fe,Cn) was present together
with FexNiy in the course of the reduction process. Some phases were characterized by
the high content of Cr and Fe (Figure 3c,d, areas 5, 8, 11, 12, 16). These appear to be
the intermetallic FeCr phases which were seen on the obtained diffractogram (Figure 2).
Taking into account the results of the X-ray phase analyses, the above areas can contain
Fe;C carbide, where Fe atoms are partially substituted by Cr atoms. This agrees with
the completed thermodynamic studies and the results of [11,13,14], which demonstrated
the formation of chromium-containing carbides in parallel with the reduction reactions.
However, in [13,14], the reduction was accompanied by the formation of separate chromium
carbides of the CrpCy, type. The absence of chromium carbides in the diffractogram in
these studies can be explained by the fact that some carbides can be dissolved in the
intermetallic component FeCr when two phases come into contact. Similar processes are
described in [11], where the formed chromium carbides were dissolved in y-Fe. In turn,
the thermodynamic studies (Figure 1) showed a lack of chromium carbides and metallic
chromium, along with a relatively low probability of the corresponding reactions.

Some particles with higher contents of Mo, W, Nb, and C (Figure 3, areas 2, 4, 10, 13)
can constitute the carbide phases. This corresponds to the results of the thermodynamic
(Figure 1) and phase (Figure 2) studies, based on which we determined that the phases in
the specified surface areas may contain carbides such as WC, W,C, and W,C-Mo,C. This
also agrees with the results of studies regarding the reduction mechanisms of W [17-19] and
Mo [16] oxides. It was also found that the metallic and carbide components were formed in
parallel at the final stage of the reduction. Here, as a contrast, the assumed particles of the
carbide phase in these studies were characterized by high contents of the alloying element
complexes. This indicates a more complex nature of the refractory element compounds.
Analysis of the study results indicates the predominance of intermetallic phase formations
of iron with nickel and chromium in the phase composition. The fraction of residual carbon
in the form of a carbide component had a relatively low presence, thus ensuring that the
reducing ability is required when the alloy is used.
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The limitations of the study’s results encourage the use of the obtained alloying
composite in relation to certain steel grades, based on the set of present elements. For
example, the complex of elements Ni, Cr, Mo, and W in some heat-resistant steels identifies
the required qualitative properties of the product. In contrast to Cr, Mo, and W, the Ni
content in high-speed tool steels is highly limited to tenths of a percent. Therefore, the
allowable limits of the element content can be exceeded in the target product. Similar
problems cannot be excluded for other steel grades where there are severe limits on the
content of one or more elements in the alloying compound. Thus, to avoid problems of this
nature and to increase the use rates of raw materials, close ratios of the element contents in
the alloying composite and in the target product should be followed.

The lack of results of X-ray analyses for several phase formations at once, which
would have allowed us to obtain the averaged contents of the elements, should be noted
as a disadvantage. This would make it possible to monitor the distribution of the major
elements throughout the studied surface of the samples, which would characterize, to a
greater degree, the nature of the phases and inclusions.

This study can be continued in order to expand the range of the steel grades, the oxide
wastes of which can be involved in processing by reduction smelting. The difficulties in
continuing this study are due to the lack of a sufficient experimental database. The most
promising for prospective studies are wastes with high levels of alloying elements.

The completed studies determined new technological aspects involved in the pro-
cessing of high-alloy technogenic waste to obtain compounds with relatively low residual
carbon content. The resulting parameters of the resource-saving alloying compound can
make it possible to replace some standard ferroalloys of those steel grades in the manufac-
turing process that place limitations on the carbon content. Heat-resistant austenitic steels
that are melted in electric arc furnaces are promising in these terms. The obtained alloy
did not contain compounds and phases with relatively high tendencies for sublimation.
That is, there is no need to create special conditions to prevent evaporation and losses of
alloying elements with the gas phase. This also leads to wider use of the alloying elements.

5. Conclusions

1. The features of thermodynamic equilibrium in the Ni-Cr-Mo-W-O-C system in
relation to the reduction of oxide technogenic raw materials were determined. This pro-
vided a satisfactory notion of the possibility of the reactions, depending on the temperature.
The thermal conditions that can ensure the high probability of reactions forming carbides
and free elements during carbon and carbon monoxide reduction were clarified. The
probability of reduction reactions of the corresponding oxides decreases in the following
order: nickel oxide, trioxides, molybdenum and tungsten dioxides, and chromium oxide.
The reduction reactions of higher oxides are more probable than those of lower oxides.
Moreover, obtaining a reduced product without carbides is unlikely.

2. The features of the phase composition of the obtained alloying compound were
determined. The intermetallic phases FeNi and FeCr were developed quite intensively. The
phase of Fe;C carbide clearly occurred. The fragmentary development of the carbides of the
alloying elements WC, WC, W,C, and W,C-Mo,C was found. The absence of compounds
and phases with relatively high tendencies for sublimation was determined. That is, there
is no need to create special conditions in order to prevent the evaporation and losses of
alloying elements with the gas phase, which leads to the wider use of the alloying elements.

3. It was found that the alloy microstructure was composed of several phases with
particles of different shapes and sizes. Inclusions with relatively high contents of iron and
nickel (up to 44.33 wt%), as well as chromium (46.33 wt%), which were found in the studied
areas appeared to be of intermetallic nature. Moreover, the phase formations with carbon
contents up to 89.54 wt% were found, and they appeared to be the residual unreacted
carbon-reducing agents. Some particles had higher contents of Mo and W, up to 14.17 wt%
and 26.52 wt%, respectively, and of Nb, up to 1.59 wt%. Such inclusions were composed
mainly of iron carbides and alloying elements.
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Abstract: This work includes a combined hydrometallurgical treatment of a eudialyte ore sample
with a subsequent preparation of leaching residue using mechanical separation methods. Hydromet-
allurgical treatment contains dry digestion with sulphuric acid at room temperature and filtration of
the obtained product. The objectives of adopting these procedures are to test a new digestion reactor
in order to prevent silica gel formation from the eudialyte ore. The obtained results revealed that
silica gel formation is prevented during dissolution with sulphuric acid. A high leaching efficiency of
light rare earth elements (La, Ce, Nd, Y) was reached using the dry digestion process with sulphuric
acid, where the starting molarity was 12 mol/L. After the filtration process, magnetic separation is
studied as the main method to recover weakly magnetic minerals like amphiboles and pyroxenes
from the leaching residue in the magnetic fraction and feldspars in the nonmagnetic fraction. A new
combined research strategy was developed for the production of different concentrates such as the
one bearing Zr, Hf, and Nb.

Keywords: hydrometallurgy; dry digestion; silica gel prevention; magnetic separation; eudialyte;
aegirine; feldspar

1. Introduction

Eudialyte is a unique mineral and nowadays is known as a potential source of rare
earth and high-field-strength elements in the absence of radioactive elements such as ura-
nium and thorium, which is the case for bastnasite, xenotime, monazite and steenstrupine.
Significant resources of eudialyte and accompanied zirconosilicates are represented by
llimaussaq and Tanbreez (Greenland), Norra Kérr (Sweden), Khibina and Lovozero (Russia),
Mont Saint-Hilaire and Kipawa (Canada), Pilanesberg (South Africa), Saima (China) and
Pocos de Caldas (Brazil) [1,2]. Besides eudialyte and accompanied complex Zr and Ti
silicates, the eudialyte ore consists of mafic minerals like amphiboles and pyroxenes and
of alkali feldspars and feldspathoids like nepheline [3]. According to the current state of
the art, dry and wet high-intensity magnetic separation (WHIMS) is widely proposed as
the main method to recover weakly magnetic minerals with amphiboles, pyroxenes and
eudialyte for the magnetic fraction, and feldspars and nepheline for the non-magnetic
fraction [4]. Moreover, various marketable products could be additionally obtained from
eudialyte ores as by-products like nepheline-syenite and feldspars.

A study on the extraction of REE as critical metals from eudialyte has been mainly
confined to laboratory studies and combined hydrometallurgical treatments, producing
different precipitation products such as rare earth carbonate and rare earth oxalate. Despite
being easily dissolved by acids such as hydrochloric acid and sulphuric acid, the main
challenge with this processing has been how to avoid silica gel formation, which is a
gelatinous and non-filterable phase [5]. Lebedev et al. [6,7] have studied a two-stage
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decomposition process for REE recovery. High-temperature leaching with concentrated
sulphuric acid (H,SO4) was used to decompose the eudialyte. Then, following washing
of the slurry with sodium sulphate solution, the REE remained in the insoluble residue
as double sulphate salts. The residue was then washed again and REE recovered after
converting the sulphates into nitrates or chlorides. Ma et al. [8] have studied the effect of
digestion time on REE extraction using an acid/concentrate ratio of 1.25:1. The treated
concentrate was subsequently leached at room temperature and a water/concentrate
ratio of 2:1 for 1 h. The digestion process was performed without external heating, but
the reaction temperature reached 70-80 °C because of exothermic effects. Another idea
for avoiding gel formation is the introduction of sodium fluoride, because fluoride ions
(F7) can promote the coagulation of silica acid in solution such that silica content in the
pregnant would be lower and the slurry thus filterable [9]. F~ ions can promote eudialyte
decomposition, but this is also toxic, and it can destroy glass equipment.

The valorisation of various waste is very important for the sustainable development
of a green and circular economy [10-14]. Therefore, this study proposes a mechanical
separation of valuable mineral products from leaching residues with the goal being to
minimise the volume of the tailings storage. The most valuable minerals of the leaching
residues are feldspars and mafic minerals, represented by pyroxenes like aegirine-augite
groups. Due to the differences in the specific magnetic susceptibility of aegirine-augite
groups and feldspars, the magnetic separation could also be considered as the main method
for the treatment of solid leaching residues [15,16]. Feldspars are used in the glass and
ceramic industries as filling materials [17,18]. Aegirine could be used as pigments, mineral
wools, refractory, ceramic and glass industries (glazes, black glass, decorative glassware),
fillers, coatings, lubricants for hot metal forming, weighting agents or as low-melting flux
for pyrometallurgical refinement of copper from impurities [19-21].

The first aim of this study is the extraction of rare earth elements using dry digestion
process in special constructed reactor preventing the formation silica gel formation from a
eudialyte ore sample from Norra Kérr deposit. This digestion reactor was developed from
a 1 L laboratory reactor to an increased 100 L one at the Institute for Process metallurgy
and Metal recycling of the RWTH Aachen University in Germany [22,23] in contrast
to some bioleaching processes [24], where the extraction efficiency for the single REEs
was a maximum of 35% for zircon concentrates but up to about 70% for the eudialyte
concentrate. A large number of original research articles covering techniques including
solvent extraction, ion exchange, precipitation and other emerging technologies have been
reviewed in detail and critically assessed to understand the role and behaviour of specific
impurities in REE processing (including Al, Ca, Mg, Fe, Si, Th, U, Ti, Zr, Hf, Cr, Mo, Mn,
Co, Ni, Cu, Zn, Sn, Pb and Bi) [25]. The second aim of this work is to is to investigate the
possibility of producing valuable mineral products like aegirine and feldspar products
from solid leaching residue using mechanical separation methods in the final step.

2. Materials and Methods
2.1. Materials

The original sample of low-grade eudialyte ore from the Norra Kérr deposit in Swe-
den was used for various geometallurgical investigations during the multidisciplinary
Siemens research section (S-FB): Rare Earth—Green Mining and Separation. The remaining
processing products from geometallurgical investigations (sensor-based sorting, magnetic
and electrical separation, flotation) were mixed, homogenised and split into subsamples
for hydrometallurgical investigations in this work. Initially, the eudialyte ore sample
was crushed by a jaw crusher (Type MN 931/10. KHD Humboldt Wedag AG, Cologne,
Germany) and then ground by a roll crusher (Type LWBP 2/2, Karl Merz Maschinenfabrik
GmbH, Heschingen, Germany) in a circuit with a 180 um sieve. After hydrometallurgical
treatment in new digestion reactor, the pulp was filtered using a filter press to obtain the
filter cake (leaching residue) and the filtrate (REE-bearing solution). The leaching residue
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was then used for magnetic separation tests. The experimental process flowsheet is given
in Figure 1.

| Eudialyte ore sample |

| Crushing and grinding |
| Dry digestion |
Filtration
L (ol leaing esiche
\ Solid leaching residue
Filtrate v
to

Attrition scrubbing

REE extraction
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Magnetic separation 1
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MF 2 NMF
Magnetic fraction 2 Non-magnetic fraction

Figure 1. Experimental process flowsheet.

The chemical composition of the low-grade eudialyte ore sample is given in Table 1.

Table 1. The chemical composition of eudialyte ore sample (wt.%).

Si Na K Al Zr Ti Ca Fe Mn P LREE (La-Sm) HREE (Y, Eu-Lu)

25.15 6.85 3.16 8.65 0.79 0.12 1.31 3.27 0.14 0.045 0.2823 0.1514

The molar proportion of (Na + K)/Al ratio in the investigated sample is 1.15 (>1). The
sample of investigated eudialyte ore belongs to agpaitic rocks. About 35% of REE belong
to HREE. Zr and REE are mainly distributed in eudialyte. According to the mineralogical
analysis, the eudialyte ore sample consists of eudialyte (9%), feldspars (50%), mafic minerals
(16%) like aegirine-augite series and feldspathoids (23%) like nepheline and natrolite. The
micas minerals (biotite and muscovite) are detected as trace phases with a content below
2%. The metal distribution of sieve fractions is shown in Figure 2.

The particle size distribution of the milled eudialyte ore sample shows that 80% of the
particles are smaller than 120 pm. Nearly 30% and 15% of the particles are less than 63 and
20 pm, respectively. Over 70% of Zr and REE in the eudialyte ore sample is distributed
in the fraction below 63 um. Sulphuric acid, 95.0%-98.0%, 258205-2.5 L, Sigma-Aldrich
Chemie GmbH, Schnelldorf, Germany, for dry digestion process. Tap water was used for
leaching process after dry digestion process.
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Figure 2. Particle size distribution and distribution of metals in sieve fractions of the eudialyte
ore sample.

2.2. Methods
2.2.1. Sample Characterisation

The eudialyte ore and leaching residue were physically and chemically characterised.
X-ray diffraction analyses of the eudialyte ore, solid leaching residue and mineral prod-
ucts were performed with an X-ray diffractometer (D2 Phaser, Bruker AXS, Karlsruhe,
Germany), equipped with DIFFRAC.EVA Software, Version 5.0 and DIFFRAC.TOPAS
Software, Version 5.0 for mineral identification and quantification, respectively. The solid
samples were analysed via XRF (Panalytical Axios 2005, Malvern PANanalytical GmbH,
Kassel, Germany), while the composition of liquid samples was determined via inductively
coupled plasma optical emission spectroscopy (ICP-OES, Spectro Arcos 2013, SPECTRO
Analytical Instruments GmbH, Kleve, Germany). The wet sieve analysis was provided
using a sieve shaker (ASM 400 Siebtechnik GmbH, Miilheim a.d. Ruhr, Germany) to obtain
the particle size distribution. An optical visualisation of mineral products was performed
with a digital microscope (Keyence VHX-5000, Osaka, Japan). A pH meter (PCE-PHD]1,
PCE Deutschland GmbH, Meschede, Germany) was used to measure the pH value during
attrition scrubbing.

2.2.2. Hydrometallurgical Treatment

The development of a modular reactor for the dry digestion of high-silicate ores and
concentrates to avoid gel formation using eudialyte ores, as an example, is being carried out
by the Institute for Process Metallurgy and Metal Recycling at RWTH Aachen University
and the konzept GmbH, Engineering Services, Diiren, realised together. In this study, a
new reactor is developed for a process that has already been confirmed on a laboratory
scale to avoid gelling (dry digestion) during leaching. Injection in the reactor is possible up
to a scale of 75 kg (100 L), as shown in Figure 3a.

Special nozzle systems were used for acid injection aiming at leaching of metals
and water injection for a dilution of suspension and additional leaching, as shown in
Figure 3b. Furthermore, it should be proven that the modular system technology is robust
in terms of chemical resistance and reproducibility of the results achieved. The innovation
compared to process alternatives lies in the complete avoidance of external and cost-
intensive heating energy as well as the previously impossible implementation of the dry
digestion process in large solution volumes. Before gel formation, it is possible to convert
the silicate components into crystals, which are filterable and stable. These results shall
enable the cost-effective production of rare earth oxides.
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Figure 3. Dry digestion reactor (a); nozzle systems (blue) (b).

2.2.3. Magnetic Separation

Prior to the magnetic separation, the attrition scrubbing of leaching residue was
provided in a laboratory-scale flotation machine (Type D-12, Denver Equipment Company,
Littleton, CO, USA) in a 3 L beaker with 60% solids content. Impeller speed was set
to 1600 rpm. Then, the treated leaching residue was sieved, dried and sampled for the
magnetic separation tests, which is a widely used physical method to separate minerals
with different magnetic properties. These tests were performed with a Frantz isodynamic
magnetic separator (S.G. Frantz Company Inc., Tullytown, PA, USA), which is a device to
accurately separate mineral grains according to their specific paramagnetic susceptibility.
Three sieve fractions (>100, 63-100 and 20-63 pm) were used for the magnetic separation
tests under various magnetic field strengths (0.5 and 1.6 T) at an orientation of magnetic
system with a constant inclination angle (side slope of 15°, and forward tilt of 15°). As a
result, two magnetic fractions (MF1 and MF2) and one non-magnetic fraction (NMF) were
separated from each sieve fraction of 200 g.

3. Results and Discussion
3.1. Hydrometallurgical Treatment

The new dry digestor reactor, as shown in Figure 3, was used for hydrometallurgical
treatment of eudialyte ore at room temperature using highly concentrated sulphuric acid.
The value of 12 M is the starting molarity from the dry digestion stage. So, the 96% H,SO4
is diluted with water to achieve the desired 12 M. The tested experimental parameters for a
treatment of eudialyte ore are shown in Table 2.

Table 2. Experimental parameters for hydrometallurgical treatment in dry digestor reactor.

Parameter Unit Value
Initial Material kg 20
Used acid (H,SOy) % 96
Concentration mol/L 12
Duration of dry digestion min 120
Solid/liquid in dry digestion (H,SO4) - 1:2
Solid /liquid in leaching (H,O) - 1:5
Duration of leaching min 60

The obtained results under these conditions are shown in Figure 4.
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Figure 4. Leaching efficiency after hydrometallurgical treatment.

The obtained results have shown the high leaching efficiency (higher than 90%) at
room temperature for rare earth elements (Nd, Y, Ce and La). At the same time, the leaching
efficiency for aluminium and iron amounted to 10% and 25%, respectively. The minimal
extraction achieved was for silicon (about 0.2%). This is the main reason that silica gel
formation was prevented. The leaching efficiency for titanium, zirconium and magnesium
amounted to between 45 and 65%., In principle, it is possible to receive higher Zr and, in the
same turn, Hf yields. It is a question of the material composition and final pH in solution.
As we lower the concentration of the sulphuric acid in the “washing” or “leaching” stage
with a factor of 1:10, the final concentration is somewhat low compared to all the soluble
elements in the input material. The final pH is about 2-3, and the Zr in the solution starts
to precipitate. Therefore, if it is aimed to achieve higher Zr yields, it is possible to reach
it starting with a higher acid molarity, change the s/1 ratio or the dilution factor. But the
main objective of this study is the extraction of the REE, and there is not high interest for
this research, which is studied by Ma et al. [23]!

3.2. Magnetic Separation

After filtration using filter press (ANDRITZ, Cologne, Germany) under working
pressure approx. 5-6 bar below 50 °C, the filter cake (leaching residue) was sampled and
wet sieved. Figure 5 shows the particle size distribution of the original filter cake.

According to the granulometric distribution in Figure 5, approximately 58% of the par-
ticles in the original filter cake are smaller than 100 pm. Preliminary visual examination of
sieved fractions using the digital microscope shows that the mineral particles are cemented
(Figure 6a) or coated (Figure 6b).

To liberate the aggregates of cemented mineral particles as well as to clean the mineral
surfaces for further separation, the leaching residue was scrubbed in the flotation cell for
15 min and wet sieved. The pH value of pulp during the attrition scrubbing was measured
at 3. After attrition scrubbing, the visual examination shows that the mineral particles were
liberated and cleaned (Figure 6c). Moreover, after attrition scrubbing, the amount of slime
particles smaller than 20 um was raised from 14 up to 35%, while the amount of particles
of over 100 um was reduced from 42 to 15% (as shown in Figure 5). Due to the negative
impact of slimes on physical separation processes, the fraction smaller than 20 um was
separated by wet sieving and was not further considered for the experiments in this work.
The yield of the deslimed fraction is over 65%. The chemical composition of the leaching
residue after desliming is listed in Table 3.
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Figure 5. Particle size distribution of treated and non-treated leach residue.
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Figure 6. Optical microscope images of original filter cake (a,b) and treated leach residue (c).

Table 3. Chemical composition of leaching residue after desliming (%).

5102 A1203 Na20 Kgo CaO MgO F8203 MnO ZI'OZ TIOZ P205
60.6 15.15 72 4.58 0.77 0.45 4.82 0.16 0.27 0.092 0.31

The main components in the leaching residue are SiO, and Al,Os3. Fe, Ti and Mn mostly
belong to iron-bearing silicates like pyroxenes and amphiboles and are partly distributed in
the leached eudialyte phase. Zr also belongs to leached eudialyte. Feldspars are the major
minerals remaining in the leach residue. The results of the magnetic separation are listed in
Table 4.
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Table 4. Results of magnetic separation.

Fe203 ZI‘OZ Ti02
Products Yield, %
Content, % Recovery, % Content, % Recovery, % Content, % Recovery, %
Magnetic Fraction 1 (MF1) 15.64 28.20 94.11 0.39 17.09 0.34 43.22
Magnetic Fraction 2 (MF2) 4.66 3.51 3.50 3.15 41.60 0.80 30.70
Non-Magnetic Fraction (NMF) 79.70 0.14 2.40 0.18 41.31 0.04 26.08
Feed 100.00 4.69 100.00 0.35 100.00 0.12 100.00

The separation of the iron-bearing silicate minerals from the leaching residue in the
magnetic fraction 1 is feasible with a magnetic field intensity of 0.5 T. Over 90% of Fe is
recovered in the magnetic fraction 1 with a yield of 15.6%. The XRD pattern of the magnetic
fraction is presented in Figure 7.

1 RMF
COD 9000327 Aegirine

COD 9005843 Aegirine-augite
COD 1000035 Augite

COD 1000008 Diopside

COD 9001541 Richterite
COD 9004132 Riebeckite

| COD 1000042 Muscovite 2M1
| COD 1000038 Biotite

| COD 9009665 lllite

6.00

5.001

Impulse

2.00(

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 7. XRD pattern of the magnetic fraction.

The major phases belong to aegirine-augite series (89%), alkali amphiboles (riebeckite)
and micas. The aegirine particles are elongated and needle-shaped crystals (as shown in
Figure 8a).

Thus, it was also confirmed that after hydrometallurgical treatment using a proto-
type digestion reactor, the mafic minerals preserve their magnetic properties and can be
recovered in the magnetic fraction.

The separation of feldspars in the non-magnetic fraction is carried out with a magnetic
field intensity of 1.6 T. The main aim of the second magnetic separation stage is to further
reduce the iron content in the feldspar product. The middling magnetic fraction (MF2),
obtained due to the two-staged magnetic separation, has a ZrO, content of 3.15% with a
mass recovery of 4.6%. The middling fraction is the feed for the resource-efficient recovery
of Zr and Hf, which is mentioned by Ma et al. [23]. The amounts of Fe and Ti in the non-
magnetic fraction were reduced to 0.14% and 0.04%, respectively. The microscope image
of the purified fraction is presented in Figure 8b. According to mineralogical analysis, the
non-magnetic fraction consists of feldspars (88%) and residue zeolites (Figure 9).
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Figure 8. Optical microscope images of magnetic (a) and non-magnetic fractions (b).
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Figure 9. XRD pattern of non-magnetic fraction.

Thus, the two-staged magnetic separation is a suitable method to treat the solid
leaching residue from eudialyte processing. The chemical composition of the magnetic
(MF1) and non-magnetic fractions (NMF) is listed in Table 5.

Table 5. Chemical composition of magnetic (aegirine) and non-magnetic fractions (feldspar) (%).

Products 5102 A1203 NazO Kzo CaO MgO F8203 MnO ZI‘OZ TIOZ P205
Aegirine (MF1) 48.28 1.53 8.35 0.86 1.78 2.78 28.15 0.62 0.39 0.36 0.40
Feldspars (NMF) 64.10 17.21 7.10 5.11 0.55 0.16 0.14 0.01 0.18 0.04 0.15

In comparison to the feldspars concentrate, the aegirine concentrate is not presented
in the global market as a commodity. The aegirine product composition is comparable
with the composition of aegirine concentrate, obtained as a by-product in Khibina deposits
from the Kola Peninsula [20]. Currently, the chemical and technical requirements for
aegirine concentrates are not specified and must be determined by the potential consumer.
Meanwhile, the most critical requirements for the usage of feldspars in glass and ceramic
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industries are low contents of iron oxide and an alkali content (K;O + NayO) as high as
possible [17,18]. In comparison to dry magnetic separation, the removal of iron oxide
could be improved using wet magnetic separation as well as optimised attrition scrubbing.
Equally important is the particle size distribution, because coarse-grained products for
glass industry are required [17,18]. The obtained feldspar product could be potentially
used for the ceramic production and as filling material. Due to the lower transportation
costs, the local consumer might successfully integrate the use the local products. Although
the specification for internationally traded concentrates is rigorous, the local consumer
might successfully integrate the use of local products due to lower transportation costs.

4. Conclusions

A combined treatment starting in a new digestion reactor with filtration, re-pulping,
attrition, desliming and a two-step magnetic separation leads to the formation of concen-
trates of Zr, Nb and Hf from eudialyte ore and the maximal transfer of rare earth elements
in the solution, as shown in Figure 10.

Feed ore sample

A

Hydrometallurgical treatment

4
S/L Separation

Filtrate Cake (Solid leaching residue)

to purification and

REE precibtation Re-pulping and Afttrition

!

Desliming
A 4 v
Magnetic separation limes
v l v
Magnetic Magnetic Non-magnetic
fraction 1 fraction 2 fraction
Aegirine product to Zr, Hf, Nb Feldspar products
extraction

Figure 10. Proposed flowsheet for the treatment of a eudialyte ore sample and leaching residue.

During hydrometallurgical treatment with highly concentrated sulphuric acid in a
new digestion reactor at room temperature, the leaching efficiency of La, Nd, Ce and Y
is higher than 90%. Under the same conditions, silica gel formation is prevented. The
solid leaching residue contains the value minerals and can be treated for the production of
mineral products. For this purpose, the preliminary deagglomeration of particles of a solid
leaching residue using attrition scrubbing is required. Then, the solid leaching residue
gets deslimed, and the coarse fraction is treated using magnetic separation. The results
of the magnetic separation showed that aegirine- and feldspar-bearing products can be
additionally recovered using a two-staged magnetic separation. The WHIMS could be
applied to recover aegirine from the slimes. The further application, sales and distribution
of marketable mineral products is the challenge for the development of a circular economy.
At the other side, the production of rare earth oxides from a solution after purification,
precipitation and thermal decomposition is a real option in this case. This developed
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strategy can be tested for the treatment of bauxite residue in order to decrease treatment
costs in the future.
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Abstract: The more economically viable and environmentally sustainable approach for treating
the by-products of coal combustion from thermal power plants entails their collective disposal as
opposed to individual disposal methods. This aligns with pertinent EU directives and domestic
regulations, ensuring compliance with established standards while optimizing resource utilization
and minimizing environmental impact. This study evaluated the resistance to wind erosion of the
binding properties of a mixture (fly ash (FA), bottom ash (BA), and additives) using an indoor wind
tunnel under simulated ambient conditions. Investigations of the mutual impact of ash, bottom ash,
and additives (CaO and Ca(OH);) with a certain percentage of water were carried out with eighteen
samples. The samples consisted of the water at six addition rates 5, 8, 10, 15, 20, and 25% (w/w),
and additive at three addition rates (1, 2, and 3% (w/w). Based on the obtained results, the optimal
ratios of additives (3% (w/w)) and water (15% (w/w)) were determined. Prior to the wind tunnel
experiments, and according to the different addition rates of additives and water, eight samples
were prepared with different addition rates of ash. The mass concentrations of suspended particles
(PMjp) and total suspended particles (TSPs) in these samples were measured at three distinct wind
velocities: 1 m/s, 3 m/s, and 5 m/s, respectively. The results indicate that the samples containing
the optimal content of additives and water demonstrate a maximum increase in PM;( emission zero
values of no more than 1.9 times. This finding can be considered satisfactory from the standpoint of
environmental protection.

Keywords: fly ash; bottom ash; additives; wind tunnel; PM;; disposal

1. Introduction

Coal is a vital energy source that has been developing globally for centuries [1,2].
While coal demand is declining in the United States and may decrease in the European
Union this year, global coal consumption still rose by 1.4 percent in 2023, reaching a record
8.5 billion metric tons. The capacity for coal power plants currently under development
increased by 16 percent [3]. Because the marginal cost of maintaining coal energy is lower
than that of exploiting and using renewable and sustainable energy resources, and current
technological advances have lowered the production and operation costs of traditional fossil
energy sources while increasing energy efficiency, coal will continue to be consumed for a
long time [4]. This trend has also been reinforced by turbulent global political situations.
The global energy crisis triggered by the Russia—Ukraine military conflict, which began in
February 2022, compelled Europe to revert to a coal-based power generation and energy
consumption structure [5].
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One of the more important factors is surface coal mines, where coal is stored and used,
both in Serbia and worldwide [6]. Countries such as China, Australia, the USA, and others
have a large number of surface coal mines [7]. However, due to the characteristics of surface
coal mines, a lot of coal dust is produced in the process of storing, transporting, processing,
and using coal, which seriously reduces the atmospheric visibility [8]. Apart from coal
dust, the biggest problems are FA and BA, which are produced in the process of burning
coal in thermal power plants (TPPs). FA is a kind of powdered mineral residue resulting
from the combustion of coal which is captured from fly gas, and BA is heavier and harder
to carry out with fly gas. Depending on the coal type and source, the chemical composition
of BA is mostly similar to FA, mainly composed of silica, alumina, iron, calcium, alkalis
with smaller percentages of calcium, magnesium, sulfates, and in some cases also heavy
metals, but with a greater content of unburned carbon [9-11]. In recent years, with the
continuous development of thermal power, the emission of fly ash (FA) has increased
rapidly. Meanwhile, the dust from ash yards has caused serious secondary pollution to
the local ecological environment. Therefore, it is necessary to explore surface solidification
technologies to prevent FA particles, which contain significant amounts of heavy metals,
from dispersing into surrounding cities via wind. This dispersal can lead to severe haze
and poses a great threat to the life and health of inhabitants.

The presence of heavy metals in ash can also lead to animal and plant poisoning
and DNA damage, threatening the local ecological balance and necessitating the urgent
stabilization of ash fields. Various dust control technologies have been employed in ash
fields, including engineering methods, water sealing, chemical treatments, and vegetation
cover [12]. However, the spray water sealing method, while easy to operate, requires
frequent application and often yields unsatisfactory results due to the high porosity and
poor water retention of FA [13].

Inhalation of polluted air containing high concentrations of particles or gasses such
as SO;, is associated with short-term and long-term health problems, primarily affecting
the respiratory and cardiovascular systems [14]. Approximately two million deaths world-
wide annually are attributed to air pollution, primarily due to respiratory diseases and
cancer [15]. The solidification/stabilization (S/S) method is a widely used treatment for
the management and disposal of a broad range of contaminated wastes, particularly those
contaminated with substances classified as hazardous. As a result, many different types of
hazardous wastes are treated with different binding agents such as lime, cement, gypsum,
slag, fly ash, or phosphate cements [16-19].

The disposal of ash, bottom ash, ash-and-bottom ash mixtures, formed at the combus-
tion of coal, peat, and shale, is one of the main problems of the modern solid-fuel thermal
power plants in Serbia. The existing system of disposing of combustion products at all
landfills of thermal power plants in Serbia is the hydraulic transport of ash, bottom ash,
and water mixtures with solid-to-liquid phase ratio S:L—1:10 (low-density hydromixture)
and S:L—1:1 (high-density hydromixture). Adding additives to this mixture requires a
reduction in the amount of water used for transport, and this significantly influences a
reduction in the pollution of air, watercourses, surrounding land, and ecosystems and
increases landfill stability [20].

In order to conduct a thorough evaluation of the interconnectedness and impact of FA,
BA, and additives on enhancing the binding properties of the mixture, it was essential to
identify the fundamental parameters required for the adoption of the most suitable disposal
technology. To ascertain the optimal mass fraction of ash, bottom ash, additives, and water
within the mixture, it was imperative to replicate landfill conditions as closely as possible
in laboratory settings. A specialized wind tunnel, [21-23] has been constructed to replicate
wind velocities ranging from 1 m/s to 5 m/s. This wind tunnel includes instrumentation
for accurately measuring the concentration of PMjy and TSP, alongside capabilities for
monitoring relative humidity and temperature. This development represents a novel
approach in Serbian research, as the existing literature indicates no prior utilization of wind
tunnels for studying solidified material at thermal power plant landfills in Serbia.
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The principal objective of this investigation is to ascertain the influence exerted by
combustion coal by-products originating from thermal power plants on the ambient air
quality within close proximity to such facilities, where concentrations of PM;q often exceed
prescribed legal air quality thresholds, with heightened prevalence observed during the
winter season. This study is motivated by the imperative to discern an efficient technologi-
cal framework for the responsible management of combustion by-products at all landfill
sites with thermal power plants across Serbia.

2. Materials and Methods
2.1. Materials

The materials used in this research include fly ash and bottom ash procured from
Thermal Power Plants in Kostolac, Serbia. As additives, calcium oxide (CaO) and calcium
hydroxide (Ca(OH);) from Kolubara Gradevinar, Lazarevac, Serbia, were incorporated into
the mixture.

For the preparation of the mixture, a comprehensive characterization of the fly ash and
bottom ash samples was conducted. This included particle size analysis, the determination
of bulk density in both loose and compacted states, and chemical composition analysis.
These analyses were pivotal in selecting the optimal quantities of materials for subsequent
testing in the wind tunnel. A detailed description of the methodologies employed in these
analyses is provided below.

2.2. Methods
2.2.1. Characterization of the Initial FA and BA Samples

The particle size analysis of both fly ash and bottom ash was carried out using standard
laboratory sieves. The sieving process was performed manually using Laboratory Test
Sieves from Endecotts LTD, London, UK. The measurement of bulk density in both loose
and compacted states was conducted in accordance with the Standard EN 1097-3:1998 [24].
The chemical composition of the samples was elucidated through silicate analysis, utilizing
the Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) technique. This
analysis was performed using a Varian 710-ES axial ICP-OES spectrometer manufactured
by Varian, located in Houten, The Netherlands [25].

2.2.2. Sample Preparation Protocol for Geo-Mechanical Testing

The program was designed to vary three factors: the quantity of water, the quantity
and type of additive, and the aging duration post-test specimen’s formation. Three distinct
groups of test specimens were subsequently created:

e  Dbase (initial) test specimens containing only ash and water without additives,
e test specimens with additive (ash + additive + water), and
e test specimens with additive and bottom ash (ash + bottom ash + additive + water).

The authors established the percentage of added water within the range of 5 to 25%,
relative to the dry weight of the sample, and the percentage of the additive ranging from 1
to 3%. Specifically, the test specimens were prepared using varying combinations of water
and additives:

e  Water content (% w/w): 5%, 8%, 10%, 15%, 20%, 25%;

Additive content (% w/w): 1,2, and 3.

Specifically,

Combinations included 5% water with additives at 1%, 2%, and 3%; 8% water with
additives at 1%, 2%, and 3%); 10% water with additives at 1%, 2%, and 3%; 15% water with
additives at 1%, 2%, and 3%; 20% water with additives at 1%, 2%, and 3%; and 25% water
with additives at 1%, 2%, and 3%.

The aging period for the test specimens was set at 1, 7, and 28 days to evaluate
their performance over time. All of the aforementioned factors are consistent with the
relevant literature. The test specimens were prepared in the laboratory under consistent
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ambient conditions. The procedure for forming all the test specimens was identical and
encompassed the following steps:

e  Measurement of the required quantities of water, fly ash, bottom ash, and additives
according to the specifications outlined in Table 1.

e Components were mixed and homogenized in a laboratory planetary mixer (manufac-
tured by “Toni Technik”) for a duration of 5 min.

e  Addition of the specified amount of water to the mixture, followed by further stirring
for an additional 5 min.

e After 30 min of aging, the prepared mixture was poured into a steel mold (with
dimensions of D x H =50 x 81 mm) and subjected to a compacting force of 120 kN /m?
using a laboratory hydraulic press (manufactured by W. Feddeler, Essen, Germany).

e Following extrusion from the mold, test specimens were measured, and their dimen-
sions and weight were recorded. They were then appropriately labeled; subsequently,
the test specimens were placed for aging under laboratory conditions, with ambient
temperature maintained between 20 and 21 °C and relative humidity between 40 and
50%, while ensuring no exposure to direct sunlight.

e The aging period was 1, 7, and 28 days, following which the test specimens were
subjected to geo-mechanical tests. Prior to subsequent investigation, the test specimens
were measured after aging, and their weight and dimensions were recorded.

o  The formed test specimens exhibited a cylindrical shape, with a diameter of 50 mm
and a height of 51 + 1 mm, as illustrated in Figure 1.

Table 1. Comparison of wind velocities in wind tunnel and at 10 m height.

Velocity in Wind Tunnel, m/s Wind Velocity at 10 m, m/s
1 2.82
3 8.45
where:
z 10 m

0.0003 m—according to the European Wind
Atlas for sand surfaces (smooth)
0.05 m—the height in the wind tunnel at which
the velocity is measured

14 _ 1 _
n = <ln(§6)> =0.17

20

Zr

Figure 1. Geo-mechanical test specimens.
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2.2.3. Preparation of New Mixture Samples for Wind Tunnel Testing

Based on the results obtained from the geo-mechanical tests, the most promising
combinations of components were identified. Subsequently, mixtures embodying these
combinations were prepared for the determination of dust emission rates in a laboratory
wind tunnel. The preparation of mixtures followed steps 1-3. After a 30 min aging
process, the mixture was evenly layered into metal trays, covered with lids, and compacted
using a laboratory hydraulic press with a force of 120 kN/m?. The trays, measuring
250 x 500 x 20 mm (as depicted in Figure 2), were utilized. For each test conducted in the
wind tunnel, a set of 6 trays, identical in size and content, was prepared.

Figure 2. Test specimens for wind tunnel testing.

The molds containing samples were positioned within a designated section of the
wind tunnel, spanning a length of 1.5 m, as depicted in Figure 3. Concurrently, temperature
and relative humidity measurements were conductwed within the same section using a
thermo-hygrometer (Comet T3510, COMET SYSTEM, Vsetin, Czech Republic).

Figure 3. Sample tray section within the wind tunnel.

2.2.4. Measurement of Total Suspended Particles (TSPs)

For real-time measurements of the total suspended particles (TSPs) concentration (in
mg/ m?), a Micro Dust device (Casella Cel-712 PRO) (Casella, Bedford, UK) was employed,
utilizing the light scattering method as its measuring principle. Prior to commencing
measurements, zero and span values were calibrated. The measurement interval was set to
1's, with an averaging period of 1 h. The device was positioned 130 cm downstream from
the sample section’s airflow at a height of 25 cm.

2.2.5. Measurement of Concentration of PM7( Particles

The sampling of PMy particles was conducted using a sequential sampler (Sven
Leckel KARS8 + MVS6, Sven Leckel, Berlin, Germany), operating at a nominal flow rate of
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2.3 m%/h. The measurement results are expressed in micrograms per cubic meter (ug/m?),
where the air volume is specified at ambient conditions. The weight of the particles was
determined by weighing the filter before and after sampling under strictly controlled
conditions.

Clean quartz fiber filters (class T293; 47 mm) (Sartorius, Gottingen, Germany) were
conditioned in the weighing room at a temperature (20 & 1) °C and relative humidity
45%-50% before and after sampling for a period of 48 h. The filters were then weighed
twice on the analytical scale (Sartorius CPA 225 D-0CE) (Sartorius, Gottingen, Germany)
at an interval of 12 h, provided the difference in weight in successive filter weighing did
not exceed 40 pg. The filters were then inserted into the sampling head seat, and sampling
was carried out at a constant flow of 2.3 m®/h in a single hour. The sample filter was
conditioned for a minimum of 48 h and then weighed on the analytical scale at 24 to 72 h
intervals, provided the difference in filter weight did not to exceed 60 pg [26].

2.2.6. Calculating the Level of Suspended Particles Emission

The PM;( emission level is determined based on the input (min) and the output
(mout) mass flux through a certain volume (W x D x H). The emission source area (A) is
determined as a product of length (L) and width (W), while H represents the height of the
wind tunnel. The mass balance for the control volume gives the emission level (E).

1
E= Z(mout — Mip) 1
The mass flux can be determined based on the vertical particle concentration profile

(C) and velocity (u) using the following formulas:

-H
Moyt = /0 CoutUoutVdz ()
H
Miy :/0 Cinuin Vdz (3)
which gives the following;:
1 (H
E= Z/O (Coutuout - Cin“in)dz (4)

If we assume that 1, = u;;,, where u,,; is the velocity of air exiting the control volume
and u_in is the velocity of air entering the control volume, we can obtain the equation for
the level of particle emission (E, ug/ m?s) based on the test area (A) as follows:

E = CpM10 XU X (Vlbq) (5)

where b is the height at which measurement is conducted (0.17 m for PM;).

2.2.7. Wind Tunnel

The simulation of real conditions is achieved in a straight-line pressure wind tunnel,
as depicted in Figure 4, which was designed and constructed by our team. The wind tunnel
comprises the following components:

axial fan with frequency regulator;
section for air flow conditioning;
section for directing air flow;

section with samples;

section for measurement and sampling.

The tunnel length spans 5.5 m, with a cross-section area of 0.25 square meters. The
length-to-height ratio, approximately 11, significantly surpasses the minimum threshold
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required for forming the boundary layer [27]. Velocity measurements were conducted
using a DA4000 anemometer (Pacer Instruments by Miltronics Mfg., Inc, Keene, NH, USA)
featuring a measuring range from 0.3 m/s to 35 m/s (+1% accuracy). Positioned along the
central axis at a height of 0.25 m, the anemometer is situated 175 cm downstream from the
airflow originating from the flow conditioner, as depicted in Figure 4.

Figure 4. Design of the wind tunnel (1—axial fan, 2—flow conditioning section, 3—flow straightening
section, 4—wind velocity measurement, 5—sample tray section, 6—temperature and humidity
measurement, 7—sampling /measurement section, 8—TSP measurement, 9—PM;y measurement).

A grid measurement of flow velocity with the Pitot-Prandtl probe in three axes with
five measuring points each (a total of fifteen points) was performed to determine the
velocity profile in the cross-section of the tunnel [28].

The logarithmic wind profile has a solid theoretical background compared to the
power law wind profile. The standard logarithmic wind profile, used to describe fluid
flow over rough surfaces, requires the use of two unknown scaling parameters, the friction
velocity, 1, and the aerodynamic roughness length, z:

u 1 Z— 2
U _kln< o )

where U, is the wind velocity at height z above the surface, u. is the friction velocity, zg
is the aerodynamic roughness length of the underlying surface, and k is the von Karman
constant, usually assigned a value of approximately 0.4.

The friction velocity (u.) is a scaling velocity of the surface shear stress and is defined
by the relationship which depends on the nature of the surface and mean velocity value:

0
Uy = 4| —
\/ 0

where 719 is the wall shear stress and p is the air density.
The power law wind profile describes the mean profile by a simple power function of

height as follows:
U (z)
u, \z

where U, is the known wind velocity at a reference height z,, and « is the power law
exponent, which changes with terrain roughness [29,30].

These results demonstrate a correlation between the airflow velocity within the wind
tunnel and the corresponding wind velocities at a reference height of 10 m. These data
support the effectiveness of our wind tunnel in simulating real-world wind conditions.
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The test design used in this study is common in both portable systems [31,32] and
laboratory wind tunnels [33], though standards for step magnitude and duration are
lacking. This design is efficient for testing numerous surfaces in the field.

Ten samples were prepared to investigate the effect of compression on the stabilization
of the deposited mixture of ash and bottom ash. The composition of the tested samples is
detailed in Table 2.

Table 2. The composition of the tested samples.

Sample No. Fly Ash Content %  Water Content % CaO % Ca(OH); % Bottom Ash Content %
Ul 79 15 - - 6
U2 76 15 - 3 6
U3 76 15 3 - 6
U4 74 15 - 5 6
U5 84 10 - - 6
U6 82 10 - 2 6
u7 81 10 - 3 6
us 71 20 - 3 6
3. Results

3.1. Particle Size Analysis

The particle size analysis of ash, bottom ash, and additives shows that fly ash predom-
inantly comprises particles within the size class of 150 to 63 pm, commanding a notable
share of 61.34%. This observation underscores the significance of this size range in defining
the characteristics of fly ash.

Remarkably, hydrated lime (Ca(OH),) exhibits a marginally augmented prevalence of
particles falling within the same size class, reaching a proportion of 80.50%. This modest
increase in percentage underscores the similarity in particle size distributions between fly
ash and hydrated lime, albeit with a slight variation in prevalence.

Of particular interest is the heightened occurrence of particles within the 150 to 63 um
size class in CaO, which is notably elevated at 93.16%. This pronounced predominance
suggests a significant aggregation of particles within this size range, accentuating the
distinctive particle size profile of CaO.

The particle size analyses of the investigated samples are meticulously delineated in

Figures 5-8.
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Figure 5. Particle size analysis of ash.
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Figure 6. Particle size analysis of hydrated lime.
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Figure 8. Particle size analysis of bottom ash.

Important data for defining certain technical and technological processes, specifically
the mean particle diameter (d50) and upper size limit (d95), serve as key indicators for
understanding particle size distribution and guiding process optimization efforts. These
values can be obtained from Figures 5-8. For the ash sample:
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The mean particle diameter (d50) is determined to be 125 um.
The upper size limit (d95) is observed to be 405 pm.

For hydrated lime:

The mean particle diameter (d50) is measured to be 110 um.
The upper size limit (d95) is determined to be 180 pm.

For quick lime:

The mean particle diameter (d50) is found to be 110 pm.
The upper size limit (d95) is identified as 160 pm.

For bottom ash:

The mean particle diameter (d50) is 700 pm.
The upper size limit (d95) is observed to be 3800 pm.

3.2. Results of Chemical Analysis

Based on the results obtained, the chemical composition of ash is depicted in Figure 9.

- Fe,O;
de A ‘:l A|203
— Cao
19.6 MgO
I +1 SO,
g [215 [C1P,0s
s [h72 [ 1Tio,
c 0068 [ — —~
B [~ NaZU
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|§1-3012 Si0,
b52.4

o
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Content (%)

Figure 9. Chemical composition analysis of ash.

Based on the presented chemical composition, it is evident that the ash from TPP
Kostolac B is classified as silicate ash, with SiO, being the predominant component at
52.38%. These findings align with ASTM Standard C618 [34], indicating that the ash from
TPP Kostolac B falls within the F ash class.

The combined percentage of SiO,, Al,O3, and Fe;O3 amounts to 83.34%, surpassing
the requirement stipulated by the standard, which mandates it to be more than 70%. The
SO3 content is measured at 1.72%, falling comfortably below the threshold set by the
standard, which specifies it should be less than 5%. The loss of ignition is calculated to be
2.45%, well within the permissible limit outlined by the standard, which dictates it should
be less than 6%.

Bottom ash is generally considered to be an inert material. Its lower chemical activity
compared to ash is attributed to the larger size of bottom ash particles and the lower content
of 5iO, and Al O3, as confirmed by the diagram presented in Figure 10.
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Figure 10. Chemical composition analysis of bottom ash.

Based on the obtained results, it can be concluded that both additives, hydrated lime
and quick lime, meet the quality standards outlined in the European standard EN 459-1 [35].
This standard specifies criteria regarding chemical composition, purity, reactivity, and other
relevant parameters.

In the hydrated lime, the proportion of active Ca(OH); is 89.59%, with a total CaO
content of 71.39%. The content of MgO is 1.66%, while the combined content of Fe;O3 and
AlOg3 is 1.7%. In the quick lime, the proportion of active Ca(OH); is 91.41%, with a total
CaO content of 93.1%. The content of MgO is 0.52%, and the combined content of Fe;O3
and A1203 is 1.2%.

3.3. Results of Bulk Density

The results of the bulk density test in the loose and compacted state (g/dm?) are
presented in Table 3.

Table 3. Bulk density in loose and compacted state.

Bulk Density Loose State Compacted State
Sample (g/dms) (g/dm3)
Ash 812.53 1032.63
Bottom ash 467.70 533.47
Ca(OH); 497.80 671.30
CaO 642.70 849.60

The density of the analyzed samples is presented in Table 4.

Table 4. Density of analyzed samples.

Sample Ash Bottom Ash Ca(OH), CaO
Density (g/cm?) 2.1 2.1 24 3.6

The bulk density of the compacted samples is depicted in Figure 11. The results indi-
cate that, irrespective of the additive amount (1%, 2%, or 3%), the bulk density consistently
decreases with aging time, stabilizing after 7 to 10 days. The accompanying diagram
illustrates the average percentage weight loss of compacted test specimens relative to the
aging time.

The highest weight loss occurs in test specimens composed of mixtures with bot-
tom ash, followed by those without additives, while the test specimens with additives
experience the least weight loss with aging.
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Figure 11. Correlation between bulk density and aging time.

3.4. Results of Geo-Mechanical Testing

The following characteristic charts will demonstrate the dependence between the
one-axial compressive strength and various factors such as water content, additive quantity,
and aging time of the compacted mixture.

This chart (Figure 12) clearly indicates that, regardless of the aging time, the most
optimal water content is 15%, coupled with 3% of Ca(OH), additive. The dependence
between one-axial compressive strength after 28 days of aging and water content, as well
as hydrated lime content for the ash mixture, is depicted in Figure 13.
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Figure 12. Dependence between one-axial compressive strength and water content.

55




Minerals 2024, 14, 809

10 963
|with 5% of water |swith 8% of water

4 mwith 10% of water with 15% of water
T1 = with 20% of water _ mwith 25% of water

805

713

637 637637

One-axial compressive strength (MPa)

1 2 3
Hydrated lime content (%)

Figure 13. Dependence of one-axial compressive strength after 28 days of aging on water and
hydrated lime content for the ash mixture.

With an optimal water content of 15%, the compressive strength increases with aging
time. This diagram (Figure 14) clearly illustrates that the addition of bottom ash to the
mixture significantly reduces the compressive strength.
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Figure 14. Dependence of one-axial compressive strength during aging of ash and bottom ash mixture
with 15% water content on hydrated lime content.
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The comparison of the previous two diagrams (Figures 15 and 16) clearly shows that
the compressive strength decreases with the addition of water beyond the optimal 15%.
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Figure 15. Dependence of one-axial compressive strength during aging of ash mixture with 15% of
water on percentage of added hydrated /quick lime.
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Figure 16. Dependence of one-axial compressive strength during aging of ash mixture with 20% of
water on percentage of added hydrated/quick lime.
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The previous diagram (Figure 17) shows that the highest compressive strength after
28 days is achieved with 15% water and 3% Ca(OH),. The dependence of the one-axial
compressive strength of the ash and bottom ash mixture after 28 days of aging on the
percentage of added water and hydrated /quick lime is illustrated in Figure 18.
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Figure 17. Dependence of one-axial compressive strength during aging of ash mixture on the
percentage of added water and hydrated /quick lime.
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The same principle applies when adding bottom ash to the mixture, albeit with a
reduction in compressive strength compared to the ash mixture without bottom ash.

With 15% water and 3% Ca(OH);, the cohesion is most favorable, as clearly visible
in the illustrated diagram in Figure 19. However, with the addition of bottom ash, the
cohesion decreases, as shown in Figure 20.

12

1

e —

Cohesion (kPa)

—e—with 5% of water —a— with 8% of water
6 +—i —a— with 10% of water with 15% of water |1
with 20% of water — -with 25% of water
H H H H H H H H H ! H
5 A RN O PR WU U (P W U N O A O

T T T T T T T

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Ageing before compressive strength test (day)

Figure 19. The dependence of cohesion of the ash mixture with 3% hydrated lime on the percentage
of added water.
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Figure 20. Dependence of cohesion of ash and bottom ash mixture with 3% of hydrated lime on aging
and percentage of added water.
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3.5. Results from Wind Tunnel Testing

According to the current domestic regulation [36], the daily mass concentration of
PM; suspended particles must not exceed the limit value of 50 j1g/m> more than 35 times
in one calendar year. The limit value and the tolerance value for one calendar year are set
at 40 pg/ m3.

In the absence of an emission limit value, a useful indicator was to compare the
obtained values with zero values of the concentration of PMyq particles (sample UO) that
were measured in the wind tunnel without samples.

The level of emission of PM; particles was calculated as the difference between PM;g
measured concentrations and PMj zero values. The maximum value of the EPM;,/EO0
ratio was used to estimate the size of the exceeded emission values. The results are shown
in Table 5.

Table 5. The values of the PM10 emission rates and maximum values of the EPM;/EQ ratio.

Sample No. Wind Velocity (m/s) Epm (1g/m?s) Epmio/Ep (max)

0.6
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13.8
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13.9

1.1
3.3 1.9
8.0

1.1
3.3 1.9
8.4

0.6
9.9 20.8
286.6

34
13.2 59
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10.1 4.8
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2.1
9.9 3.8
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As observed from the results presented in Table 4, the PM;y emission values escalate
with rising flow rates. The highest value of the EPM;,/EQ ratio is recorded for the U4
sample (without additives and compression), while the lowest value is attributed to samples
U2 and U3 (with 15% water and 3% additives Ca(OH), and CaO).

The impact of fly ash compression on PM;( emission is depicted in Figure 21.

It can be observed that fly ash compression exerts a notable impact on PM;g emissions,
particularly noticeable at wind velocities exceeding 3 m/s.
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Figure 21. PM10 emission rate vs. wind velocity for compressed and uncompressed samples.

The impact of additives on PM;y emission is illustrated in the following figure

(Figure 22).
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Figure 22. PM;, emission rate vs. wind velocity for different types of binder.

It is evident that incorporating additives into fly ash leads to a substantial reduction
in PM;g emissions, and the level of PMjy emissions remains consistent when utilizing CaO
as an additive compared to Ca(OH),.

The impact of water content on PM;( emission is illustrated in the following figure.

From the results shown in Figure 23, it can be concluded that the lowest PM;y emis-
sions were obtained with an additive content of 3%.
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Figure 23. PM;( emission rate vs. wind velocity for different water contents.

The impact of additives on PM;g emission is depicted in the following figure.

As illustrated in Figure 24, the minimum PM;jy emission level is attained when em-
ploying the optimal combination of water content (15%) and additives (3%). Notably, the
augmentation of additive content does not yield a discernible impact on PM;y emissions,
particularly at wind velocities below 3 m/s.
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Figure 24. PM;, emission rate vs. wind velocity for different binder contents.

4. Conclusions

The overarching aim of this investigation was to scrutinize the ramifications stemming
from the potential dispersion of particles originating from deposited material, impacting
both atmospheric and terrestrial environments. This endeavor involved the meticulous
evaluation of particle emission levels across eight distinct samples, conducted under
varying wind velocities, encompassing velocities of 1, 3, and 5 m per second. The findings
suggest that the emission levels observed when incorporating CaO as an additive closely
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resemble those observed with Ca(OH), Moreover, the incremental increase in water content
from 15% to 20% (with a 3% additive) does not exert a considerable influence on the PMyg
emission levels. Furthermore, the augmentation of additive quantity, while maintaining a
constant water content, reveals negligible impact on PM;y emissions, particularly at wind
velocities below 3 m/s.

Drawing upon these findings, it can be deduced that the optimal additive content
stands at 3%, while the optimal water content is determined to be 15%. Samples featuring
this optimal composition of additives and water demonstrate PM;y emission levels that
do not surpass zero values by more than 1.9 times. Such outcomes present a satisfactory
outcome from an environmental protection standpoint.

Author Contributions: Conceptualization, ].N. and S.P.P; methodology, ].N.; software, P.S.; validation,
S.P. and A.M.; formal analysis, s.C; investigation, S.C.,J.N. and S.PP; resources, ].N.; data curation,
S.P; writing—original draft preparation, ].N. and S.P.P.; writing—review and editing, A.M., S.P.,, ].N.
and S.P.P; visualization, ].N.; supervision S.P.P,; project administration, S.P.P,; funding acquisition,
PS. All authors have read and agreed to the published version of the manuscript.

Funding: The authors express their gratitude for the support received from the innovation project of
the Ministry of Education, Science, and Technological Development, under project number 391-00-
16/2017-16/25, entitled: “Development of technologies for the joint disposal of ash, bottom ash, and
gypsum from thermal power plants aimed at improving ecological and economic performances”.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chen, Y.; Xu, G.; Huang, J.; Eksteen, J.; Liu, X.; Zhao, Z. Characterization of coal particles wettability in surfactant solution by
using four laboratory static tests. Colloids Surf. A Physicochem. Eng. Asp. 2019, 567, 304-312. [CrossRef]

2. Wang, L.; Liu, Z; Yang, H.; Li, H.; Yu, M.; He, T,; Luo, Z; Liu, F. A novel biomass thermoresponsive konjac glucomannan
composite gel developed to control the coal spontaneous combustion: Fire prevention and extinguishing properties. Fuel 2021,
306, 121757. [CrossRef]

3.  International Energy Agency. Global Coal Consumption Rises by 1.4% in 2023 to Record 8.5 Billion Metric Tons. 2024. Available
online: https://www.iea.org/reports/coal-2023 /executive-summary (accessed on 1 June 2024).

4. Chen, J.; Cheng, S.; Song, M.; Wang, ]. Interregional differences of coal carbon dioxide emissions in China. Energy Policy 2016, 96,
1-13. [CrossRef]

5. International Energy Agency. Global Coal Demand Is Set to Return to Its All-Time High in 2022. 2022. Available online:
https:/ /www.iea.org/news/global-coal-demand-is-set-to-return-to-its-all-time-high-in-2022 (accessed on 30 May 2024).

6. Han, W,; Zhou, G.; Wang, |.; Jiang, W.; Zhang, Q.; Kong, Y.; Miao, Y. Experimental investigation on combined modification for
micro physicochemical characteristics of coal by compound reagents and liquid nitrogen freeze-thaw cycle. Fuel 2021, 292, 120287.
[CrossRef]

7. Wang, P; Han, H.; Liu, R.; Gao, R.; Wu, G. Effect of outlet diameter on atomization characteristics and dust reduction performance
of X-swirl pressure nozzle. Process Saf. Environ. Prot. 2020, 137, 340-351. [CrossRef]

8. Hall, N.B,; Blackley, D.J.; Halldin, C.N.; Laney, A.S. Current review of pneumoconiosis among US coal miners. Curr. Environ.
Health Rep. 2019, 6, 137-147. [CrossRef] [PubMed]

9.  Fidanchevski, E.; Angjusheva, B.; Jovanov, V.; Murtanovski, P.; Vladiceska, L.; Stamatovska Aluloska, N.; Krneta Nikolic, J.;
Ipavec, A,; Ster, K.; Mrak, M.; et al. Technical and radiological characterisation of fly ash and bottom ash from thermal power
plant. J. Radioanal. Nucl. Chem. 2021, 330, 685-694. [CrossRef]

10. Singh, N.; Shehnazdeep, A.B. Reviewing the role of coal bottom ash as an alternative of cement. Constr. Build. Mater. 2020, 233,
117276. [CrossRef]

11. Kim, K.H.; Kabir, E.; Kabir, S. A review on the human health impact of airborne particulate matter. Environ. Int. 2015, 74, 136-143.
[CrossRef]

12. Miao, L.; Wu, L.; Sun, X; Li, X.; Zhang, J. Method for solidifying desert sands with enzyme-catalysed mineralization. Land Degrad.
Dev. 2020, 31, 1317-1324. [CrossRef]

13.  Gadore, V.; Ahmaruzzaman, M. Tailored fly ash materials: A recent progress of their properties and applications for remediation
of organic and inorganic contaminants from water. |. Water Process Eng. 2021, 41, 101910. [CrossRef]

14. Oberdorster, G.; Sharp, Z.; Atudorei, V.; Elder, A.; Gelein, R.; Lunts, A.; Kreyling, W.; Cox, C. Extrapulmonary translocation

of ultrafine carbon particles following whole-body inhalation exposure of rats. J. Toxicol. Environ. Health 2002, 65, 1531-1543.
[CrossRef] [PubMed]

63



Minerals 2024, 14, 809

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Mahamaya, M.; Das, S.K; Reddy, K.R; Jain, S. Interaction of biopolymer with dispersive geomaterial and its characterization: An
eco-friendly approach for erosion control. J. Clean. Prod. 2021, 312, 127778. [CrossRef]

Malviya, R.; Chaudhary, R. Factors affecting hazardous waste solidification/stabilization: A review. ]. Hazard. Mater. 2006, 137,
267-276. [CrossRef]| [PubMed]

Li, X.D.; Poon, C.S.; Sun, H.; Lo, LM.C.; Kirk, D.W. Heavy Metal Specifications and Leaching Behaviors in Cement Based
Solidified /Stabilized Waste Materials. ]. Hazard. Mater. 2001, 82, 215-230. [CrossRef] [PubMed ]

Georgescu, M.; Andronescu, C.; Zahanagiu, A. Immobilization of harmful substances in binder matrices. Part I. Immobilization
capacity. Influence on binding properties. Rev. Rom. Mater. 2006, 3, 189-197.

Vijan, A.C.; Badanoiu, A.; Voicu, G.; Nicoara, A.I. Phosphate cements based on calcined dolomite: Influence of calcination
temperature and silica addition. Materials 2021, 14, 3838. [CrossRef] [PubMed]

Neskovi¢, J.; Stjepanovi¢, P.; Milojkovié, N.; Lazi¢, D.; Konc Jankovi¢, K. Solidification/stabilization technology of by products
(ash) from power plants. In Proceedings of the 8th Balkan Mining Congress, Belgrade, Serbia, 28-30 September 2022; pp. 345-354,
ISBN 978-86-82673-21-7. [CrossRef]

Xie, S.; Zhang, X.; Pang, Y. Wind Dynamic Characteristics and Wind Tunnel Simulation of Subgrade Sand Hazard in the Shannan
Wide Valley of the Sichuan-Tibet Railway. Int. |. Environ. Res. Public Health 2022, 19, 8341. [CrossRef] [PubMed]

Demarco, G.; Martins, L.G.N.; Bodmann, B.E.].; Puhales, ES.; Acevedo, O.C.; Wittwer, A.R.; Costa, F.D.; Roberti, D.R.; Loredo-
Souza, A.M.; Degrazia, F.C; et al. Analysis of thermal and roughness effects on the turbulent characteristics of experimentally
simulated boundary layers in a wind tunnel. Int. J. Environ. Res. Public Health 2022, 19, 5134. [CrossRef]

Zhao, Z.; Chang, P; Ghosh, A.; Xu, G.; Liu, Y.; Morla, R. The influence of surfactants’ ionicity on the performance of coal dust
suppression. Adv. Powder Technol. 2024, 35, 104295. [CrossRef]

EN 1097-3:1999; Tests for Mechanical and Physical Properties of Aggregates. Determination of Loose Bulk Density And Voids.
iTeh, Inc.: Newark, DE, USA, 1998.

Vuji¢, S.; Radosavljevié¢, M.; Makar, N.; Marijanac, S.; Neskovi¢, J.; Gigov, M.; Zarkovié, M.; Hafner Ljubenovi¢, T.; Beli¢, D.;
BuZalo, A. Fifty-five years of the Mining Institute. Bull. Mines 2015, CXII, 1-27.

BS EN 12341:2023; Ambient Air. Standard Gravimetric Measurement Method for the Determination of the PM10 or PM2.5 Mass
Concentration of Suspended Particulate Matter. European Standards: Plzen, Czech Republic, 2023.

Scott Van Pelt, R.; Zobeck, M.T. Chapter 3, Portable Wind Tunnels for Field Testing of Soils and Natural Surfaces, Wind Tunnel Designs
and Their Diverse Engineering Applications; IntechOpen: London, UK, 2013; Volume 17.

ISO 16911-1:2013; Stationary Source Emissions Manual and Automatic Determination of Velocity and Volume Flow Rate in Ducts
Part 1: Manual Reference Method. International Standards: Geneva, Switzerland, 2013.

Tennekes, H. The logarithmic wind profile. |. Atmos. Sci. 1973, 30, 234-238. [CrossRef]

White, B.R. Laboratory simulation of aeolian sand transport and physical modeling of flow around dunes. Ann. Arid Zone 1996,
35, 187-213.

Etyemezian, V.; Gillies, J.A.; Mastin, L.G.; Crawford, A.; Hasson, R.; Van Eaton, A.R.; Nikolich, G. Laboratory experiments of
volcanic ash resuspension by wind. J. Geophys. Res. Atmos. 2019, 124, 9534-9560. [CrossRef]

Goossens, D.; Buck, B. Dust dynamics in off-road vehicle trails: Measurements on 16 arid soil types, Nevada, USA. J. Environ.
Manag. 2009, 90, 3458-3469. [CrossRef]

Macpherson, T.; Nickling, W.G; Gillies, J.A.; Etyemezian, V. Dust emissions from undisturbed and disturbed supply-limited
desert surfaces. J. Geophys. Res. Earth Surf. 2008, 113, FO2504. [CrossRef]

ASTM Standard C618-22; Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete.
ASTM International: West Conshohocken, PA, USA, 2023.

European Standard EN 459-1; Building Lime Definitions, Specifications and Conformity Criteria. iTeh, Inc.: Newark, DE, USA,
2015.

Regulation on Conditions for Monitoring and Air Quality Requirements; no. 11/10, 75/10 and 63/13; Official Gazette of the Republic
of Serbia: Belgrade, Serbia, 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

64



minerals ﬁw\b\w

Article

A Comparative Effect of Sustainable Materials on the
Immobilization, Geochemical Fractions, Bioaccumulation, and
Translocation of Ni in Smelter- and Mine-Polluted Soils

Altaf Hussain Lahori 1**, Samreen Riaz Ahmed 3, Ambreen Afzal 4, Monika Mierzwa-Herstek 5%, Aqsa Umar 6
Maria Taj Muhammad 7, Viola Vambol 8, Irfan Saleem 2, Abrar Ahmad Tanoli ? and Sergij Vambol °

College of Natural Resources and Environment, Northwest A&F University, Yangling 712100, China

2 Department of Environmental Sciences, Sindh Madressatul Islam University, Karachi 74000, Pakistan;
irfan8saleem@gmail.com (1.S.); abrargeol786@gmail.com (A.A.T.)

3 Department of English, Sindh Madressatul Islam University, Karachi 74000, Pakistan;

samreenriazahmedofficial@yahoo.com

National Institute of Maritime Affairs, Bahria University Karachi Campus, Karachi 75260, Pakistan;

ambreen.afzal@yahoo.com

Department of Agricultural and Environmental Chemistry, University of Agriculture in Krakow, al.

Mickiewicza 21, 31-120 Krakow, Poland

6 Department of Computer Science, Sindh Madressatul Islam University, Karachi 74000, Pakistan;

agsa.umar3505@gmail.com

Department of Chemistry, Jinnah University for Women, Karachi 74600, Pakistan; mariaataj@gmail.com

8 Department of Applied Ecology and Environmental Sciences, National University «Yuri Kondratyuk Poltava
Polytechnic», 36011 Poltava, Ukraine; violavambol@gmail.com

°  Department of Occupational and Environmental Safety, Kharkiv Polytechnic Institute, National Technical
University, 61002 Kharkiv, Ukraine; sergvambol@gmail.com

*  Correspondence: ahlahori@yahoo.com (A.H.L.); monika6_mierzwa@wp.pl (M.M.-H.)

Abstract: The present study holds significant implications, as it aims to investigate the comparative
effect of biochar, zeolite, and bentonite minerals on the stabilization of Ni fractions, bioaccumula-
tion, translocation indices, and the reduction in their absorption by pakchoi in smelter- and mine-
contaminated soils. The results, which are of great interest, showed that the maximum fresh and dry
biomasses of pakchoi were observed up to 28.21 and 18.43% for smelter-polluted soil and 61.96 and
67.90% for mine-contaminated soil amended with zeolite compared to the control. Applying zeolite
increased pakchoi chlorophyll SPAD values 1.17-fold in smelter soil and 1.26-fold in mine-polluted
soil. The highest Ni immobilization in smelter and mine soil was observed at 76.8 and 85.38% with
the application of bentonite, which increased soil pH and CEC. The application of biochar, bentonite,
and zeolite reduced the Ni residual, oxidizable, and acid-soluble fractions, but biochar and bentonite
increased the reducible fraction of Ni in smelter soil. The highest reduction in Ni in the shoot and
root was noted as 82.08 and 68.28% of smelter-polluted soil and 77.25 and 89.61% of mine-polluted
soil with bentonite compared to control soil. Overall, it has been concluded that biochar, zeolite, and
bentonite can be successfully used to mitigate the Ni concentration in smelter- and mine-polluted
soil and reduce uptake by vegetable crops.

Keywords: ameliorants; speciation; bioaccumulation induces; soil remediation; plant biomass

1. Introduction

Nickel (Ni), rich in the soil system, is a significant threat to the environment. Signifi-
cantly growing crops and vegetables on Ni-polluted soil can pose a serious health risk to
living organisms, which is a great challenging task for researchers [1,2]. The translocation
of Ni from the soil pool to the plant body has become a great concern due to human
activities, including smelting, metal mining, agrochemicals, electronic industry irrigation,
unsafe disposal of spent Ni-Cd batteries, the use of military training and warfare, and fossil
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fuels consumption [3]. Soil pollution from cadmium, lead, arsenic, mercury, nickel, and
copper has been widely reported in the literature. It has a direct or indirect negative impact
on humans and ecosystems [4,5]. Nickel has the potential to be toxic, polluting soil and
water, posing a threat to food and water security, and hindering sustainable development
globally [6]. According to geochemicals, Ni has a +2 valence and is frequently avail-
able in most soils, while the highest Ni was found to be in basic rocks and contain high
concentrations of humus [7].

Ni is an important micronutrient for crop yield and physiological functions at low
levels. Still, its high level may cause negative impacts, including the induction of leaf
necrosis, wilting, and chlorosis, and the disruption of photosynthesis, crop production,
and soil properties [8,9]. It has an antagonistic impact on plant nutrients viz., Zn, Fe, Ca,
Cu, Mn, and Mg [10]. Furthermore, Rattan et al. [11] stated that Ni plays an important
role in plants and micronutrients, and its availability at <0.1 mg kg~! may cause plant
deficiency. As a result, there is a decreased crop growth, where a higher Ni concentration
may show toxicity in mature plant leaves [12]. The occurrence of a high level of Ni over
standard values in soil (35 mg kg~!) may cause poisonousness to plants, animals, water
bodies, microbes, and living organisms [13,14]. The mobility of Ni in the soil pool and its
translocation by plants depends on pH, organic matter, soil temperature, microbes, and
soil type. With the growing hazard of polluted soil to living organisms, it has become more
and more significant to detect and improve soil remediation tools [15]. Nowadays, the
perspective courtesy of scholars is to remediate the Ni-polluted soils with the application
of feasible and environmentally friendly technologies [16,17].

Several methods are often applied to mitigate the toxicity of pollutants existing
in the soils for the safe cultivation of crops and healthy food [18,19]. The in situ ap-
proaches comprise stabilization/immobilization, phytoremediation, soil flushing, and
microbial remediation [20-22]. Ex situ methods comprise field irrigation, soil washing, and
bioreactors [23,24]. Compared with these methods, the soil stabilization method for the
fixation of heavy metals, including Ni, has been extensively applied for the restoration of
polluted soils because this method has fast results, is easily available, is economically feasi-
ble for farming communities, and has a green approach for long-term restoration and safe
crop production [25,26]. The recycling of organic waste material into biochar may pay more
attention over one decade to the restoration of polluted soils for growing safe crops [27].
The literature reported that several ameliorates have been suggested for the reclamation
of polluted soils, including biochar [28] and clay minerals, including bentonite [29,30]
and zeolite [31]. Additionally, clay minerals have great potential to stabilize pollutants in
soil, soil nutrients, and plant growth and development [32]. Biochar is a solid, black, and
carbon-rich material manufactured from the organic residue by the pyrolysis process that
can be easily transported and is cost effective compared with fertilizer, and it lasts longer
on incorporation than soil [33,34].

The main mechanism of biochar and minerals for the fixation of pollutants in soil
systems comprises alkalization, improved ion exchange capacity, and enlarged physical
(ad)sorption and precipitation [35,36]. Mihandoost and Rafati [12] assessed the impact of
biochar and vermicompost on the phytoavailability of Ni in soil and its absorption by cherry
tomato; as a result, Ni absorption in cherry tomato was increased with the application of
biochar and vermicompost. Nevertheless, few studies stated that the opposing results,
where biochar did not affect or reduce Ni fixation in contaminated environments [37,38]. In
the former study, Ali et al. [8] examined the influence of rice straw-made biochar and zeolite
on reducing Ni mobility in soil under incubation conditions; as a result, they observed a
reduction in extractable Ni in acidic soil with the application of rice straw-made biochar
and zeolite at 2%. Shahbaz et al. [39] applied miscanthus feedstock (Miscanthus nepalensis)-
made biochar and zeolite in Ni-polluted soil; as a result, Ni was immobilized in soil, and a
reduction of the translocation by wheat was observed with the application amendments.
Feng et al. [40] assessed the potential of zeolite and biochar in the soil; as a result, they
found that pakchoi growth (Brassica chinensis L.) was increased with the application of
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zeolite and biochar. Khan et al. [41] revealed that the translocation and bicaccumulation of
heavy metals in soil and agricultural crops did not affect the soil environment and food
safety but also had a negative impact on living organisms.

However, there is limited evidence reported on the comparative impacts of tobacco
straw waste-made biochar, bentonite, and zeolite regarding the bioavailability of Ni in
smelter- and mine-polluted soils. In this study, tobacco straw-made biochar at 1% was used
to immobilize the Ni in smelter- and mine-polluted soil and reduce the uptake by pakchoi
as a test plant for the first time. It has been observed that the pakchoi crop has broad
leaves that have the potential to uptake Ni from polluted soil. Therefore, this study focuses
on investigating the comparative individual effects of tobacco straw-made biochar at 1%
bentonite, 1% zeolite, and 1% stabilization, bioaccumulation, translocation indices, and
geochemical fractions of Ni in smelter- and mine-contaminated soils, and pakchoi growth
under in situ condition has not been well studied to date. This work covers a paradigm to
an environmentally friendly active method for biochar, bentonite, and zeolite application
to immobilize Ni in smelter- and mine-contaminated soils, diminishing their absorption
by pakchoi.

2. Materials and Methods
2.1. Soil Sampling and Amendment Collection

The investigated smelter and mine soils were gathered from the Tongguan and Feng
counties of China at the 0-20 cm surface layer. The polyethylene bags were used to transport
the bulk samples of contaminated soil to the laboratory. The contaminated soil samples
were thoroughly dried for 4 days at room temperature. For the chemical analysis, the
dry soil was pulverized and put through a 2 mm sieve. The dried soil was crushed and
passed via a 2 mm sieve prior to testing the soil physico-chemical analysis. Furthermore, a
0.25 mm mesh size made up of nylon was used to test the Ni in soil. The prepared tobacco
straw-made biochar pyrolysis at (<400 °C) was purchased from Yixin Biological Energy
Science and Technology Development Co., Ltd., from Yangliang, China, while Ca-bentonite
(Ca(AlLSiyO10)(OH); - nH,0) was purchased from Weifang Huawei Bentonite Group Co.,
Ltd., Weifang, China and zeolite artificial (Na,O.Al,O3. YH,O) was obtained from Zhejiang
Shenshi Mining Industry Group Co., Ltd., Lishui, China.

2.2. Pot Experiment Set Up

In a pot culture study, 1 kg of air-dried sieved (<2 mm) soil was placed in each pot with
a 25 cm height and 20 cm diameter. The application of tobacco biochar 1%, Ca-bentonite
1%, and zeolite 1% dosages were used for stabilizing Ni in smelter- and mine-polluted soils,
except for the control treatment [8]. The biochar, bentonite, and zeolite were ground and
screened through a 2 mm sieve for soil application. All the immobilizing ameliorants were
mixed in both soils, and distilled water was added, aiming to moisten 65% field capacity,
and they were incubated for 30 days at room temperature [42]. All three 3 replicated pots
were covered with a polyethylene sheet (comprising 10 pinholes) to allow the oxidation
process and chemical reaction and to minimize the water evaporation. After the incubation
period, the healthy 10 seeds of pakchoi were grown in the individual pot. After germination
for 10 days, pakchoi plants were thinned and then kept, and there were only five plants
in each pot. The moisture content was adjusted to 80% with distilled water for 2 weeks
after germination. No chemical fertilization was amended in the studied pots. After a
germination of 65%, distilled water was added to each pot, and the loss waste was adjusted
on a daily basis. The plant growth experiment is indicated in Figure 1.
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Figure 1. Plant growth experiment with the application of biochar, bentonite, and zeolite.

2.3. Soils and Amendments Analysis

Soil samples were collected from origin soil after the harvesting of pakchoi in the
treated pots for analysis. Approximately 200 g of soil samples were taken from the rhizo-
sphere after the treatment of polluted soil with the application of amendments. The pipette
method was used to assess the soil texture of smelter- and mine-polluted soils [43]. To test
the soil, pH and EC 1:5 v/w was used in both soils, 1:2 v/w was used for bentonite and zeo-
lite, and (1:10 v/w) was used for biochar. Additionally, to determine the dissolved organic
carbon, a 1:10 v/w soil and ultra-pure water ratio was used for soils and materials using an
automated TOC analyzer Shimadzu TOC-V model [44]. The cation exchange capacity of
soils and amendments was examined at pH 7.0 using the ammonium acetate NH4;CH3CO,
protocol [45]. Humic acid and fulvic acid in both soils were analyzed by Donisa et al. [46].
The surface morphology of biochar, bentonite, and zeolite was examined using scan-
ning electron microscopy (SEM) (TESCAN-LUM), and Fourier-transform infrared (FTIR)
(WQEF-510A) spectroscopy was used to assess the surface functional groups [47]. The
diethylenetriamine pentaacetic acid (DTPA) single extraction method was used to assess
the Ni solubility in smelter and mine soils and immobilizing materials by AAS (model:
Agilent AA-240FS) followed by the standard Aqua Regia (HCI-HNO3;-HClO,) digestion
technique [48]. BCR methods were used to assess the speciation (residual, oxidizable, re-
ducible, and acid soluble) of Ni in both soils after harvesting of the pakchoi plant according
to Rauret et al. [49]. Soil and amendment basic properties are indicated in Table 1.

Table 1. Soil and amendment chemical properties.

Parameters Smelter Soil Mine Soil Biochar Bentonite Zeolite

pH 8.1+0.1 84+03 9.6 £0.2 84 +0.1 79+04

ECdS/cm 0.27 +0.01 0.56 + 0.2 0.55+ 0.3 021 +0.2 0.17 £ 0.1
Sand % 52.41 76.35 - - -
Silt % 46.10 23.17 - - -
Clay % 1.49 0.48 - - -
Textural class Sandy loam  Loamy sand - - -
OM % 0.26 4 0.02 0.29 £ 0.01 - - -

CEC (cmol/kg) 70.0 = 04 53.2+ 0.2 83.05 £ 0.1 88.6 + 0.2 91.1+£0.3
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Table 1. Cont.

Parameters Smelter Soil Mine Soil Biochar Bentonite Zeolite
DOC mg/kg 151+ 0.3 164 +0.1 3798 + 0.4 0.01 4 0.002 0.09 4+ 0.01
HA % 0.21 £0.1 0.26 + 0.04 0.66 £ 0.02 - -
FA% 0.17 £ 0.2 0.22 +£0.02 0.32 +0.01 - -
Total Ni mg/kg 92.1+0.2 1235+ 0.1 0.02 + 0.003 - -
DTPA-Nimg/kg 84 +0.3 102 +£0.2 0.03 £+ 0.01 0.10 + 0.04 0.06 £0.2

Note: pH = soil pH, EC = electrical conductivity, OM = organic matter, CEC = cation exchange capacity,
DOC = dissolved organic carbon, HA = humic acid, FA = fulvic acid, Ni = nickel, and DTPA = diethylenetri-
aminepentaacetic acid.

2.4. Plant Analysis

The pakchoi plants were harvested after 45 days of germination. All the pakchoi plant
roots were separated from the soil and systematically washed with distilled water. The
plant shoot and root biomasses were oven-dried (65 °C) to a constant weight, weighted,
and ground with an electric machine and stored in polyethylene bags for chemical analyses.
Approximately 0.5 g of dried root and shoot biomasses was used to examine the total
Ni concentration in pakchoi root and shoot using concentrated HNO;3 (9 mL) and H,O,
through the microwave-assisted acid digestion method [50]. The SPAD chlorophyll content
was noted before harvesting.

2.5. Bioaccumulation and Translocation Indices

In the present work, the bioaccumulation and translocation indices were calculated
following [51,52], and they are expressed as follows:

BAF = (concentration of Ni in pakchoi root/concentration of Ni in soil).
TF = (concentration of Ni in pakchoi shoot/concentration of Ni in pakchoi root).

2.6. Statistical Analysis and Quality Control

The obtained data were statistically analyzed by Statistix 8.1 version. All the graphs
were made using Origin-Pro 8.5. The heat map association among the studied parameters
was performed using heat map illustrator software (Heml 1.0.3.3). The principal component
analysis (PCA) was carried out using Minitab version 17. Certified reference materials,
such as GBW07457 (GSS-28 for soil) and GBW07603 (GSV-2 for pakchoi) were used as per
the Chinese soil and plant quality control standards. The recovery ratio of Ni in soil and
plants was 93%-101% and 94%-102%.

3. Results and Discussion

Table 1 reveals that the pH of smelter and mine soils, bentonite and zeolite, were basic
in nature, whereas the zeolite pH was slightly alkaline in nature. The soils and additives
were non-saline in condition. Both soils were low in OM content due to arable conditions.
The smelter soil was sandy loam in nature and the mine soil was loamy sand according to
textural class. The soils and additives had exposed medium range in CEC content. The Ni
concentration in smelter soil was 1.4 folds and the mine soil was 1.7 folds according to a
scale of 60 mg/kg > 7.5 soil pH as per agricultural soil (Environmental Quality Standards,
China, GB15618-1995) [53]. SEM spectra present different structures of the materials, in
which biochar has more dispersive particles, bentonite consists of significant stratiform
particles, and zeolite exhibits the typical mineral structure profile in Figure 2.
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Figure 2. Surface electron microscopy (SEM) of biochar, bentonite, and zeolite.

FTIR analysis among the three materials, biochar, bentonite, and zeolite, presents
a significant variation in passivation behavior on Ni in smelter- and mine-polluted soil.
The strong peaks at 2954.81 and 1426.81 cm ™! confirm the formation of a C-H bond in
biochar. By contrast, bentonite has a significant characteristic peak of O-H at 3626.23 and
242265 cm~!, indicating the presence of oxide structures. The strong peak at
1031.61 cm ! reflects the existence of a C-N bond in bentonite, which is probably derived
from the organic ammonium complex. Furthermore, many characteristic peaks presenting
an O-H bond (at 3625.47, 3422.50, and 2518.05 cm™~!), C-H bond (at 2979.38, 2873.19, 1431.41,
and 1029.42 cm~ 1), O-H bond (at 2518.05 cm 1), and C=0 bond (1799.90 cm ') are detected
in zeolite, reflecting that the adsorption process mainly explains the passivation effect after
adding zeolite (Figure 3), according to Shahkolaie et al. [47].
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Figure 3. Fourier-transform infrared (FTIR) of biochar, bentonite, and zeolite.
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3.1. Impact of Immobilizing Materials on Fresh and Dry Biomass and Chlorophyll Content
by Pakchoi

The fresh and dry biomasses of the pakchoi crop were increased with the application
of biochar and bentonite in smelter- and mine-polluted soils. The maximum fresh and
dry biomasses (total root and shoot) of pakchoi were observed at 28.21 and 18.43% for
smelter soil and 61.96 and 67.90% for mine soil with the application of zeolite compared
with other treatments (Figure 4a,b). It has been observed that biochar, bentonite, and zeolite
have positive impacts on pakchoi fresh and dry biomasses, but zeolite shows the highest
potential because of its enriched in mineral-organic mixture, carbon, ammonical nitrogen
source, mesoporous structure, and large specific surface area, which can act to absorb
organic/inorganic pollutants and enhance plant growth and yield. Soil pH increased with
the addition of additives; however, it did not find any negative impacts on plant growth.
Contin et al. [54] observed that ryegrass growth was improved with the addition of zeolite
in the contaminated soil due to reduced Ni toxicity after treated soil. Meanwhile, soil pH
was increased but did not affect plant growth. The application of zeolite as an amendment
increased the chlorophyll SPAD values of aerial pakchoi leaves, ranging from 35.0 to 40.9
(1.17 folds) for smelter soil, and in the case of mine soil, chlorophyll SPAD values increased,
ranging from 31.8 to 40.1 (1.26 folds), respectively (Figure 4c). Irfan et al. [55] stated that
the chlorophyll content in the soot of maize increased with rising BC doses of 0.5, 1, 2, and
4% compared with the control treatment.
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Figure 4. Impact of biochar, bentonite, and zeolite on pakchoi fresh biomass (a), pakchoi dry
biomass (b), chlorophyll content (c), and electrical conductivity (d). The values in a given column
followed by the same letter are not significantly different (p < 0.05) using highly significance difference
(HSD) Tukey test.
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3.2. Impact of Immobilizing Materials on Soil Chemical Properties

The addition of biochar, bentonite, and zeolite on the EC of smelter and mine soil
was different. The maximum mean value and standard deviation of EC increased from
0.31 £ 0.1 to 0.39 £ 0.4 dS/cm in smelter soil with the application of biochar, but the
application of bentonite decreased the EC, ranging from 0.31 &£ 0.1 to 0.29 £ 0.06 dS/cm.
The EC level in mine soil was enhanced from 0.63 £ 0.02 to 0.64 & 0.01 with the application
of zeolite, whereas the EC was reduced from 0.63 + 0.02 to 0.49 + 0.07 dS/cm over the
control (Figure 4d). The application of soil additives increased pH mean values in smelter
and mine soil; moreover, bentonite as an amendment potentially enhanced pH values to
a great extent from 8.16 to 8.39 for smelter soil and 8.45 to 8.61 for mine soil compared to
control soil (Figure 5a). Moeen et al. [56] found a rise in soil pH with the application of
zeolite at a 5% dose.
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Figure 5. Impact of biochar, bentonite, and zeolite on pH (a), CEC (b), OM (c), and DOC (d). The
values in a given column followed by the same letter are not significantly different (p < 0.05) using
highly significance difference (HSD) Tukey test.

The highest mean values of CEC were observed, ranging from 56.4 to 73.6 (23.37%) in
smelter soil and 48.0 to 85.7 (44.0%) in mine soil with the application of bentonite compared
to treatments (Figure 5b). An increase in the mean value of OM and DOC was found to
be highly significant, ranging from 0.28 to 0.44 (44.0%) and 0.30 to 0.48 (50.9%) for smelter
soil and 16.8 to 34.2 (48.0%) and 16.4 to 27.1 (39.48%) for mine soil, respectively, with the
application of biochar compared to other treatments (Figure 5¢,d). The rise of soil pH has
frequently been revealed to increase the proportion of OM, which may be responsible for

73



Minerals 2024, 14, 1083

increasing soil DOC [57-59]. Ali et al. [8] found an increase in soil pH with the application
of rice straw-made biochar.

The maximum HA content in smelter- and mine-polluted soils was received by 57.14%
and 30.3%, respectively, with a biochar application compared to other treatments (Figure 6a).
The application of biochar as an amendment had shown a potential role to increase FA
to a great extent of up to 61.54% in smelter soil, but the maximum FA in mine soil was
up to 36.11% with the addition of zeolite compared to the control treatment (Figure 6b).
Additionally, an increase in HA and FA in contaminated soil was observed with the addition
of zeolite as an additive [60,61]. In addition, Shahbaz et al. [39] revealed that soil EC, pH,
and OM were enhanced with the addition of rice straw-made biochar and zeolite in Ni-
polluted soil. Irfan et al. [55] reported that the greatest increase in soil OM was recorded
at 4% biochar compared to compost material. Moeen et al. [56] observed a rise in pH
and cation exchange capacity in contaminated soil amended with zeolite addition. Feng
et al. [40] exposed that the mixture of biochar and zeolite indicated the best effectiveness in
variable soil pH and OM, thus enhancing the pakchoi biomass.

1254 (a) I:lCK-BintharDBentl:niteDZenlite w04 ) |:|(.'K-Biachar|:|Bentunile|:|1.roli(e
: 1
a
a
1,004
035+ :
a a
- g
§ a é
o 0754 a T a
3 2 050 a
2 2 a a
v a =
g E
E 050 4 z
= s
0254
0.00 -
(1] e e B e oo
P § A A \ I A & e &
& o S R & & \{(‘ - ¢ @
& ‘y‘\\p 18 T V& 1 o $K\ 145 L P
Smelter polluted soil Mine polluted soil Smelter polluted soil Mine polluted soil

Treatments (n=5)

Treatments (=)

Smelter polluted soil

Mine polluted soil Smelter polluted soil Mine polluted soil

Treatments (=3}

Trealments (#=3)

104
(©) :lCK-RinrharEBtﬂnmniw[llmlitn @) e [l Biochar | Bentonite [ ] Zeolite (¢ [20 cx I Biochar [ ] Bentonite [ ] Zeolite
a a
100 l 10 l l
[ a
54
" ‘L g l
£ 154 4 2
| H ah H
[} H = 6
: 3 £
2 . (R T ————— 3 <
Z b 5 E
- 2 ah 2
= a c = 44
£« b b g be 7 h
S 1
5 ¢ 3
10 b i . b
b AL‘
= T —r—T i ——t— 0 2 | B B
& . ¢ : . 3 \0 W o W
[ ¢ g & eﬁ \& gx o- o qs@ & o & o &
Lt SFS e o e

Smelter polluted soil Min¢ polluted soil

Treutments (#=3)

Figure 6. Impact of biochar, bentonite, and zeolite on humic acid (a), fulvic acid (b), DTPA-NIi (c), Ni
in pakchoi shoot (d), and Ni in pakchoi root (e). The values in a given column followed by the same
letter are not significantly different (p < 0.05) using highly significance difference (HSD) Tukey test.

3.3. Impact of Immobilizing Materials on Ni Immobilization

The addition of biochar, bentonite, and zeolite highly declined Ni mobility in smelter
and mine soils. Moreover, the maximum Ni immobilization was observed at 76.8% for
smelter soil and 85.38% for mine soil with the application of bentonite over the control
(Figure 6c). It was observed that bentonite as an amendment was found to be highly
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effective for reducing Ni smelter- and mine-polluted soils compared to biochar and zeolite.
This might be due to the rise of pH and CEC values; meanwhile, bentonite has a great
surface area, maximum pore space, and high adsorption capacity. Shahbaz et al. [39]
exposed that biochar 50% + zeolite 50% as a soil additive significantly fixed Ni in the soil.
Ali et al. [8] found maximum Ni immobilization in polluted soil with the application of
biochar and zeolite as amendments.

3.4. Impact of Immobilizing Materials on Ni Uptake in Shoots and Roots by Pakchoi

The uptake of Ni in the shoot and root by pakchoi plants was reduced with the
application of ameliorants in smelter and mine soils. It was observed that the maximum
reduction in Ni in the shoot and root was observed at 82.08% and 68.28% for smelter soil
and 77.25% and 89.61% for mine-polluted soil with the application of bentonite compared
to control soil (Figure 6d,e). Shahbaz et al. [39] reported that zeolite and biochar have the
potential to reduce the accumulation of Ni in the root and shoot by wheat genotype.

3.5. Ni Fractions

The maximum reduction in the residual fraction of Ni in the smelter was observed at
64.17% with biochar and 63.86% with bentonite in mine-polluted soil. The highest decline
of the oxidizable fraction of Ni was observed at 67.27% for smelter and 69.50% for mine
soil with biochar addition. The addition of biochar and bentonite increased the reducible
fraction of Ni up to 17.65% and 33.33%, but the highest reduction in the Ni reducible fraction
was received at 85.71% with the addition of zeolite in smelter soil. The reducible speciation
of Ni in mine soil was decreased by up to 48.19% with the application of bentonite compared
to control soil. The highest reduction in the acid-soluble fractionation of Ni in smelter
and mine soils was 70.15% and 74.64% with the incorporation of bentonite (Figure 7). The
results of the present study indicated that the highest fixation of Ni was observed due to
its conversion from available form to residual fractions. El-Naggar et al. [62] revealed that
biochar was found to be a highly effective material for the stabilization of Ni in polluted
soil. The reduction in acid-soluble speciation of Ni is because of the greater surface area
and higher (ad)sorption capability of biochar and minerals [63]. Overall, the present study
indicated that the residual, oxidizable, and acid-soluble fractions were reduced with the
application of the studied amendments, whereas biochar and bentonite increased the
reducible fraction of Ni in smelter soil. Also, Ali et al. [8] stated that biochar exposed a
higher proportion of Ni in a reducible proportion by 26%-31.7%, respectively, compared
with the control.
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Figure 7. Impact of biochar, bentonite, and zeolite on Ni speciation in smelter- and mine-polluted soils.
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3.6. Bioaccumulation and Translocation Factors

The bioaccumulation results indicated that the Ni bioaccumulation in the root by
pakchoi from smelter soil was reduced, ranging from the control treatment 0.07-0.04 with
biochar, 0.07-0.02 with bentonite, and 0.07-0.04 mg/kg with zeolite application (Table 2).
The bioaccumulation of Ni in the root by pakchoi was reduced, ranging from the control
treatment 0.8-0.02 with biochar, 0.8-0.008 with bentonite, and 0.08-0.01 mg/kg with zeo-
lite application in mine-polluted soil (Table 2). It has been noted that bentonite as a clay
mineral showed a high potential and was dominant in reducing the bioaccumulation of
Ni in smelter-polluted soil, and zeolite was found to be highly effective for reducing Ni
accumulation by pakchoi plants in the mine-polluted soil compared with bioaccumula-
tion factor <1. The results of the translocation factor indicated that the Ni concentration
increased from the control treatment, ranging from 0.84 to 2.06 with biochar, but the Ni
translocation in pakchoi was reduced from the control treatment 1.84-1.04 with bentonite
and 1.84-1.05 with zeolite in smelter-polluted soil (Table 2). The translocation of Ni in
the pakchoi plant increased, ranging from the control treatment 2.16—4.15 with biochar
2.16-4.75 with bentonite and 2.16-7.33 mg/kg in mine-polluted soil. The translocation
factor results indicated that the Ni accumulation from pakchoi root to the aerial surface was
observed compared with standard values > 1 with the application of biochar, bentonite,
and zeolite in smelter- and mine-polluted soil. This could be due to the pakchoi plant being
considered a leafy vegetable plant and a hyperaccumulator plant that has the potential to
phytomanage the Ni in polluted soil (Table 2); our results are in line with [41,51,52].

Table 2. Nickel bioaccumulation and translocation indices in soil and pakchoi.

Bioaccumulation Factor (BAF) Translocation Factor (TF)
Treatments Smelter-Polluted Mine-Polluted Smelter-Polluted Mine-Polluted
Soil (mg/kg) Soil (mg/kg) Soil (mg/kg) Soil (mg/kg)
Ck 0.07 0.08 1.84 2.16
Biochar 0.04 0.02 2.06 4.15
Bentonite 0.02 0.008 1.04 4.75
Zeolite 0.04 0.01 1.13 7.33

3.7. Heat Map Correlation of Studied Parameters

As shown in Figure 8, the heat map correlation was performed among pakchoi shoot
and root fresh and dry biomasses, Ni in smelter and mine soils, Ni in pakchoi shoots and
roots, chlorophyll SPAD values, EC, pH, OM, CEC, HA, and FA. The obtained results show
that biochar, bentonite, and zeolite have a positive correlation on pakchoi shoot and root
fresh and dry biomasses in smelter-polluted soil. In addition, zeolite as an amendment
showed a highly positive correlation on chlorophyll SPAD values in smelter-polluted soil.
Biochar showed a positive correlation with DOC content. Bentonite as an amendment
showed positive applications, and biochar, bentonite, and zeolite showed a positive cor-
relation with DTPA-Ni in smelter-polluted soil, which indicated Ni immobilization in
smelter soil. The positive correlation Ni in the pakchoi shoot was observed with biochar in
smelter-contaminated soil. The response of biochar, bentonite, and zeolite was positively
correlated with fresh shoot and root and dry shoot and root biomass by pakchoi in mine-
polluted soil. Furthermore, zeolite as an amendment was positively correlated with pakchoi
chlorophyll SPAD values in mine-polluted soil. The application of biochar, bentonite, and
zeolite in mine soil showed a positive correlation with pH and DOC; meanwhile, study
amendments potentially immobilized Ni in soil and reduced their uptake by pakchoi. The
addition of bentonite in mine soil indicated a highly significant correlation with CEC in
mine-polluted soil, which was found to be a high candidate for the immobilization of Ni
in mine-contaminated soil. Sharma and Raju [64] assessed the correlation between heavy
metals and soil properties; as a result, they did not find any significant correlation between
Ni with soil EC and pH from different sites. Bahadur et al. [65] noted that pH and OM
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were observed to be significantly associated with corn dry biomass; furthermore, the corn
dry biomass and soil pH were positively correlated with EC.
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Figure 8. Impact of biochar, bentonite, and zeolite on heat map correlation between studied param-
eters in smelter- and mine-polluted soils. FB = fresh biomass, DB = dry biomass, Cl = chlorophyll,
DOC = dissolved organic carbon, EC = electrical conductivity, HA = humic acid, OM = organic matter,
pH = power of hydrogen, CEC = cation exchange capacity, FA = fulvic acid, DTPA-Ni = diethylene
thiamine penta acetic acid—nickel, Ni-R = nickel in root, and Ni-S = nickel in shoot.
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3.8. Principal Component Analysis

This statistical tool is used to analyze the correlation between the tested variables,
in which the eigenvalues are presented in the given Figure 9. Here, 1-4 factors are more
significant than others, as their values are more than one. This is clearly indicated in
Figure 9. The loading plot (Figure 10) indicates that many variables are correlated to each
other, including FA, DOC, Cl, and DB. They are similar components, and the rest of the
others show different results. The PCA calculation shows that all data variables, DB, Cl,
CEC, and DOC, correlate with PC1 and OM, and pH shows no PC1 correlation. PC2
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accounts for 30% of the variance in the dataset. The treatments give positive relations in
both PC2 and PC3, and the Ni root shows a negative correlation in PC2 and PC3. HA shows
a correlation in PC4, and FA shows a negative correlation in PC4. DB is correlated with PC1
only, Cl with PC1 and 7 EC, pH and OM with PC2 only, and HA with PC 4 and 5. In all
the studied parameters, PC 1 contributed 35%, PC2 contributed 24%, and PC3 contributed
12%, and approximately 60% was contributed by the first two PCs. The first three PCs
contributed 71%, and almost 90% of the data are covered within PC5. Both loading and
screen plots are presented, which show the relationships of the variables and the PC value
contributions. The PC values are also presented in Table 3.
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Figure 9. PC values in the screen plot.
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Figure 10. Cluster of different sites presented using Ni in comparison to different tested factors.
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Table 3. Factorial analysis.

Variables Factor 1 Factor 2 Factor 3
Trt —0.40 0.759 0.395
DB 0.784 —0.372 —0.107
CI 0.678 —0.275 0.228
EC —0.512 0.804 0.084
pH 0.003 0.760 0.168

CEC 0.755 0.082 0.269
DOC 0.561 0.291 —0.627
OM 0.129 0.617 —0.542
HA 0.273 0.357 —0.377
FA 0.332 0.187 —0.473
DTPA-Ni —0.719 —0.556 —0.236
Ni Shoot —0.903 0.047 —0.253
Ni Root —0.788 —0.471 —0.270

A similar type of data fall in the same region and show similarity in behavior and form
a cluster. When such observations of similar clusters combine, they form a dendrogram.
The presented dendrogram is given in Figure 11. It shows two major groups that can also
easily be observed from its score plot. These major groups comprise the smelter and mine
areas. Further, the dendrogram is subdivided as per the factors analyzed. The score plot
shows two groups of data; one belongs to smelter samples and the other to the mine, and it
shows that smelter soil samples are similar to each other but different from mine samples
and vice versa, which is why they are grouped separately. The smelter soil samples are
towards the negative and zero values side, whereas the mine is towards the upper side of
the system (Table 3 and Figure 12).
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Figure 11. Loading plot of different variables using factorial analysis.
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Figure 12. The score plot for Ni smelter data is in blue, and mine data are represented in red.

4. Conclusions

The results of the present trial revealed that the zeolite has greater potential to promote
fresh and dry biomasses and chlorophyll SPAD values of pakchoi compared with biochar
and bentonite in polluted soils. The application of bentonite was found to be highly effective
for immobilizing Ni in smelter- and mine-contaminated soils, reducing their uptake by
roots and shoots by pakchoi due to soil pH and CEC increases, respectively. Changes in
the EC were observed in both soils with the application of soil material, but it did not
possess any negative impacts on plant and Ni immobilization. The addition of bentonite in
both soils increased the pH and CEC levels, which might be the main mechanism of Ni
stabilization and reduce their absorption by pakchoi. The addition of biochar in smelter-
and mine-contaminated soil enhanced the DOC, OM, and HA concentration compared
with other treatments. The maximum FA was increased with the application of biochar in
smelter soil and zeolite clay mineral as an amendment in mine soil. It has been suggested
that zeolite and biochar have the potential to enhance plant growth, and bentonite clay
mineral was found to be highly effective and dominant for reducing Ni in smelter (sandy
loam) and zeolite clay minerals for the mine (loamy sand soil). The bioaccumulation of Ni
in pakchoi root biomass was reduced with the application of bentonite in smelter-polluted
and zeolite in mine-polluted soil compared with the control treatment. The translocation
factor results were found to be higher and >1 with standard values after the application
of additives. Long-term ex situ field experiments are suggested for the remediation of Ni
in smelter- and mine-contaminated soils, decreasing their uptake by hybrid plants, soil
biological properties, and health risk assessments of Ni in polluted soils with the integrated
application of low-cost and environmentally friendly additives.
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Abstract: The global generation of bauxite residue necessitates environmentally responsible disposal
strategies. This study investigated the long-term (5-year) behavior of bauxite residue whose pH was
lowered to 8.5, called modified bauxite residue (MBR), using lysimeters to test various configurations:
raw MBR or used MBR (UMBR) previously applied for acid mine drainage remediation, sand or
soil capping, and revegetation. Throughout the experiment and across all configurations, the pH of
the leachates stabilized between 7 and 8 and their salinity decreased. Their low sodium absorption
ratio (SAR) indicated minimal risk of material clogging and suitability for salt-tolerant plant growth.
Leaching of potentially toxic elements, except vanadium, decreased rapidly after the first year to low
levels. Leachate concentrations consistently remained below LD50 for Hyalella azteca and were at least
an order of magnitude lower by the experiment’s end, except for first-year chromium. Sand capping
performed poorly, while revegetation and soil capping slightly increased leaching, though these were
negligible given the low final leaching levels. Revegetated MBR shows promise as a suitable and
sustainable solution for managing bauxite residues, provided the pH is maintained above 6.5. This
study highlights the importance of long-term assessments and appropriate management strategies
for bauxite residue disposal.

Keywords: red mud; toxic elements; environmental protection; remediation; lysimeters; acid

mine drainage

1. Introduction

Bauxite residue, also known as red mud, is a byproduct of processing bauxite ore to
produce alumina (Al,O3) through the Bayer process. This process involves heating bauxite
in caustic soda (NaOH) at a high temperature and pressure to form sodium aluminate. The
residual material consists of about 4% liquor and 55% solid, ranging from 0.3 to 2.5 tons per
ton of Al,O3 produced. Worldwide, approximately 120 million tons of bauxite residue are
generated annually. Primary concerns about bauxite residue disposal include salinity, alka-
linity, physical properties, and the presence of potentially toxic metals, posing significant
environmental hazards [1-3]. Therefore, it is crucial to explore methods for repurposing
this waste and rehabilitating existing disposal sites.

The pH of the bauxite residue is alkaline, between 10 and 13, a consequence of the
caustic soda used in the Bayer process. The elevated salinity and sodicity induce toxic effects
on plants and animals. Consequently, if revegetation is contemplated, the neutralization
of bauxite residue becomes a priority. Rai et al. [1] have explored various techniques,
including the use of mineral acids, acidic waste, superphosphate and gypsum, coal dust,
COy, silicate material, and seawater. Concerning their physical properties, bauxite residues
exhibit low structural stability, rendering spreading deposits impermeable to rainwater
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percolation and hindering the development of vegetation root systems. This is attributed
to their silty nature and the salinity that impedes particle aggregation [2]. In terms of
mineralogical and chemical composition, bauxite residue varies across refinery plants but
typically contains elevated concentrations of Fe oxides (goethite, hematite, magnetite) in
addition to undissolved alumina, and Ti oxide (anatase, rutile, perovskite). The major
elements in bauxite residue are Fe (20%-45%), Ti (5%-30%), Al (10%—-22%), Si (20%—45%),
and to a lesser extent Min, Ca, Na, Cr, V, La, Sc, and Y [3]. Other elements are present at trace
levels, such as As, Be, Cd, Cu, Gl, Pb, Hg, Ni, Th, U, V, Zn, Ce, Nd, and Sm. Some of these
elements, like Sc and REE rare earths, are recoverable [4]. Non-metallic and non-metaloid
elements such as P and S may also be present [5]. Regarding radioelements, bauxite residue
exhibits radioactive activity around 0.03 to 0.06 Bq g~! due to ?*U and 0.03 to 0.76 Bq g !
due to 232Th, both originating from the ore [5]. This may limit the use of bauxite residue as
building material [6] or can be a source of danger in red mud dams [7].

Due to the substantial volumes of bauxite residue and the adverse environmental
impact associated with simple disposal methods like ocean dumping, landfilling, or settling
ponds, numerous efforts have been undertaken to explore environmentally sustainable
and economically viable approaches for bauxite residue management. Reuse applications,
including building materials, recovery of valuable chemicals, cement production, road and
levee construction, and environmental remediation [8-12] have been proposed, potentially
consuming more than 500,000 t y~—! [13]. While this volume is substantial, it falls short
of addressing the entirety of residues generated annually, necessitating consideration of
alternative disposal methods. Landspreading has historically been a cost effective and
widely employed disposal technique. However, a crucial condition for its application is to
facilitate the successful revegetation of the spreading area [14,15], thereby mitigating the
risk of wind and water erosion on the surface. Various techniques have been implemented
to enhance revegetation, primarily focusing on reducing pH and improving the physical
properties of the residue, resulting in a modified bauxite residue (MBR). Common practices
include washing with a filter press [16], gypsum amendment [17-19], or the addition
of coarse materials such as sand [20]. Even in areas where MBR deposits have been
successfully revegetated through spreading, concerns persist regarding major elements and
particularly toxic trace elements such as Cd, necessitating ongoing monitoring of leaching
by groundwater.

Bauxite residue exhibits the capability to immobilize elements that may be mobile
in aqueous solutions, encompassing both cationic and anionic species. Examples include
phosphate from used water [21] and potentially toxic metal cations in applications such
as remediating acid mine tailings (AMT) or addressing acid mine drainage (AMD). Acid
mine drainage forms when sulfides in AMT oxidize upon exposure to air and water,
generating sulfated acidic solutions with a pH below 6, resulting in various environmental
problems [22,23]. Conventionally, alkaline chemicals like CaO or calcite are introduced to
neutralize AMD [24]. Interestingly, bauxite residue can serve the same purpose and can
also be mixed with AMT to inert it and foster revegetation.

There have been many studies on the possibility of revegetation and ecological restora-
tion of bauxite residue spreading. Some rely on the extrapolation of characterization or
laboratory experiments such as column leaching [25]. Regarding studies in an outdoor
environment, in situ or using field-scale lysimeters, most of these consider the properties of
the spreading at the time of their installation or at a single moment after it [26], temporal
monitoring over one year being already considered a long time [27]. However, it is impera-
tive that the ecological relevance of spreading be evaluated over the long term. Here, we
propose, for the first time, a study in an outdoor environment with temporal monitoring
over 5 years.

In a prior study, we explored this process by examining the long-term behavior of a
mixture comprising modified bauxite residue (MBR) and acid mine tailings (AMT) [28].
In the current study, our focus is directed towards delineating the impact of the design of
MBR spreading on the leaching of potentially toxic elements, with or without revegetation,
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with a sand or a soil capping. We also characterized the leaching from a previously
utilized MBR (UMBR), which had been employed in the depollution of acid mine drainage
(AMD). Utilizing nine lysimeters established for a duration of five years, we systematically
examined the leaching of sulfate and 12 potentially toxic elements in aqueous solutions
from both MBR and UMBR.

2. Materials and Methods
2.1. Modified Bauxite Residue (MBR) and Used Modified Bauxite Residue (UMBR)

All chemical reagents were provided by VWR-advantor company (Rosny-sous-Bois,
France) at analytical purity. An experimental flow diagram is given in Figure 1. Bauxaline®
from ALTEO (Gardanne, France) is bauxite residue washed and partially dried in a filter
press. The MBR used in the present study is Bauxaline® treated with atmospheric CO,, to
which 5% gypsum was added in order to reduce the pH to 8.5 with precipitation of CaCOs.
Soluble Na;SO,4 remained. The MBR has a variable composition depending on the ore.
Table 1 gives the usual range of major and potentially toxic elements in the Bauxaline and
the values for the MBR used in this study, which are for most metal and metalloids above
the limits for admission to inert waste storage facilities (IWSF) or non-hazardous waste
storage facilities (NHWSF) [29]. The UMBR used in this study is the MBR described above,
which was used to bind contaminants from acid mine drainage rich in As, Pb, Cd, Cr and
Zn [30].

|Bauxite residu |

Washing, pressing,
5% CaS04 2H,0

y
Modified bauxite e
residu (MBR) Acid mine drainage

P~

Used Modified bauxite
residu (UMBR)

Sand Soil

TS\

Lysimeters packing

Revegetation: compost,
N-P-K, forest topsoil, seeds

Rainfall and moderate watering
EEEEERE)

LOGOOEED s

Figure 1. Experimental flow diagram.
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Table 1. Usual range of major and potentially toxic elements in the Bauxaline® and composition of the
Bauxaline® used in the present study. IWSF and NHWSF: concentration limits of leachable elements
for admission to an inert waste storage facility and non-hazardous waste storage facility, respectively.

Major Elements (%) Trace Elements (ppm)

Usual Range Present Study Usual Range Present Study IWSF

NHWSF

Al
Ca
Fe

Si
Ti

1.6-8.1 79 As 10-200 18 0.5
14438 43 Cd <0.5-10 0.8 0.04
21.0-38.0 32.2 Co 1-75 35

1.5-3.0 3.0 Cr 200-2000 1638 0.5

0.9-3.9 33 Hg <1.5-2 0.2

1.8-5.4 6.0 Ni 5-50 18 0.4
Pb 10-100 42 0.5
Se <1.5-50 <6 0.1
A% 200-1500 968
Zn <20-500 115 4

2
1

10
10
10
0.5

50

Number

Two pilot trials were conducted to treat the highly contaminated acid mine drainage
(AMD) from Saint-Félix (pH 2.2, As 57 mg L™1, Cd 1.05 mg L~!, Zn 117 mg L~ 1) using
50 kg each of granulated MBR as metal binding. The trials involved treating 30 L of AMD
per kg of MBR with a residence time of one hour. The decontamination efficiencies achieved
were 99.89% and 99.63% for the two trials, respectively. The loading of contaminants in
the MBR, calculated from the difference between influent and effluent concentrations, was
1710 mg kg_1 for As, 38 mg kg_1 for Cd, and 4100 mg kg_1 for Zn.

2.2. Lysimeter Conception and Management

Eight 40-L lysimeters (hand-made from large plastic containers) were employed in
this study, with varying content, including MBR, UMBR, silicate sand, and soil, with a
total thickness of around 44 cm, as depicted in Figure 2. Lysimeters #1 to #4 remained
unvegetated, while lysimeters #5 to #8 underwent a revegetation process. Additionally, a
larger 700-L lysimeter (#16) filled with 66 cm (1087 kg) of MBR was subjected to the same
revegetation process, aiming to more accurately simulate real MBR storage conditions
(Figure 1). This last lysimeter was started a year after the others. To ensure technical and
financial feasibility, we prioritized the collection of dense time series data over an extended
period, without repetition. Repetition would have necessitated either sparse time series
data or a shorter experimental duration. In this context, the consistency in the evolution of
various variables over time ensures the validity of the results. Additionally, the comparison
of the nine lysimeters further reinforces the robustness of the findings.

]

22 cm[

Sand || Sand MBR

22 cml

MBR
MBR UMBR UMBR|

Figure 2. Lysimeters experimental setup. Left: 40-L lysimeters, view and diagram of filling and
revegetation; center and right: 700-L lysimeter, shown from the side and from above, respectively.
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The revegetalization was made using Dactylis glomerata (orchardgrass) and Onobrychis
sativa (common sainfoin). The revegetation procedure encompassed the introduction of
compost (1% w/w in the top 20 cm layer), N-P-K fertilizer, forest topsoil (1% w/w in
the upper 22 cm layer) in lysimeters #5 and #6, which had no soil capping, and seeds. To
address trace element requirements of carbonate-rich soils, an additional soluble manganese
(MnSO;4) was added in the second and third years. Additionally, an annual application
of N-P-K fertilizer, matching the initial dose, was conducted. Lysimeters #5, #6, and #16
underwent an initial watering prior to seeding to facilitate seedbed desalination.

Autumn, winter and spring rains were sufficient for plant growth. During the summer
months, a moderate watering was conducted to sustain plants in a vegetative state. This
approach facilitated their swift recovery once rainfall resumed, all while preventing runoff.
It is noteworthy that the unvegetated lysimeters underwent the same watering regimen.

In years 4 and 5 of the study, a supplement of fresh forest plant litter was introduced
onto the topsoil. Lysimeters #5 to #8 received 5 g each, while lysimeter #16 received 15 g.
This deliberate addition aimed to foster the colonization of decomposing organisms, as
organic matter had accumulated on the surface, forming a cohesive mat.

Notably, the revegetation efforts proved successful for each lysimeter where it
was implemented.

2.3. Sample Collection and Analysis

After each rainfall event, drainage samples were systematically collected, acidified
with ultrapure acid, and then stored at 2 °C. Each year, an annual composite sample was
created, proportional to the annual drained volumes of the raw samples. For each sample,
measurements of pH, electrical conductivity, and redox potential were recorded (VWR
phenomenal MDS8000L instrument, VWR-advantor company, Rosny-sous-Bois, France).
However, redox potential measurements were not used because field tests have shown that
the measured redox value was likely to be modified within a few minutes after contact with
the atmosphere at the lysimeter outlet. Major and trace element analyses were performed
using ICP-AES and ICP-MS at the Eurofins-certified laboratory.

Each sample volume was quantified by weighing, allowing for the calculation of the
liquid/solid (L/S) ratio in liters per kilogram of residue. This ratio represents the volume
of the leachate divided by the mass of the residue. Concentration is given in mg L~!, while
quantity data are given in mg kg~! by multiplying the concentration by the sample L/S
ratio. Cumulative quantities correspond to the sum of the quantities of each sample over
the duration of the experiment.

There are no international standards for element concentrations in landfill leachates.
Existing regulations vary by country and type of filing. As toxicity is a key determinant of
the ecological safety of leachates, we used an exposure test using the freshwater amphipod
Hyalella azteca, chosen for its adaptability to the salinity of some of the leachates [31]. The
method used is that described by ISO 16303 [32].

To assess the risk of clay dispersion presented by leachate salinity, we calculated the
SAR (sodium absorption rate) using the formula

[Na"]

[CaH] + [Mgzﬂ
2

SAR =

where [Na*], [Ca?*] and [Mg?*] are expressed in mmolc L~ [33].

3. Results and Discussion
3.1. Effect of Sand or Soil Capping on MBR Leaching

This topic was addressed by the results of lysimeters #1 (22 cm of MBR covered by
22 cm of sand), #3 (unvegetated 44 cm of MBR), #5 (vegetated 44 cm of MBR), #7 (22 cm of
MBR covered by 22 cm of vegetated soil) and #16 (vegetated 66 cm of MBR).
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3.1.1. Hydraulic Properties

The cumulative volumes over the experimental time of water input and drainage,
expressed in mm of water height (equivalent to L m~2), the drainage/water input ratio
and the L/S ratio (litre per kg of MBR) are given in Figure 3 and Table 2.

T~ 2500 1.0

= e
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3 o 1500 §< 06

= & 1000 s 04

g g 500 OF p2

© 0

#1 #3 #5 #7 #16 #1 #3 #5 #7 #16
Lysimeter number Lysimeter number

Figure 3. Cumulative water input (rainfall + watering) (blue columns), drainage (pink columns) and
drainage/water input ratio (green columns) of lysimeters #1, #3, #5 and #16.

Table 2. Cumulated L/S ratio (L kg*1 of MBR) of lysimeters #1, #3, #5, #7 and #16.

#1 #3 #5 #7 #16

Year 1 2.68 1.16 0.88 1.02 -
Year 1 to 2 3.85 1.45 1.02 1.08 0.09
Year 1to 3 5.12 1.85 1.33 1.60 0.26
Year 1to 4 6.67 2.22 1.46 1.72 0.30
Year 1to5 8.89 2.99 2.31 2.48 0.46

A drainage-to-water input ratio of 99% was observed for lysimeter #1, suggesting
that the sand capping significantly reduced evaporation. Conversely, lysimeters #3 and
#5 exhibited ratios of 67% and 52% respectively. This reduction in drainage showed that
revegetation increased evapotranspiration. The ratio was even lower for vegetated soil cap-
ping (26%), indicating that the soil capping improved water storage or evapotranspiration.
The ratio was even lower, by only 20%, for lysimeter #16. Compared to lysimeter #5, the
greater thickness of material in lysimeter #16 enabled the augmentation of water storage,
thereby increasing the quantity of water available for evapotranspiration.

The potential for leaching of elements towards the depth is possibly higher when
the L/S value is high, this will be commented on below (Section 3.1.3). Here, this value
decreased with the presence of plant cover and with soil capping (Table 2). The values
were nearly identical between lysimeters 5 (vegetated MBR) and 7 (vegetated soil capping),
despite the quantity of MBR being half in the latter case, highlighting the effectiveness of
soil capping.

3.1.2. pH and Salinity

During the first year of the experiment, the pH levels of leachate remained consistently
above 8. Over the subsequent years, there was a gradual decrease, with pH values nearing
7 for lysimeters #1 and #3, and approximately 8 for lysimeters #5 and #16 in the last year
(Figure 4). These pH variations align with the changes observed in electrical conductivity,
which decreased from the beginning to the end of the experiment (see Figure 4). This
indicates a decrease in the alkaline reserve in the soil solution. The latter was in equilibrium
with the atmosphere, which explains the decrease in pH. At pHs of the order of 6.5 to 8, Al,
Cr, V, Mo, and As exhibit minimal solubility in water, while Pb and Cu exhibit solubility
below 107> mol L1 [34,35].
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Figure 4. pH and electrical conductivity (EC) of lysimeters #1, #3, #5, #7 and #16.

The differences among lysimeters can be attributed to the cumulative L/S ratios, as
shown in Table 2. Lower ratios indicate less solution passing through the lysimeter material,
thus reducing the leaching of highly soluble salts that remained at higher concentrations
at the end of the experiment. This resulted in higher conductivity and pH levels in the
leachates at the end of the experiment. This was particularly clear for lysimeter #16.

3.1.3. Elements in Leachates

Figure 5 gives the temporal variation of the annual leaching per kg of MBR of the
elements most likely to pose environmental hazards, such as Na and S, due to salinity or
sulfation issues for plants and soils, as well as potentially toxic metals or metalloids. Data
for all analyzed elements are provided in the Supplementary Materials Section. Figure 6
presents the cumulative leaching from each lysimeter for all analyzed elements over the
entire experimental period (5 years for lysimeters #1 to #7 and 4 years for lysimeter #16).
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Figure 5. Variation of element leaching over time of some selected elements (Al, Na, S, As, Cd, Co,
Cr, Cu, Mo, Ni, Pb, V, Zn) in mg kg_l of MBR. Sketch of lysimeters, see Figure 2.
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Figure 6. Cumulated element quantity (mg kg ! of MBR) leached by the lysimeters during the 5-year
experiment for #1, #3, #5, and #7 and the 4-year experiment for #16.

For most elements in all lysimeters, leaching decreased over time, and for most ele-
ments, most of the decrease was observed in the first two years. This trend is primarily
influenced by the quantity and availability of a soluble stock that is depleting. The slight
increase in leaching between years 4 and 5 can likely be attributed to an intense rain event
during year 5, where 72 mm of rainfall occurred following 54 mm of cumulative rainfall
during the previous four days. This event saturated the lysimeters with water, facilitating
diffusive transfer throughout their entire volume and likely temporarily lowering the mate-
rial redox state, potentially leading to changes in species of the redox-sensitive elements
such as As, Fe or V [36].

For most elements, leaching in lysimeters #1, #3 and #5 was higher than in lysimeters
#7, and significantly higher than in lysimeter #16 (Figures 5 and 6). The latter difference
can be attributed to the significantly lower L/S ratio in lysimeter #16 compared to other
lysimeters. Lysimeter #7 had an L/S ratio similar to that of lysimeter #5 (Table 2); its lower
element leaching was, therefore, due to soil capping. It should be noted that soil capping
reduces the concentration peak observed in the first year of the experiment. Identifying the
processes responsible for the better retention of leachable metals would require a dedicated
study; however, one hypothesis is the production of non-leachable complexing organic
matter in the soil, which could promote the immobilization of metals.

Average annual leachate concentrations are depicted in Figure 7. Consistent with
annual leaching, concentrations for most elements were lower for lysimeters #7 and #16
compared to lysimeters #1, #3 and #5, respectively. Ca, Mg and P exhibited higher concen-
trations in all lysimeters during the final year compared to the first year of the experiment.
The increase in Ca and Mg concentrations can be attributed to a pH decrease over the
course of the experiment, as the solubility of these elements is highly pH sensitive. The
increase in P concentrations is likely due to added fertilizer. Conversely, the concentrations
of all other elements were lower in the final year compared to the first year, except for Si, V,
Fe, As, Mn and Co in lysimeter #16, which exhibited higher concentrations in the final year.
As previously mentioned, this can be due to an exceptional waterlogging period during
the final year.
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Figure 7. Concentrations in average annual leachate for the first year and the final year of the
experiment. Stars indicate the LD50 concentrations for Hyalella azteca in soft freshwater (hardness
18, red stars) and hard freshwater (hardness 124, orange stars); green stars indicate that the LD50
concentration is over the star value [31].

Regarding the toxicity test carried out with Hyalella azteca, all observed concentrations
remained below the LD50 level, except for Cr at the beginning of the experiment. Cd
concentration was very close to the LD50 level at the beginning of the experiment. Con-
centrations of all elements remained under the LD50 values at the end of the experiment,
especially knowing that the leachate water is hard (orange stars in Figure 7).

While the element concentrations in the leaching at the end of the experiment were
low regardless of the experimental conditions, the quantities leached during the first years
were lower for the vegetated soil capping configuration (#7) for all elements except Si.

Leachates contain high concentrations of Na that could cause the clay to disperse into
the material underlying the spreading, leading to clogging of the porosity and making it
impermeable [33,37]. The consequence would be the clogging of the spread materials and,
therefore, a risk of death of vegetation, surface erosion by runoff and modification of the Eh
conditions and, therefore, of the mobility of elements likely to change their oxidation state.
SAR and EC values for the first and final years of the experiment are given in Figure 8.
All points are plotted in the area, indicating no clay dispersion problems. All leachates,
however, remained strongly saline with regard to plant growth.
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Figure 8. SAR and electrical conductivity (EC) of lysimeters #1, #3, #5, #7 and #16. Circles and squares
give first and final-year values, respectively. Areas related to clay dispersion problems were drawn
after Hanson et al. [38]. Hatched area represents high and very high salinity with regard to plant
growth [39].
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In summary, for all potentially toxic metals but V (Al, As, Cd, Co, Cr, Mo, Ni, Pb, Zn),
element leaching was very low after 5 years regardless of the design, and concentration in
leachates was an order of magnitude or lower than the LD50 toxicity level for Hyalella azteca.
V leaching was relatively less reduced, but concentrations remained well below the toxicity
threshold considered. This finding indicates efficient immobilization of these elements at
final pH, whether by precipitation of oxides or adsorption on the active surfaces of clays
or oxides.

3.1.4. Effect of Revegetation on MBR or UMBR Leaching

The impact of revegetation on element leaching was evaluated by comparing lysime-
ters #5 versus #3 (solely MBR) and #6 versus #4 (MBR over UMBR) (Figure 9). Overall,
revegetation led to a decrease in leaching of most metals or metalloids investigated, except
for Cr in both MBR-only and MBR/UMBR lysimeters, as well as to a small extent Cu in
MBR-only lysimeter and Pb in MBR/UMBR lysimeter.
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Figure 9. Element leaching from vegetated lysimeter (#5 and #6) as a % of the element leaching from
the corresponding non-vegetated lysimeter (#3 and #4, respectively). Cumulative leaching during the
5 years of experimentation.

The mobility in leachates of the ionic species of a given metal M with charge c depends
on the solubility of the metal-bearing minerals Min;, Miny, etc., its complexation with mo-
bile dissolved organic matter (DOM), and its adsorption on solid surfaces, whether organic
(solid organic matter, SOM) or mineral, S1, S, etc. (e.g., oxides or clays). These interactions
can be formally described by a set of equations such as the following, where the activities
of the adsorbed species are calculated using the site density on the solid related to the
solid /soil solution ratio and where K; is the stability constant of the corresponding reaction:

N + . c ... : o (MO () () ete
Min; +cH" +--- & M° + with Kyin, (M) (I Vet

. DOMM1) (H*
M° +DOMH < DOMM~! + H*  with Kpomme = (DTH)()A(A)
=SOMM“~!)(H")
~ (SSOMH)(M?)

_ _ -1 + . _ (=Mt (Hr)
M+ =SH &=SMT +H"  with Kesme = “~=sqyipe

M+ = SOMH <= SOMM ! + HY  with Kesompme =

etc.

Parametrizing and solving such an equation system requires the use of a geochemical
model such as PHREEQC [40,41] and would be the subject of a further study.

Biological activity associated with vegetation produces organic matter that can form
stable organometallic complexes with metals or metalloids [42-46]. For instance, the
complexation constants of a typical dissolved organic matter (DOM), as defined in the
MinteqA2 database [47], vary for different metals: Al (5.2), Cd (3.3), CrllI (15.2), Cull
(4.9), Felll (7.7), Ni (3.3), Pb (5.2), and Zn (3.5). However, DOM enhances the mobility of
an element only if its complexation constant is sufficiently high to facilitate the element
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desorption from solid matter, soil organic matter (SOM), or minerals. In this study, most
elements exhibited lower leaching in the presence of vegetation, suggesting that their
complexation constants with the available DOM were not high enough to promote mobility.
In other words, the elements generally remained bound to the solid matter, SOM, or
minerals despite the presence of DOM.

Chromium showed the opposite trend to most other elements, with higher leaching
in vegetated lysimeters. This behavior can be attributed to different processes, such as
oxidation of Cr!!' to highly mobile Cr¥! species [48] or lower adsorption constants of Cr'!!
on solid surfaces than on DOM. It is noted that the Cr-DOM complexation constant given
in the MinteqA2 database is particularly high (15.2). Further complementary studies would
be necessary to fully elucidate this behavior.

3.2. Immobilization of Potentially Toxic Metals by UMBR That Has Depolluted Acid Mine Drainage

This topic was addressed by the results of lysimeters #2 (22 cm of UMBR covered by
22 cm of sand), #4 (22 cm of UMBR covered by 22 cm of MBR), #6 (22 cm of UMBR covered
by 22 cm of MBR), and #8 (22 cm of UMBR covered by 22 cm of vegetated soil) (Figure 2).

3.2.1. Hydraulic Properties

The drainage/water input ratio (Figure 10) as well as the cumulated L/S ratio (Table 3)
for lysimeters #2, #4, #6, and #8 were almost identical to those observed for lysimeters #1,
#3, #5, and #7, respectively, leading to the same observation as for the latter lysimeters: sand
capping limited evaporation, revegetation increased evaporation and reduced drainage,
soil capping improved water storage or evapotranspiration.
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Lysimeter number Lysimeter number

Figure 10. Water input (rainfall + watering) (blue columns), drainage (pink columns) and
drainage/water input ratio (green columns) of lysimeters #2, #4, #6 and #8.

Table 3. Cumulated L/S ratio (L kg_1 of MBR) of lysimeters #2, #4, #6 and #8.

#2 #4 #6 #8
Year 1 2.55 2.39 2.20 0.85
Years 1 to 2 3.68 2.99 2.53 0.89
Years 1 to 3 4.95 3.74 3.19 1.40
Years 1 to 4 6.38 4.55 3.37 1.51
Years 1 to 5 8.39 6.15 4.76 2.54

Lysimeters with the same coverage had very similar L/S ratios. Revegetation of the
MBR cover (lysimeters #5 and #6) have reduced the drainage volume, without reaching the
reduction observed for the revegetated soil capping (lysimeters #7 and #8).

3.2.2. pH and Salinity

Compared to lysimeters #1, #3, #5 and #7, lysimeters #2, #4, #6 and #8 leachates showed
slightly lower pHs and lower ECs at the beginning of the experiment, and almost identical
pHs and ECs at the end of the experiment (Figures 4 and 11). This can be related to the fact
that the more soluble salts had already been leached in the UMBR material during the acid
mine treatment, resulting in pHs already below 8 and ECs already below 10 at the start of
the experiment.
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Figure 11. pH and electrical conductivity (EC) of lysimeters #2, #4, #6 and #8.

3.2.3. Effect of UMBR on Elements Leaching

Figure 12 shows the temporal variation of the annual leaching per kg of MBR or
MBR+UMBR of potentially toxic metals or metalloids. Data for all analyzed elements are
provided in the Supplementary Materials Section. In lysimeters with UMBR, the behavior
of the elements is similar to that observed in lysimeters without UMBR, with leaching
decreasing over time to reach very low values in the fifth year, with the exception of
vanadium, as previously commented.
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Figure 12. Variation of leaching over time of potentially toxic elements (Al, As, Cd, Co, Cr, Cu, Mo,
Ni, Pb, V, Zn) in mg kg~! of (MBR+UMBR). Sketch of lysimeters, see Figure 2.
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Figure 13 illustrates the variation in cumulative leaching between lysimeters with and
without UMBR. There was no clear trend in the difference in leaching between lysimeters
with and without UMBR. The presence of UMBR led to varying retention and leaching
patterns for different elements: some elements, such as Al, Cr, and Mo, were more retained,
while others, like As, Min, and Ni, were more emitted. Additionally, the retention or leaching
of certain elements varied depending on the lysimeter design: sand capping increased
leaching for Cd, Co, Cu, Fe, and Ni, whereas soil capping led to higher leaching for Fe, Mn,
V, and Zn. Interestingly, despite the higher As, Pb, Cr, and Zn contents in UMBR, lysimeters
with UMBR did not consistently show higher leaching for these elements throughout the
experiment. This indicates the effectiveness of UMBR in retaining these elements.
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Figure 13. Element leaching from lysimeter with UMBR as a % of the element leaching from the
corresponding lysimeter without UMBR. Cumulative leaching during the 5 years of experimentation.

As explained above, many parameters and mechanisms may be involved in the
mobility of elements and their transfer into leachates. The treatment of AMD by UMBR led
to a drop in pH; it could also have led to the precipitation of other mineral forms, modified
the specific surfaces of the minerals or released sorption sites by the leaching of major
mobile elements such as Ca or Mg. The precise determination of the mechanisms involved
would require the fine characterization of the mineral phases present, the evaluation of
their specific surfaces, in situ redox and pH monitoring in the lysimeters, the determination
of the species present in the leachates and conceptual modeling.

Despite the observed variations, annual average concentrations remained below the
LD50 values for all elements except Cr during the first year of the experiment, as previ-
ously mentioned.

4. Conclusions

Over the course of the 5-year experiment and across all configurations tested—raw,
sand capping, soil capping, and revegetation—the pH of the leachates stabilized between 7
and 8, and their salinity gradually decreased. Although the salinity remained significant
in the final year, ranging from 3 to 5 mS cm ™!, the SAR stayed well below the values that
could cause clay dispersion and material clogging. Therefore, in all cases, the material
remained suitable for the growth of plants compatible with the observed salinity.

Except for V, the leaching of potentially toxic elements from the modified bauxite
residue (MBR), whether or not it was used to remediate acid mine drainage, rapidly
decreased after the first year, reaching low levels. Except for Cr in the first year, the
concentrations in the leachates always remained below the LD50 values and reached levels
at least one order of magnitude lower than the LD50 by the end of the experiment. Among
the different designs studied, soil capping and revegetation significantly reduced the
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leaching of elements. Soil capping, in particular, reduces the concentration peak observed
in the first year of the experiment.

As a recommendation, in the climatic conditions of the test, which do not lead to soil
acidification, spreading MBR, or an MBR previously used for AMD decontamination, with
revegetalization after soil capping is the best environmental practice, which avoids the
dispersion of dust and is not accompanied by the worry about leaching of potentially toxic
elements. It will be necessary to check the composition of the residue before spreading,
to verify that the contents of potentially toxic elements do not exceed the usual values as
defined above, in particular vanadium. Under climatic conditions more conducive to soil
acidification, for example, with high rainfall, the pH of the spreading should be controlled,
not falling below 6.5, and adjusted if necessary by liming. Future research should establish
content thresholds for the different potentially toxic elements in MBR-type matrices.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/min14121210/s1, Table S1. Annual leachate emission
(mg/kg of MBR).
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Abstract: Assessment of the plant’s ability to take up mercury (Hg) from polluted soil was affected
by location, plant family, and species in two former cinnabar mining areas in the Czech Republic. At
each location, seven sampling points were marked out in the vicinity of former shafts and dumpsites
connected to the mining activity, where representative soil samples and dicotyledonous plants were
collected. The individual locations were characterized by specific plant communities, where, in most
cases, different plant species were found within one family at both locations. The total Hg content in
the soil, as well as gaseous elemental mercury (GEMg;j_qir), confirmed elevated levels of this element
in the mining-affected environment, with high variability of the data. The low Hg accumulation
ability of plants, especially the low root-shoot translocation in most of the plant species, indicated
the predominant occurrence of excluders. Among the families, the results showed the exceptional
position of the Fabaceae family regarding soil Hg pollution, as the highest Hg content in both shoots
and roots was determined for Onobrychis viciifolin. Therefore, the behavior of Fabaceae plants in
polluted soil, the mechanisms of their tolerance to high Hg content, and their Hg accumulation ability
deserve further research.

Keywords: mercury; soil; plant; accumulation; translocation

1. Introduction

Mercury (Hg) is among the most notorious and severe environmental pollutants. It
is a toxic, persistent, and mobile contaminant [1]. Elevated Hg levels in the soil increase
the risk to food security and the soil-plant-animal transport of this element [2]. Elevated
Hg content in the soil can originate from natural (geogenic) as well as human-caused
sources (anthropogenic). Geogenic Hg originates primarily from geological sources, such
as volcanic eruptions, thermal springs, and surface metallic ores, whereas anthropogenic
Hg sources primarily include coal-burning power plants and by-products of the mining
process for metal ores (e.g., gold and cinnabar). In this context, artisanal and small-scale
gold mining activities applying the amalgamation process are among the most serious
sources of Hg pollution. In addition to direct Hg production, Hg can be released from other
industrial activities, such as the manufacturing of cement, nonferrous metals, pig iron and
steel, caustic soda, and waste disposal. Chemical industries, such as chlor-alkali plants,
should also be taken into account [3]. However, mining and processing of Hg-bearing ores
can result in hotspots of extremely Hg-polluted soils in mining areas.

An elevated soil Hg content poses a potential risk to other components of the ecosys-
tem, especially through soil-plant transport and the accumulation of this element up the
food chain. The toxicity, accumulation, and mobility of mercury depend on its form in
the soil as well as the soil’s physical, chemical, and biological properties. For example,
organic forms of Hg, such as methylmercury (MeHg), are at least an order of magnitude
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more mobile than inorganic forms and are therefore more toxic and more readily bio-
accumulated [4]. Fernandez-Martinez et al. [5] identified both humic and fulvic acids, as
well as elemental Hg, as the primary variables controlling Hg methylation in soils. How-
ever, the Hg methylation rate in soils can also be affected by soil-plant relationships. Some
bacteria can resist heavy metal contamination through chemical Hg transformation by
reduction, oxidation, methylation, and demethylation [6]. The genetic system that evolved
as the “mer operon” is the only well-known bacterial Hg resistance system allowing for the
transformation of its toxic target into volatile non-toxic forms [7].

The soil physicochemical parameters and soil chemical composition contribute to
Hg mobility and subsequent plant uptake of this element. Heeraman et al. [8] tested the
potential effect of various soil amendments, such as lime, nitrogen (N), phosphorus (P),
and organic matter, on plant growth and Hg uptake by Vulpia myuros growing in acidic
mine soil. They confirmed that both liming (i.e., increasing soil pH to 6) and organic
matter addition were effective measures to reduce Hg uptake by plants. In contrast, the
addition of thiol ligands, such as ammonium thiosulphate ((NH4)25,03) and ammonium
thiocyanate (NH4SCN), enhanced Hg uptake by Brassica juncea plants grown in mine
tailings originating from artisanal gold mines utilizing the amalgamation method for gold
extraction [9]. Soil organic matter affects the speciation, solubility, mobility, and toxicity of
Hg.

Many organic compounds have a high affinity for Hg due to their functional groups,
such as hydroxyl-, carboxylic-, aromatic-, and S-containing ligands. Decreased soil Hg
mobility, followed by suppressed plant uptake and the high sorption ability of soil organic
matter for Hg, have been documented in organic-matter-amended soils [8,10]. Moreover,
Hg mobility is affected by interactions between mineral and organic phases [11] as well as
aggregate size [12]. Hg species, such as elemental mercury (Hg) and Hg-metal amalgams,
are less toxic than soluble inorganic Hg species, such as mercury chloride (HgCly), due to
their lower mobility in environmental processes [13]. Reis et al. [14] found a high percentage
of immobile Hg in soils contaminated by mining activities due to a high sulfur content in
these soils.

As reviewed by Beckers and Rinklebe [15], elevated Hg contents in plants are found
in areas with high soil Hg contents, but no clear relationships have been observed between
elevated Hg concentrations in plants and soils. The variability of the plant Hg content
depends on the ability of the individual plant species to accumulate this element. An
extremely wide range of plant Hg contents has been documented among plant species
growing in extremely polluted mining areas (e.g., [16]). Generally, the relationship between
Hg bioaccessibility in soil and the plant’s ability to take up this element is low compared to
other risk elements, such as cadmium [1].

Phytotoxicity symptoms have been reported in Hg-polluted soils. As reported by
Natasha et al. [17], Hg exerts toxic effects in plants even at low concentrations, resulting in
growth retardation, photosynthesis inhibition, reactive oxygen species generation, lipid
membrane oxidation, and DNA and protein damage. Furthermore, due to Hg’s effects on
life, it is highly imperative to monitor and control the biogeochemical behavior of Hg in soil-
plant-human systems [17]. For instance, soil Hg levels ranging from 1 to 50 mg/kg result in
negative effects on seed germination and root elongation of Lepidium sativum and Solanum
lycopersicum under model conditions [18]. Moreno-Jiménez et al. [19] tested the ability of
two plant species, Rumex induratus and Marrubium vulgare, to take up Hg under model
conditions in a soilless culture. Both plant species originated from a location extremely
polluted by Hg due to long-term mining activity. They observed a high accumulation ability
and phytotoxicity symptoms (such as reduced plant growth, chlorophyll concentration, and
nutrient translocation) with increasing Hg levels in the medium, but R. induratus showed
better tolerance to Hg pollution than M. vulgare, as determined by the oxidative stress
indices. Moreover, Moreno-Jiménez et al. [20] confirmed enhanced tolerance to extremely
high Hg concentrations in R. induratus naturally growing in a Hg-polluted area compared
to plants of the same species originating from a non-Hg polluted site. The higher tolerance
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of the plants originating from the mining area was documented, for instance, by lower Hg
uptake and enhanced thiol synthesis by plants from the polluted site compared to plants
from the unpolluted area. These findings clearly document the importance of plant species
in Hg uptake and tolerance. Therefore, a Hg-tolerant plant community can be expected in
long-term abandoned Hg ore mining areas.

In the case of Hg, no hyperaccumulating plant has yet been discovered [21]. However,
the extensive investigation of the Hg bioaccumulation ability of various plant species has
revealed promising results. Duan et al. [22] reviewed the available plant species suitable
for phytoremediation (i.e., phytoextraction) of Hg-polluted soil, where the analysis of the
available data identified Cyrtomium macrophyllum and Phragmites australis as promising
Hg accumulators. A similar review by Li and Tse [23] mentioned that Achillea millefolium
accumulated high amounts of Hg. Among the other potential Hg-accumulating plants,
Brassica juncea is frequently mentioned [24]. Although only confirmed in soilless culture,
Alcantara et al. [25] showed the promising Hg accumulation ability of Manihot esculenta.
Garcia-Mercado et al. [26] demonstrated the efficient ability of Polypogon monspeliensis
and Cyperus odoratus plants to remove Hg from Hg-polluted mine wastes in a model pot
experiment. Among aquatic macrophytes, Heliconia psittacorum showed promising ability
to accumulate Hg in areas with artisanal mining activity [27].

There are several abandoned cinnabar mining areas in the Czech Republic, but in-
formation concerning Hg pollution levels in soils in the vicinity of mine shafts and waste
dumpsites, and the potential environmental risks of these Hg levels, is limited. For this
investigation, two historical cinnabar mining areas were chosen: (i) the Hg mine in Horni
Luby, situated in North Bohemia (Czech Republic), and (ii) Jedova Hora in Central Bohemia
(Czech Republic). In the Horni Luby mine, the ore consists of pure cinnabar [28]. The main
mining phase occurred from 1520 to 1540, followed by a second peak from 1560 to 1570,
when Hg production was 6-15 tonnes per annum. At that time, the mine was listed among
the largest Hg producers in Europe. The mine was finally abandoned in 1597, and several
unsuccessful attempts to restore mining activity from the 17th to the 19th century were not
very extensive [29]. In the Jedovd Hora mine, where cinnabar was mined as a by-product of
Ordovician iron ore (mostly containing haematite and siderite), mining continued from the
18th century until the end of the 19th century. The estimated Hg production was several
tonnes per annum [30]. At present, both locations are covered by mixed (mostly deciduous)
forests, with a dense cover of herbaceous plants.

Since no relevant information concerning Hg contents in soils is available for the
Horni Luby location, data on soil Hg contents, Hg fractions and compounds, as well as the
proportions of organomercurials and gaseous elemental mercury (GEMgj14ir), Were only
determined for the Jedova Hora location [31,32]. These investigations showed elevated Hg
contents in the soil profiles, where approximately 50%—-80% of total Hg in all soil horizons
was present as relatively insoluble HgS. The remaining 20%-50% of total Hg was related
to Hg adsorbed on mineral surfaces, Fe-oxyhydroxides, or clay minerals. However, the
potential soil-plant transport of Hg has not yet been studied at both locations. At the
Horni Luby location, elevated Hg contents can also be expected, and the potential adverse
effects of Hg on the biota cannot be excluded. Therefore, almost no reliable information
is available concerning the potential environmental risk of elevated Hg contents in soil at
both locations. Therefore, this study focuses on the assessment of plants’ ability to take up
Hg from polluted soil as affected by location, plant family, and species.

2. Materials and Methods
2.1. Sampling and Sample Processing, Determination of GEMgyif_air

Soil samples were collected in the vicinity of important points connected to mining
activity, such as outfalls of abandoned drifts and mine waste heaps. At each location,
there were 7 sampling points, and the soil samples were taken from a depth of 0-20 cm,
with 5 soil samples taken from an area of ca. 5 m? at the individual sampling points. The
sampling grid differed at individual locations because of the different distribution of the
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mining residues at these locations. The most important characteristics of the sampling
points, including the GPS coordinates, are presented in Supplementary Table S1. A detailed
description of the whole mining area is provided elsewhere [28-31].

A Lumex RA-915* instrument (Lumex Ltd., St. Petersburg, Russia) was used for
GEMg,i1.qir measurement of the soil-air interface at five sampling points at the Horni Luby
location. The mercury LOD is as low as 2 ng m~2, with a method bias of +20%. To
obtain comparable results, all GEMg;1.,;; measurements were performed using the same
procedure tested and described previously, especially at the Jedova Hora location [32,33].
GEM concentrations were measured inside a PE chamber, which was placed tightly onto
the uncovered surface area. After 4 min of equilibration, the mouth of an inlet tube of the
analyzer was placed at a height of 5 cm above the surface and a maximum GEM value
was recorded. Subsequently, soil samples from the chamber’s position were collected and
processed in the same manner for the sampling area monitoring.

At each sampling point, representative samples of dicotyledonous plants were col-
lected at the flowering stage, with aboveground biomass and roots separated. At the
Jedova Hora location, 54 plant species were found representing the Fabaceae, Violaceae,
Rosaceae, Rubiaceae, Plantaginaceae, Asteraceae, Urticaceae, Euphorbiaceae, Hypericaceae,
and Lamiaceae families. At the Horni Luby location, 36 plant species were collected, rep-
resenting the Rubiaceae, Apiaceae, Oxalidaceae, Lamiaceae, Asteraceae, Hypericaceae,
Urticaceae, Rosaceae, Violaceae, and Ranunculaceae families. Moreover, the biomasses
of the fern Dryopteris filix-mas (Dryopteridae) and monocotyledonous Convallaria majalis
(Convallariaceae) were sampled at this location as the dominant plant species. All plant
species are listed in Supplementary Tables S2 and S3.

2.2. Determination of the Total Hg Content in Soils and Plants

Soil samples were freeze-dried (FreeZone® 6 Liter Benchtop Freeze Dry System; Lab-
conco Corp. Kansas City, MO, USA), ground in a mortar, and passed through a 2 mm plastic
sieve before analysis. The plant biomass was gently washed in deionized water using an
ultrasonic bath, freeze-dried as mentioned above, and homogenized (IKA-Werke GmbH &
Co. KG, Staufen, Germany) before analysis. To determine the total Hg content in soils and
plants, an AMA-254 single-purpose atomic absorption spectrometer (LECO model, Altec,
Czech Republic) was used. In this device, the samples were dried and subsequently burned
in a stream of oxygen in a closed system. Subsequently, released Hg vapor was trapped on
a gold amalgamator and then quickly released as Hg” by heating. The released Hg vapor
was measured with an atomic absorption spectrometer at a wavelength of 253.65 nm. A
low-pressure Hg discharge lamp was used as a source of radiation in this case [34]. All
measurements were conducted in triplicate, with an LOD of 0.01 ng Hg. Standard reference
material SRM NIST 1573a was applied for quality assurance of the data, where the certified
value was 0.034 £ 0.004 mg/kg of Hg, and the determined value was 0.032 & 0.005 mg/kg
of Hg.

2.3. Estimation of Hg Accumulation Ability by Plants

The bioaccumulation factor (BAF) was used to describe Hg uptake in the investigated
plants, as follows:
Cptant
Cooil

where Cpj,t is the Hg concentration in plants (aboveground biomass, BAFs, or roots, BAFr)
and Cg,; is the total Hg concentration in the soil. A factor level > 1 indicates an enhanced
ability of plants to take up Hg from the soil.

The translocation factor (TF) was used to describe the ability of investigated plants to
translocate Hg from roots to the aboveground biomass, as follows:

BAF = 1)

Cshoot
TF — SNoots 2
Croots ( )
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where Cgyp0ts is the Hg concentration in aboveground biomass, and Cyos is the total Hg
concentration in the plant roots. A factor level > 1 indicates an enhanced ability of plants
to translocate Hg into the aboveground biomass [35].

2.4. Statistics

Statistical evaluation of the analytical datasets for Hg contents in plants was performed
using Statistica 12.0 software (www.StatSoft.com; accessed on 15 July 2024). Descriptive
statistics was used to describe the BAFs and TFs datasets, where minimum, maximum,
average, standard deviation, median, and median of absolute deviations (MAD) were calcu-
lated. The individual datasets did not match the parameters of a normal data distribution
using Shapiro-Wilk W normality and Levene variance tests; therefore, the non-parametric
Kruskal-Wallis test was used to assess statistically significant differences in measured
parameters among plant families. To compare the measured parameters between the two
sampling locations, the Mann-Whitney test was applied. Spearman’s rank correlation
coefficients (p) were applied to determine the potential interrelationships among the ex-
perimental factors, where both the whole dataset and datasets for the individual locations
were compared. In all cases, p < 0.05 was considered significant.

3. Results and Discussion
3.1. Total Hg Content in Soils at the Hg-Polluted Areas

The total Hg content in the soil varied between 0.221 and 135 mg/kg at Jedova Hora
and between 3.34 and 117 mg/kg at Horni Luby (Supplementary Table S1). Public Notice
No. 153/2016 [36] in the Czech Republic focused on the conditions for the protection of
agricultural soils, presenting a preventive value (i.e., the element content indicating the
elevated level for the total Hg content in soil without a harmful effect on the soil and biota)
of 0.3 mg/kg. Except at one sampling point, all soil Hg values exceeded this limit, i.e., 93%
of the total sample number. The indicative value at which the soil Hg content represents
a potential risk for crop contamination is 1.5 mg/kg of Hg, and the level that directly
threatens human and animal health is 20 mg/kg of Hg [36]. Most of the soil samples
substantially exceeded these limits. As reviewed by Natasha et al. [17], an extremely high
soil Hg content can occur in Hg mining areas, such as 1709 mg/kg found in Asturias, Spain,
or 450 mg/kg in Guizhou, China. In this context, the maximum Hg values at both Jedova
Hora and Horni Luby can be considered relatively low compared to other mining areas but
far from the typical soil Hg values determined at various unpolluted locations in the Czech
Republic, varying from 0.02 to 0.2 mg/kg [37].

3.2. GEMyi_aiy Concentrations at Hg-Polluted Areas

The soils at the Jedova Hora location are characterized by low Hg mobility; relatively
insoluble HgS has been identified as a dominant Hg compound [31]. Additionally, Sysalova
et al. [32] found minor proportions of elemental mercury (Hg”), methylmercury (MeHg™),
and phenylmercury (PhHg™") at the Jedova Hora location. At Horni Luby, the former
cinnabar mining area, the dominance of HgS as well as the limited mobility of Hg was
also expected. For an assessment of the potential impact of soil Hg pollution on the sur-
rounding environment, the proportions of GEMg;)_air can provide reasonable information.
At the Jedova Hora location, the previously determined maximum GEMg; oy concen-
trations [32] varied between 5 and 15 ng/ m? in the soils, with a total Hg content in the
range of 11-144 mg/kg. Therefore, because of the expected similarity of the mineralogical
composition of both mining areas, comparable GEMg,j.,ir concentrations are also expected.
In this study, the GEMg;-5ir concentrations were determined at 5 sampling points at the
Horni Luby location, where at sampling point No. 6 (one of the mine waste dumpsites),
with a total soil Hg content of 3.81 mg/kg, the measured GEMg,;j_4;r concentrations did not
differ from the levels measured outside the measuring chamber.

At sampling points 1 (measured next to the entrance to the shaft), 2, and 5 (mine
waste dumpsites), where the total soil Hg content varied from 39.2 to 56.1 mg/kg, the
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maximum GEMg;) 0ir concentration varied between 2 and 9 ng/ m3. Exceptionally high
maximum GEM;i_,ir values reaching up to 498 ng/m? in the soil with a total Hg content
of 135 mg/kg were found at sampling point No. 4 (the bank of the lake lying among the
dumpsites). Therefore, the results indicated a lower GEMg;j.0ir concentration compared to
the Jedova Hora location but with the occurrence of hotspots, which deserves more detailed
investigation in the future. Similarly, Fernandez-Martinez et al. [38] recorded low free
Hg(0) contents in soils ranging from 2.1 to 113 mg/kg, with percentages varying between 6
and 20% of the total Hg content. In this case, however, the pyrolysis technique was used to
determine free Hg(0); therefore, the Hg proportions are not comparable to the ggmrsoil-air
concentrations determined in this study. Generally, the GEM1.o;; concentrations at both
locations cannot be underestimated, and their impact on the Hg content in biota should be
elucidated in more detail.

3.3. Total Hg Content in Plants in the Hg-Polluted Areas

A detailed list of the Hg content in all analyzed plants is presented in Supplementary
Tables S2 and S3. The total Hg contents in the roots and shoots of plants regardless of the
plant species and sampling point are presented in Figure 1. The results of the statistical
evaluation of the data showed significantly (p < 0.05) higher Hg levels in roots at the Horni
Luby location compared to Jedova Hora, whereas no significant differences were observed
between locations for the shoot Hg content. The individual locations are characterized
by different plant communities, where, in most cases, different plant species were found
within one family at both locations (for instance, Galium odoratum at Jedova Hora vs. G.
aparine at the Horni Luby location). Moreover, the composition of plant species differed
even among the individual sampling points, with the exception of Viola sylvestris found at
all seven sampling points at Jedova Hora. In this plant, the Hg contents in roots varied in
the range from 0.179 to 9.78 mg/kg (median value 0.309 mg/kg) in roots, and from 0.011
to 0.590 mg/kg (median value 0.075 mg/kg) in shoots. These data indicate that the Hg
accumulation ability of this plant did not differ from other species; the maximum value was
reached at the sampling point with the highest Hg content (135 + 1 mg/kg). The results
confirmed the ability of plants to accumulate Hg predominantly in the roots compared to
the aboveground biomass in most plant species [39]. The median Hg content in plants at
the Jedova Hora location was 0.071 mg/kg in the aboveground biomass and 0.331 mg/kg
in the roots. The maximum measured Hg values were found for both aboveground biomass
and roots of Onobrychis viciifolia (Fabaceae) (0.829 and 13.4 mg/kg, respectively). At the
Horni Luby location, the median Hg content in plants was 0.11 mg/kg in the aboveground
biomass and 1.01 mg/kg in the roots. The maximum measured Hg value was 0.575 mg/kg
for the aboveground biomass of Ficaria verna and 14.8 mg/kg in the roots of Galium aparine.

Fernandez et al. [40] found a high Hg content in some plant species in the old mining
area in Cantabrian Zone of the Iberian Massif, Spain; for instance, they found 84 mg/kg
of Hg in shoots of Festuca rubra, 78 mg/kg in Leontodon taraxacoides, and 77 mg/kg in
Equisetum telmateia. However, the total Hg content in the soils in this case substantially
exceeded those recorded in this study, reaching up to 7963 mg/kg. Similarly, Fernandez-
Martinez et al. [38] investigated Hg uptake by plants growing at old cinnabar mining sites
in Spain (total Hg content in soils ranged from 36 to 1709 mg/kg). The Hg content in the
studied plants ranged from 0.6 to 48 mg/kg in the aboveground biomass and from 1.8 to
160 mg/kg in the roots, where the plant species with the highest amount of total Hg was
Crupina vulgaris (Asteraceae). Both studies confirmed a wide range of plant Hg contents as
affected by plant species and soil Hg levels. Raj [41] tested the Hg accumulation ability of
Brassica juncea plants in a model pot experiment, in which the plants were grown in soil
polluted by coal mining activities. In this case, higher Hg accumulation was confirmed in
roots compared to shoots. Millan et al. [42] investigated the potential Hg accumulation
ability of riparian plant species growing along the river running through a former Hg
mining area. These authors compared the Hg content of aerial parts of Flueggea tinctoria,
Tamarix canariensis, Nerium oleander, Typha domingensis, and Phragmites australis and found
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that the Hg content differed according to species. However, the low Hg mobility in soils
and sediments resulted in a low Hg content in the aerial parts of plants, similar to this

study.
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Figure 1. The total Hg contents in the roots and shoots of plants at both locations, regardless of
plant species and family; n = 54 for Jedova Hora, and n = 36 for the Horni Luby location. Horizontal
lines drawn inside the boxes indicate the median, x indicates the average, and the points outside the
whisker boundaries are outliers. The boxplots marked by the same letter do not significantly differ at
p <0.05.

The differences in Hg accumulation in roots and shoots among the plant families are
presented in Figures 2 and 3. The results indicate an enhanced Hg accumulation ability
of Fabaceae plants at Jedova Hora (Figure 2); however, this trend was not statistically
supported; the differences among the plant families at this location were not significant at
p < 0.05. Among the Fabaceae family species, Esteban et al. [43] confirmed that Lupinus albus
was tolerant to increased Hg levels in the nutrient solution. Carrasco-Gil et al. [44] studied
the change in biomass growth of alfalfa (Medicago sativa), also belonging to the Fabaceae
family, when grown in containers of agricultural soil obtained from a Hg-contaminated
site (Almadén, Spain). Some of the samples were grown with fertilizers (NPK) and some
without added fertilizers. The results indicate that an increased N supply during growth
prevents oxidative stress in roots and improves root development and, thus, Hg uptake
from the soil.

The positive effect of N on plant tolerance to Hg indicates the potential role of N-
fixing bacteria. Nonnoi et al. [45] confirmed that the increased tolerance of plants from
the Fabaceae family to Hg was related to their interaction with microorganisms in the
soil (especially the genus Rhizobium), which are capable of binding N and affecting
the bioavailability of hazardous metals. These authors identified rhizobial strains of
bacteria in plants from the Fabaceae family (Medicago spp. and Trifolium spp.) that are
highly tolerant to Hg. The mechanisms of Hg tolerance in Fabaceae plants have already
been investigated. Recently, Raghupathy and Arunachalam [46] showed that Hg-tolerant
rhizobia were responsible for enhanced plant tolerance and that rhizobium alleviated Hg
phytotoxicity in plants via the reduction of Hg to volatile Hg” form and subsequent tight
Hg sequestration in the root cell wall and limited translocation of Hg to the aboveground
biomass. They also reported increased free radical scavenging in nodules exposed to
elevated Hg levels.
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Figure 2. The total Hg contents in the roots and shoots of plants at the Jedova Hora location according
to the individual plant families; n = 54. Horizontal lines drawn inside the boxes indicate the median,
x indicates the average, and the points outside the whisker boundaries are outliers.

Numerous scientists consider Fabaceae plants suitable species for potential phytore-
mediation of Hg-polluted areas because of their tolerance to elevated Hg contents and
relatively good ability to accumulate Hg [47,48]. Moreover, although the ability of these
plants to accumulate Hg is far from that of hyperaccumulation, they have shown promising
characteristics for potential phytoremediation, such as their ability to grow quickly, produce
high biomass yields, are be easy to harvest [48], and the fact that they mostly accumulate Hg
in belowground organs, posing a lesser threat of contamination and bioaccumulation across
the food chain. Additionally, attempts to obtain a suitable cultivar to genetically improve
the phytoremediation results have already been made, for example, by de la Torre et al. [48]
with Medicago truncatula plants. However, the fate of Fabaceae plants in the polluted soil,
the mechanisms of their tolerance to the high Hg content and Hg accumulation ability, the
role of soil properties, and the transformation of Hg species in both plants and soil need to
be elucidated in further research.

At Horni Luby (Figure 3), no species representing the Fabaceae family were found.
Although Ranunculaceae and Rosaceae plants showed an enhanced total Hg content in
shoots, the differences were not significant (p < 0.05). Su et al. [49] found that Pteris
vittata showed low stress symptoms resulting from Hg exposure and had the highest Hg
accumulation, thus recommending P. vittata as a potential candidate for Hg phytoextraction
from polluted soil. The dominant fern species growing at this location, Dryopteris filix-mas,
was analyzed, showing that the Hg content in the aboveground biomass varied from 0.055
to 0.138 mg/kg and in roots from 0.48 to 1.01 mg/kg. Thus, the Hg values in this species
were close to the median values for this location. Although the Hg content in Dryopteris
filix-mas and D. affinis as determined by Fernandez-Martinez et al. [38] exceeded those
found in this study (most probably due to lower soil Hg content compared to the cited
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paper), the Hg content was significantly lower in fern species than in dicotyledonous and
monocotyledonous herbaceous plants analyzed by these authors. Similarly, Wang et al. [50]
did not show elevated Hg levels in Dryopteris setosa plants. Therefore, the results indicate
the low ability of Dryopteris sp. to accumulate Hg.
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Figure 3. The total Hg contents in roots and shoots of plants at the Horni Luby location according to
the individual plant families; n = 36. Horizontal lines drawn inside the boxes indicate the median, x
indicates the average, and the points outside the whisker boundaries are outliers.

3.4. Ability of Plant Biomass to Accumulate and Translocate Hg from Polluted Soils

The BAF and TF values for the individual locations are summarized in Figures 4 and 5.
The Mann-Whitney test showed no significant (p < 0.05) differences between BAF values
for plant roots, whereas significantly (p < 0.05) higher BAFs were recorded for shoots at
Jedova Hora compared to Horni Luby. Similarly, translocation factors (TFs), indicating the
plant’s ability to translocate Hg from the shoots to the roots, were significantly (p < 0.05)
higher at Jedova Hora. The BAFgp,oots, BAFro0ts, and TFs for the individual families are
presented in Tables 1 and 2. At Jedova Hora and Horni Luby, the BAFs for the roots and
shoots, as well as the TFs, did not significantly (p < 0.05) differ among the plant families.

Considering all plant samples, both root and shoot Hg contents were significantly
(p < 0.05) correlated with the Hg content in the soil (Supplementary Table S4). The Spear-
man’s rank correlation coefficients were p = 0.51 for roots and p = 0.34 for shoots, indicating
soil-plant transport as the major pathway of Hg uptake by plants. Similarly, Millan
et al. [42] found positive correlations between the Hg contents in riparian plants and in
soils and sediments along the river in a Hg-polluted area. However, a different pattern was
identified when the locations were assessed separately. The relationships between soil and
plant Hg contents at Jedova Hora were similar as in the case of the whole dataset (p = 0.46
for roots and p = 0.38 for shoots; significant at p < 0.05), but no significant relationships
were recorded between plant and soil Hg contents for roots or shoots at Horni Luby.
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Figure 4. The BAF values of plants at both locations, regardless of the plant species and family;
n = 54 for Jedova Hora, and n = 36 for the Horni Luby location. Horizontal lines drawn inside the
boxes indicate the median, x indicates the average, and the points outside the whisker boundaries
are outliers. The boxplots marked by the same letter did not significantly differ at p < 0.05.
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Figure 5. The TF values of plants at both locations, regardless of the plant species and family; n = 54
for Jedova Hora, and n = 36 for the Horni Luby location. Horizontal lines drawn inside the boxes
indicate the median, x indicates the average, and the points outside the whisker boundaries are
outliers. The boxplots marked by the same letter did not significantly differ at p < 0.05.
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Table 1. Descriptive statistics of the Hg accumulation ability of plants at the Jedova Hora location,
categorized by plant families.

Asteraceae Fabaceae Plantaginaceae Rosaceae Rubiaceae Urticaceae Violaceae
BAFroots

n 5 6 9 11 6 5 7
Min 0.033 0.015 0.007 0.004 0.004 0.001 0.020
Max 3.49 0.675 1.44 0.386 0.467 0.080 1.40
Average 0.903 0.348 0.248 0.082 0.186 0.022 0.241
Standard deviation 1.486 0.271 0.456 0.116 0.187 0.032 0.510
Median 0.084 0.360 0.109 0.033 0.116 0.011 0.044
MAD 0.560 0.240 0.089 0.025 0.086 0.008 0.024

BAFshoots

n 5 6 9 11 6 5 7
Min 0.005 0.003 0.002 0.001 0.001 0.004 0.003
Max 0.38 0.13 0.17 0.49 0.22 0.01 0.051
Average 0.131 0.050 0.042 0.049 0.044 0.007 0.015
Standard deviation 0.170 0.054 0.058 0.146 0.089 0.003 0.017
Median 0.025 0.029 0.015 0.003 0.011 0.007 0.009
MAD 0.021 0.025 0.010 0.002 0.006 0.003 0.006

TF

n 5 6 9 11 6 5 7
Min 0.058 0.007 0.020 0.023 0.015 0.119 0.036
Max 0.35 0.85 0.60 2.49 0.48 2.55 0.420
Average 0.218 0.250 0.268 0.445 0.185 1.09 0.181
Standard deviation 0.127 0.308 0.193 0.727 0.170 1.05 0.157
Median 0.276 0.172 0.286 0.136 0.168 0.601 0.108
MAD 0.251 0.084 0.156 0.108 0.106 0.368 0.071

MAD, median of absolute deviations; families with n > 3 were considered for evaluation.

Concerning the Hg accumulation ability estimated as BAF and TF values at the
individual locations, significant (p < 0.05) Spearman’s rank correlation coefficients showed
decreasing BAFs and TFs with increasing soil Hg content (p = —0.50 for BAFoots, p = —0.76
for BAFghots, and p = —0.30 for TF). Considering the individual locations separately,
significant (p < 0.05) relationships were only confirmed for BAFs, with p = —0.55 for
BAF,o0ts and p = —0.73 for BAFg01s at Jedova Hora and p = —0.64 for BAF;oots and
p = —0.94 for BAF 0015 at Horni Luby. These results indicate the plants’ ability to limit Hg
uptake in highly polluted soils to prevent the potential phytotoxic effects of elevated Hg
levels in plants.

In a model pot experiment, Yang et al. [51] evaluated Hg accumulation in the edible
parts of various leafy vegetables, including Spinacia oleracea, Allium porrum, Foeniculum
vulgare, Coriandrum sativum, Brassica rapa chinensis, Cichorium intybus, and Lactuca sativa and
determined the soil Hg levels. Although Hg was added into the soil artificially, therefore
resulting in higher Hg mobility compared to the mining areas, the BAF values were far less
than one in all cases, confirming the generally low plant availability of Hg. Therefore, these
authors reported a similarly low plant ability to take up Hg, as in this study. Comparing
the Hg accumulation ability of plants with other risk elements, it is among the lowest.
Peralta-Videa et al. [52] found the following order for plant bioaccumulation ability of risk
elements: Cd > Zn > Cu > Pb > Hg. The low plant availability of Hg compared to other
elements, especially Cd, was confirmed in our previous investigation [53], in which plants
growing in the Hg-polluted area of an abandoned gold mine were sampled.
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Table 2. Descriptive statistics of the Hg accumulation ability of plants at the Horni Luby location
categorized by plant families.

Apiaceae Dryopteridaceae Oxalidaceae Ranunculaceae  Rosaceae = Rubiaceae  Urticaceae
BAFroots

n 4 4 4 5 3 5 6
Min 0.027 0.014 0.013 0.005 0.015 0.006 0.006
Max 0.73 0.15 0.29 0.06 0.16 1.02 0.21
Average 0.245 0.076 0.102 0.026 0.077 0.325 0.077
Standard deviation 0.327 0.061 0.127 0.024 0.075 0.424 0.075
Median 0.111 0.072 0.052 0.011 0.056 0.138 0.065
MAD 0.042 0.046 0.020 0.006 0.042 0.132 0.042

BAFshoots

n 4 4 4 5 3 5 6
Min 0.001 0.001 0.0002 0.0002 0.001 0.001 0.001
Max 0.013 0.022 0.017 0.028 0.045 0.019 0.042
Average 0.006 0.010 0.006 0.013 0.018 0.007 0.012
Standard deviation 0.005 0.009 0.008 0.013 0.024 0.008 0.016
Median 0.005 0.009 0.003 0.010 0.007 0.003 0.007
MAD 0.002 0.006 0.002 0.009 0.006 0.002 0.005

TF

n 4 4 4 5 3 5 6
Min 0.010 0.071 0.003 0.022 0.049 0.007 0.036
Max 0.21 0.15 0.15 2.60 0.28 0.14 0.61
Average 0.070 0.120 0.075 0.758 0.150 0.067 0.213
Standard deviation 0.097 0.035 0.062 1.048 0.121 0.058 0.214
Median 0.028 0.129 0.073 0.471 0.118 0.068 0.155
MAD 0.014 0.012 0.042 0.264 0.069 0.056 0.113

MAD, median of absolute deviations; families with n > 3 were considered for evaluation.

Egler et al. [54] found that wildlife plant species growing in Hg-polluted gold mining
areas predominantly belonged to excluders with limited Hg translocation into the above-
ground biomass. In accordance with these findings, Fernandez et al. [40] identified Lofus
corniculatus as an excluder plant able to grow without any problems at Hg-polluted sites. In
contrast, Umlaufova et al. [53] recorded the highest BAF (BAF = 0.37) for the aboveground
biomass of L. corniculatus among the analyzed plant species growing in Hg-polluted soil,
indicating that all plant species (not exceeding BAF = 1) were found here. The low BAF
values were fully confirmed at the Horni Luby location (Table 2), where a BAF up to 1 was
only recorded for roots of Galium aparine (Rubiaceae). At the Jedova Hora location (Table 1),
several plant species from the families Asteraceae, Plantaginaceae, and Violaceae showed
elevated BAF values for roots with the highest BAFqots for Achillea millefolium (Asteraceae).
However, this value was achieved at sampling point 5, characterized by the lowest total
Hg content (Supplementary Table S1). This result should support the statement that the
plant’s ability to accumulate Hg decreases with increasing soil Hg content; unfortunately,
this species occurred solely at this sampling point, making any comparison with other
sampling points impossible.

The predominant accumulation of Hg in roots compared to the aboveground biomass
was confirmed. Sasmaz et al. [55] monitored Hg uptake by plants growing naturally
in an extremely polluted mining area, where BAF values calculated separately for roots
and shoots were also far less than one. However, TFs documenting the ability of plants
to translocate Hg from roots to the aboveground biomass frequently exceeded one (for
instance, in the case of Anchusa arvensis, Centaurea cyanus, Onosma sp., Phlomis sp., Silene
compacta, and Verbascum thapsus), indicating potential Hg accumulation in the shoots of
these species. All of these findings are in accordance with this study, showing that the Hg
content in plants is low compared to the soil Hg content. Concerning TFs, a relatively high
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ability of plants to translocate Hg from roots to aboveground biomass was recorded for
the families Ranunculaceae, Urticaceae, and Rosaceae at both locations (Tables 1 and 2),
indicating the phytoremediation potential of these plants.

To evaluate the Hg pathway from the polluted soil to plants, it is necessary to consider
the volatile proportions of Hg. The significant release of Hg and its compounds from the soil
to the atmosphere is well documented, including the role of soil microorganisms [56]. As
already discussed, detectable GEMy;).o;, concentrations were recorded at both Jedova Hora
and Horni Luby. Meloni et al. [57] compared Hg uptake by various plant species (Castanea
sativa, Sambucus nigra, Verbascum thapsus, Populus spp., Salix spp., Acer pseudoplatanus, and
Robinia pseudoacacia) growing in Hg-polluted soils from various mining areas (both active
and abandoned). In this case, leaves were considered the main pathway for Hg uptake, but
BAF values remained below one. In contrast, the results of this study did not clearly show
the pathway of Hg uptake but indicated the importance of the soil-plant pathway. Among
the factors affecting these differences, the different plant communities analyzed (trees vs.
herbaceous plants) may play a role.

Garcia-Sanchez et al. [58] investigated the soil-plant transport of Hg in the area of a
former cinnabar mine, where the mobile Hg contents in soil were low compared to the total
content. However, the Hg content in plants was relatively high, reaching 37.6 mg/kg in
Marrubium vulgare. Similar to Gworek et al. [1], these authors suggested that the plants
predominantly take up atmospheric Hg, where leaf-specific surfaces are an important factor
in Hg uptake. In this context, plants with small to medium size and/or with medium to
highly corrugated leaves, such as M. vulgare, Bromus madritensis, and Trifolium angustifolium,
showed the highest ability to accumulate Hg. In contrast, Hg uptake by roots can reflect
the Hg content in the soil [59]. Moreover, location seems to play an important role in Hg
uptake by plants. In this context, Egler et al. [54] investigated Hg uptake by plants growing
in the vicinity of two small-scale gold mines, where at one site, the plant Hg content was
correlated with the Hg content in the soil, and at the other site, these relationships were
not confirmed, indicating atmospheric deposition as an important source of aboveground
biomass contamination.

Higueras et al. [60] observed differences in Hg uptake by Olea europea leaves at a former
cinnabar mine site compared to those sampled in the vicinity of a chlorine alkali plant still
in operation. They found significant relationships between soil and leaf Hg contents at the
historical mining area and no soil-leaf relationships in the active chlorine alkali plant area.
They explained this different uptake pattern by the predominant atmospheric Hg uptake
close to the active facility in contrast to the root uptake of Hg at the historical mining area.
Therefore, the age and state of the mining area play an important role in potential Hg
bioaccessibility, and the data recorded in this study fully agree with these findings.

Although plant accumulation of Hg in extremely polluted areas is low compared to
the Hg content in soil, the Hg content in plants exceeds that of those growing in unpolluted
soil. Polluted plant biomass can pose a potential risk for herbivores living in the area.
Limit values of Hg content for wildlife plants are not set in the Czech Republic, but the
threshold limits for livestock feedstuffs can be used in this case. Directive No. 2002/32/ES
(ES 2002) [61] defined a maximum Hg value in raw feedstuffs of 0.1 mg/kg at a biomass
moisture of 12%. Therefore, recalculating the results obtained in 100% dry matter to 12%
moisture, 31% of aboveground biomass samples and 83% of root samples exceeded this
limit at Jedova Hora. At Horni Luby, 50% of the aboveground biomass samples and 97% of
the root samples exceeded this limit. Therefore, the potential expansion of Hg pollution via
the terrestrial food chain cannot be excluded.

4. Conclusions

The results showed high variability of the soil Hg content at the investigated locations,
where both total Hg and GEMg1.,i; values varied widely, with the possible occurrence
of hotspots. The sources of Hg in the hotspots should be investigated in further research,
because the plant Hg contents reflected the Hg contents in the soil. Apart from GEMggi1-air,
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the results showed that Hg can enter the surrounding environment via plant accumulation.
The spontaneously occurring plant communities growing at the locations are predominantly
excluders with limited Hg accumulation ability, but the high soil Hg content resulted in
elevated plant Hg levels, which differed according to the individual families and species.
Among these families, the exceptional position of Fabaceae should be highlighted for their
enhanced Hg accumulation ability.

In this study, the plant Hg content correlated significantly with the total Hg content in
soil at the Jedova Hora location for both roots and aboveground biomass, regardless of the
detectable GEMg;. 55 concentration, indicating the predominant soil-root pathway of Hg
uptake, as already mentioned. At the Horni Luby location, neither roots nor aboveground
biomass were significantly (p < 0.05) correlated with soil Hg, indicating the presence of
additional factors affecting Hg uptake by plants, such as the different compositions of the
plant community at individual locations, the different responses of individual plant species
to soil Hg, variability in the soil Hg content within individual locations, and presumed
differences in the soil characteristics between individual locations. The results showed
that former mining areas deserve attention, even though they have been abandoned for a
long time, because the potential risk of pollution in the surrounding environment cannot
be underestimated.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min14121211/s1, Table S1: Description of the sampling points
and total Hg contents; Table S2: Average mercury contents in the shoots and roots of the individual
plant species at the Jedova Hora location; Table S3: Average mercury contents in the shoots and
roots of the individual plant species at the Horni Luby location; Table S4: Spearman’s p correlation
coefficients of the interrelationships of the individual variables.
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Abstract: Comparative analysis of red mud reduction techniques was performed using
both carbothermal and hydrogen-based reduction methods, combining thermochemical
modeling and experimental validation. The reduction process is mostly important because
of the high contamination risk assessment of soil with disposed red mud. Therefore, the
minimization of red mud during the reduction process can be a novel strategy for the
production of metallic iron and solid residue for hydrometallurgical treatment. Differ-
ent strategies of hydrogen and carbon reduction in static and dynamic conditions were
studied between 700 °C and 1700 °C. The separation of solid residue and formed iron
was analyzed using magnetic separation. The main aim was to study the advantages and
disadvantages of using decarbonizing technologies for the treatment of red mud, aiming to
develop an environmentally friendly process. Thermochemical analysis of the reduction
offered new data about mass losses during our process through the evaporation, thermal
decomposition, and formation of metallic carbide.

Keywords: reduction; red mud; hydrogen; carbon

1. Introduction

The reduction of iron oxides is a fundamental process in metallurgy, particularly in
the production of iron and steel. It involves the removal of oxygen from iron oxides, such
as hematite (Fe;O3), magnetite (Fe304), and wiistite (FeO), to obtain metallic iron. This
transformation is typically achieved through chemical reactions with reducing agents like
carbon, carbon monoxide, or hydrogen [1].

In industrial settings, the most common method is the blast furnace process, where
iron ore is reduced using coke at high temperatures, producing molten iron that is later
refined into steel. An alternative approach, known as direct reduction, employs natural
gas or hydrogen to convert iron oxides into solid sponge iron at lower temperatures.
Hydrogen plasma reduction is another promising method that uses ionized hydrogen gas
to achieve reduction at high efficiency and with minimal carbon emissions. Additionally,
red mud, a byproduct of aluminum production rich in iron oxides, can be processed
through reduction techniques to extract iron, making use of industrial waste. There is also
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the thermite process, which uses aluminum to reduce iron oxide in a highly exothermic
reaction [1-4].

e Carbothermic reduction

Carbothermic reduction is the primary method for extracting metals from ores using
carbon as a reducing agent, playing a crucial role in iron and steel production. This process
involves the reaction of iron oxides, such as hematite (Fe,O3) and magnetite (Fe3Oy), with
carbon (coke or charcoal) at high temperatures, typically in a blast furnace around 1500 °C.
As carbon removes oxygen from the ore, it forms carbon monoxide (CO), which also reacts
with iron oxides, producing carbon dioxide (CO;) and metallic iron [5,6].

The choice of reduction method depends on factors such as energy efficiency, cost,
and environmental impact. With increasing concerns about carbon emissions, newer
techniques focusing on hydrogen-based reduction, hydrogen plasma, and carbon-neutral
approaches are being explored to make the process more sustainable for the future of iron
and steel production.

3Fe; O3 + CO — 2Fe304 + CO, (1)

Then, magnetite is reduced to wiistite (FeO) [6] as follows:
Fe304 + CO — 3FeO + CO, )
Finally, wiistite (FeO) is reduced to metallic iron [6] as follows:
FeO + CO — Fe + CO, 3)

Carbothermic reduction is an endothermic process requiring energy, which is supplied
by carbon combustion in the presence of oxygen. This generates carbon monoxide, which,
along with coke, acts as a reducing agent, forming the basis of pig iron production. Pig
iron contains carbon and impurities, necessitating further refining for pure steel. A similar
process applies to red mud, as it contains iron (III) oxide, like iron ore. Efficiency depends
on factors such as carbon reactivity, furnace temperature and pressure, and ore character-
istics. Optimal conditions ensure complete reduction while minimizing slag formation.
Thermodynamically, Gibbs free energy favors a reduction of metallic oxides at higher
temperatures, while reaction kinetics influence overall efficiency [7-9].

e  Hydrogen reduction

Carbon remains the dominant reducing agent in global metal production, with car-
bothermic reduction considered the most cost-effective method. However, the industry
is under pressure to reduce carbon emissions, and hydrogen is emerging as a promising
alternative. The European Union aims to cut industrial carbon emissions by up to 95%
by 2050, while Australia is actively promoting hydrogen as a long-term solution, with
initiatives like the Hydrogen Working Group supporting clean hydrogen adoption by
2030 [10].

Hydrogen offers significant environmental benefits, reducing CO, emissions by up to
95%, with water as its only byproduct. However, its high production costs, energy-intensive
generation (especially for green hydrogen), and safety concerns pose major challenges.
Large-scale adoption requires significant expansion in production capacity, as well as
advancements in storage and transport. Currently, less than 10% of global hydrogen is
used in metal production, mainly for refractory metal powders like tungsten, molybdenum,
and some iron and nickel [11].
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The reduction of hematite by hydrogen proceeds in two or three steps, via magnetite
(Fe304) and wiistite (FeO), according to the following equations [3]:

3F9203 +H, — 2F6304 + H20 (4)
Fe;O4 + Hy — 3FeO + H,O (5)
FeO + Hy — Fe + H,O (6)

Despite its potential, hydrogen reduction faces industrial limitations. Its weaker reduc-
ing ability compared to carbon at high temperatures, the endothermic nature of the process,
and the need for reactor redesigns complicate large-scale implementation. Additionally,
hydrogen interactions with impurities can affect efficiency, while high operational costs
remain a barrier to widespread adoption [12].

e Hydrogen plasma reduction

In addition to direct hydrogen reduction, an innovative approach involves using
plasma hydrogen to reduce metallic oxides. Plasma hydrogen provides kinetic and ther-
modynamic advantages due to its highly reactive ionic and vibrationally excited species,
which transfer energy efficiently to alter raw material structures. This localized heating
reduces the need for bulk heating, improving overall energy efficiency [13].

Plasma, the fourth state of matter, forms when high energy ionizes a gas. Industrial
plasmas are classified as thermal and non-thermal, with thermal plasmas generated through
electrode discharge, radiofrequency, or microwave fields at very low pressures. High elec-
tron temperatures and rapid collisions among species enable quick local thermodynamic
equilibrium, making plasma hydrogen a promising alternative for metal reduction [13].

Hydrogen plasma reduction is an advanced metallurgical technique for reducing iron
oxides, mainly hematite, into metallic iron. Plasma is created by supplying high energy
to hydrogen gas, often mixed with argon, ionizing hydrogen molecules through electrical
discharge, radiofrequency, or microwave fields. This generates a reactive plasma containing
ions (H"), electrons, atomic hydrogen (H), and excited molecular species, like Hy* and
Ha* [14].

When hematite (Fe;O3) interacts with hydrogen plasma, its high-energy compo-
nents initiate reduction. Highly reactive atomic hydrogen and hydrogen ions first con-
vert hematite to magnetite (Fe3O4), marking the initial step in the reduction process [15]
as follows:

3F6203 +2H — 2F6304 + Hzo (7)

and then a reduction of magnetite to wiistite
Fe304 + 2H — 3FeO + H,O 8)
and finally, to metallic iron (Fe)
FeO + 2H — Fe + H,O )

Hydrogen plasma reduction offers advantages over conventional hydrogen and
carbon-based methods, including localized heating for better energy efficiency and faster
reduction due to highly reactive plasma species. It also produces only water vapor, making
it environmentally friendly compared to carbothermic reduction [14].

However, challenges include maintaining stable plasma conditions, controlling energy
input, and preventing unwanted reactions. Optimizing temperature, pressure, and plasma
composition is essential for efficiency. Despite these hurdles, hydrogen plasma reduction
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holds great potential for sustainable iron production, with future research focusing on
scaling up and improving plasma generation for industrial applications [16].

e Red Mud

Red mud (RM), a byproduct of alumina production, is named for its red color due
to its high iron oxide content. Typically, 0.5 to 2 tons of red mud are produced per ton of
alumina, with global accumulation surpassing 5 billion tons by 2020, led by China. Red
mud’s complex composition includes CaO, SiO,, Fe; O3, TiO,, NayO, K,O, and various
minerals. Its high alkalinity (pH 9.0 to 13.2) is mainly due to soluble and insoluble alkalis,
which can pose environmental threats like groundwater contamination, corrosion, and
toxicity to organisms [17-19].

Safe disposal of red mud is a major challenge, with methods like slurry disposal,
dry mud disposal, and solar drying being used. Red mud dams, designed to store large
quantities of this material, help prevent leakage and control environmental risks. However,
red mud’s high alkalinity, potential heavy metal contamination, and fine particles pose
significant environmental and health risks, such as soil and water pollution, corrosion, and
air pollution. The Kolontar disaster in Hungary highlighted the catastrophic potential of
improper red mud management, causing environmental damage, injuries, and loss of life.
Proper management is crucial to mitigate these risks [20-23].

Thermochemical modeling has been conducted to analyze the reduction of red mud us-
ing both carbon and hydrogen as reducing agents. Red mud, a byproduct of the aluminum
industry, contains a significant amount of iron oxides, making it a potential secondary
source for iron extraction. The reduction process has been studied using FactSage 8.0,
a powerful thermochemical software, to simulate reaction mechanisms, equilibrium com-
positions, and process efficiency under different conditions.

For carbon-based reduction, modeling evaluates how coke or charcoal interacts with
iron oxides in red mud, examining temperature-dependent reaction pathways and the
formation of byproducts, such as slag and CO;. Similarly, hydrogen reduction modeling
focuses on the efficiency of hydrogen gas in converting iron oxides to metallic iron, analyz-
ing reaction kinetics, temperature influence, and the environmental benefits of water vapor
as the only byproduct.

The novelty of this paper lies in the comprehensive analysis of various reduction
methods for extracting iron from red mud, with a focus on carbon and hydrogen reduction
in both tubular furnaces and rotary kilns, as well as hydrogen plasma reduction. This
study not only explores conventional reduction methods but also introduces the potential
of hydrogen plasma reduction, which is a more sustainable and energy-efficient approach.
Furthermore, the paper employs advanced thermochemical modeling using FactSage to
simulate and compare the reaction mechanisms, equilibrium compositions, and process
efficiencies of these reduction methods under various conditions. By combining exper-
imental approaches with detailed modeling, this paper provides valuable insights into
optimizing reduction processes for red mud, offering a thorough comparison of traditional
and innovative techniques for metal extraction, with particular attention to environmental
impact and scalability.

2. Materials and Methods

Many advanced analytical techniques were employed to accurately characterize and
analyze the materials involved in this research. Each of these methods provides distinct
insights into the structure, composition, and size of the samples. Used techniques are
X-ray diffraction (XRD-Bruker D8 Advance with LynxEye detector, Billerica, MA, USA),
Energy-Dispersive X-ray Spectroscopy (EDS-Octane Plus-A detector by Ametek-EDAX,
Berwyn, PA, USA), Scanning Electron Microscopy (SEM-JSM 7000F by JEOL (2006 model,
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JEOL Ltd., Tokyo, Japan)), Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES Agilent 5000, Santa Clara, CA, USA), RWTH, and Aachen.

In this work, red mud from the factory “Alumina” Ltd. Zvornik (Zvornik, Republic
of Srpska, Bosnia and Herzegovina) was used as a raw material. The red mud is previ-
ously dried, grounded, and prepared for the reduction process. In Table 1, the chemical
composition of the used red mud is shown.

Table 1. Composition of red mud from “Alumina” Ltd. Zvornik.

Compounds Wt., % Compounds Wt., %
Ignition loss at 1000 °C 8.32 Gap03 0.225
5i0, 10.52 CuO 0.007

Fe; O3 49.29 KO 0.159
Na,O 245 Tl,O3 0.088
TiO, 4.59 MnO 0.145
CaO 8.23 MgO 0.627
AlOs 12.03 NiO 0.034
AgyO 0.001 PbO 0.019
BaO 0.014 Py05 0.930
Cr,03 0.133 ZnO 0.016
Sc,03 0.011 V,05 0.135
Coy03 0.012 SrO 0.075

Red mud characterization was performed using ICP and EDS analysis.

The XRD analysis in Figure 1 has confirmed the presence of hematite and other very
stable oxides for reduction, including ilmenite. Analysis shows that other non-ferrous
minerals, such as perovskite, calcite, diaspore, boehmite, anhydrite, etc., will undergo
structural change caused by iron oxide reduction.

1 COD 9015984 Fe2 O3 HemaliteCOD 9015064
| COD 9002801 Ca O3 Ti PerovskiteCOD 9002801
- | COD 9000914 Fe O3 Ti limeniteCOD 9000914
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Figure 1. XRD analysis of red mud.

The reduction process with carbon took place in an electric arc furnace (carbothermal
reduction), the reduction process with hydrogen was carried out in a tubular furnace
(H-tubular reduction) and a rotary kiln (H-rotary kiln reduction), and hydrogen plasma
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reduction was carried out at the Max Plank Institute for Sustainable Materials in Dusseldorf
(H-plasma reduction). The reduced samples were separated mechanically using magnetic
separation. The obtained products were analyzed by XRD and EDS analysis as well as SEM

analysis. In Table 2, the design of the reduction experiments is shown.

Table 2. Design of the reduction experiments.

Exp. No

Reducing Agent

Temperature (°C)

Time (min)

Mass or Flow of

Reducing Agent

1 Carbon (EAF) 1600 60 10¢g

2 Hydrogen (rotary kiln) 920 120 2 L/min

3 Hydrogen (tubular furnace) 800 60 3L/min (2 Hy/1Ar)
4 Hydrogen (tubular furnace) 900 60 3L/min (2 H,/1Ar)
5 Hydrogen (tubular furnace) 1000 60 3 L/min (2 Hy/1Ar)
6 Hydrogen plasma 2500 5 10 L/min (1 Hy/9Ar)
7 Hydrogen plasma 2500 10 10 L/min (1 Hy/9Ar)
8 Hydrogen plasma 2500 15 10 L/min (1 Hy/9Ar)

The reduction process with hydrogen as a reducing agent could not take place at
a higher temperature due to equipment limitations. Hydrogen reduction equipment cannot
withstand temperatures higher than 1000 °C.

2.1. Thermochemical Modeling

For the thermochemical analysis of the reduction of red mud at temperatures of
1600 °C and 1700 °C for different concentrations of both hydrogen and carbon, the calcula-
tion is performed without reducing agents. The thermodynamic modeling of the reduction
of iron oxide from red mud is carried out using FactSage™ 8.0 software [24], developed by
GTT Technologies, Kohlscheid, Germany. This modeling approach allows for a detailed
analysis of phase equilibria and chemical reactions under varying conditions. The chemical
composition of red mud used for calculations is a SiO, content of 12.43%. Iron oxide content
is 58.22%, titanium dioxide content is 5.42%, calcium oxide is 9.72%, and alumina content

is 14.21%.

A detailed overview of all input parameters and simulation conditions is presented

in Table 3. In each simulation, a fixed input mass of 100 g of red mud is used to ensure

consistency in comparative analysis.

Table 3. Design of the experiments for thermochemical modeling.

Experiment No.

Temperature (°C)

Mass of Reducing Agent (g)

1 1600 and 1700 0 (Hydrogen)
2 1600 and 1700 5 (Hydrogen)
3 1600 and 1700 10 (Hydrogen)
4 1600 and 1700 15 (Hydrogen)
5 1600 and 1700 20 (Hydrogen)
6 1600 and 1700 25 (Hydrogen)
7 1600 and 1700 30 (Hydrogen)
8 1600 and 1700 35 (Hydrogen)
9 1600 and 1700 40 (Hydrogen)
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Table 3. Cont.

Experiment No. Temperature (°C) Mass of Reducing Agent (g)
10 1600 and 1700 45 (Hydrogen)
11 1600 and 1700 50 (Hydrogen)
12 1600 and 1700 0 (Carbon)
13 1600 and 1700 5 (Carbon)
14 1600 and 1700 10 (Carbon)
15 1600 and 1700 15 (Carbon)
16 1600 and 1700 20 (Carbon)

The simulations cover hydrogen and carbon at different concentrations to examine
their effects on phase transformations, metal recovery rates, and byproduct formation.

2.2. Carbothermic Reduction in an Electric Arc Furnace

The particle sizes of red mud have values between 4.7 and 5.98 pm. The reduction
process of red mud with carbon took place in a DC electric arc furnace at 1600 °C for 90 min.
Three (3) kg of red mud and 10 g of graphite per 100 g of red mud as carbon-reducing
agents are mixed and charged into the furnace. Because of the high viscosity of the slag
after reducing the iron oxides, the slag creates a foam. To lower the viscosity, CaO has
been added as a fluxing agent. We added 100 g CaO/3 kg red mud in order to facilitate
the separation of slag and formed metallic iron. The positive side effect of CaO is that it is
possible that FeO from Fe;SiO; is dissolved back into the slag with a positive change in the
activity of FeO. After charging, a holding time of 45 min has been started to let the C react
with the slag. After the holding time, the furnace was tapped to extract the Fe metal phase,
while the slag phase remained in the crucible. The samples were separated mechanically
using magnetic separation [25].

2.3. Hydrogen Reduction in a Tubular Furnace

A reduction of 1.0 g of red mud was performed in a small tubular furnace at tem-
peratures 800, 900, and 1000 °C for 60 min. According to previous studies of hydrogen
reduction [26-30], the reduction process utilized a hydrogen flow rate of 2 L/min and
an argon flow rate of 1 L/min [31].

2.4. Hydrogen Reduction in a Rotary Kiln

The reduction of red mud was conducted using a Carbolite rotary kiln. The objective
was to investigate the reduction behavior of red mud in a controlled hydrogen atmosphere
at high temperatures. A quartz tube was employed as the reaction chamber, and the
process was carried out at 920 °C with hydrogen gas flows to facilitate controlled reduction.
Figure 2 shows the equipment used for the experiments.

A total of 200 g of red mud was placed inside the quartz tube, which was then securely
connected to the rotary kiln. Nitrogen gas was continuously supplied throughout the
heating process. Once the system reached the target temperature of 920 °C, hydrogen was
introduced at a flow rate of 1 L/min for 10 min, followed by another 10 min of minimal
hydrogen flow.
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Figure 2. Mass loss and the mass of the slag and metal dependence on the carbon mass.

2.5. Hydrogen Plasma Reduction in an Electric Arc Furnace

The electric arc furnace is equipped with a tungsten electrode with a diameter of 6 mm.
For the experiments, 20 g of red mud was placed into the water-cooled, copper sample
holder. For the melting process, the 18-liter melting chamber is filled with a gas mixture
consisting of 10% hydrogen and 90% argon. The total pressure is 900 mbar. An arc is
ignited from the electrode to the red mud, which consists of plasma heated to 2350-2050
°C. The melting process is cyclical. Each cycle consists of melting the red mud with the
plasma for one minute, followed by a brief cooling of the feed material. During the cooling
phase, the hydrogen consumed during the reduction is replenished. The overall reduction
time is evaluated.

The obtained products were analyzed by XRD, EDS analysis, and SEM analysis.

3. Results and Discussion
3.1. Carbothermal Reduction Modeling

During the reduction process, Fe;Oj is firstly reduced to FeO, and with the increase in
reducing agent mass, it is further reduced to metallic Fe [32]. After the reduction process,
there are two phases: slag, which is low in Fe, and the metal Fe phase. The carbothermal
reduction of oxides from red mud was calculated and shown in Figure 2.

At 0 g of carbon mass, the process consists only of the decomposition of red mud at
high temperatures, leading to the formation of slag without any metal phase. As the carbon
mass increases, the metal content also increases, while the slag content decreases. This
change is quite significant up to around 15 g of carbon mass, after which the variations are
not as significant.

Regarding temperature effects, the trends in slag and metal mass are similar at both
1600 °C and 1700 °C. However, a slightly better metal yield is observed at 1700 °C, indicat-
ing a more efficient reduction process at higher temperatures. Mass loss trends show that
higher temperatures result in greater mass loss, but the difference is not very significant.
The overall observation suggests that increasing the carbon mass plays a crucial role in
metal extraction, while temperature has a moderate but noticeable impact.
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The Figure 3 illustrates the composition of alloying elements in iron during carboth-
ermal reduction. At lower carbon mass values between 5 and 10 g, iron dominates with
a content close to 100%. However, with an increase in carbon mass beyond 15 g, there
is a significant rise in the content of other elements in the metal phase. Silicon content
increases notably, reaching values up to 11%, while titanium and carbon contents also show
substantial growth. The presence of carbon in the metal phase suggests an excess amount
beyond what is needed for reduction. Temperature plays a significant role in this process,
with higher carbon content leading to a greater incorporation of impurities. At 1700 °C,
the content of all alloying elements in iron is higher compared to 1600 °C, indicating that
increased temperature enhances impurity dissolution. This suggests that a carbon mass
above 10 g leads to excessive impurity formation, which may not be desirable for obtaining
high-purity iron.
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Figure 3. The mass fraction of elements in the metal phase correlates with the carbon mass.

Figure 4 shows the transformation of iron oxides with varying carbon masses and
temperatures. The Fe;O3 content drops significantly with the addition of just 5 g of carbon,
but it does not directly reduce to metallic iron. Instead, it first converts into FeO. The FeO
content then decreases sharply as the carbon mass increases, reaching a very low level,
close to zero, at around 15 g of carbon. This suggests that the reduction process occurs
in stages, with Fe,O3 first reducing to FeO before eventually transforming into metallic
iron. Additionally, at higher carbon masses, a third phase, TiC, is formed due to the excess
carbon, indicating that beyond a certain point, surplus carbon leads to the formation of
additional carbide phases instead of contributing to further iron reduction.

These observations suggest that the optimal carbon mass for achieving a high Fe
content while minimizing excessive alloying and carbide formation lies between 10 g and
15 g. Beyond this range, further carbon additions promote carbide formation, which may
influence the final properties of the metal phase.

125



Minerals 2025, 15, 470

' ' ' T T 1 1 %
\ —e— Fe,0, content 1700°C

40 ——Fe,0; content 1600°C| | , ,
£, 3
c % \| [~ FeO content 1700°C 1 e
B —e— FeO content 1600°C "§
m j
"é 20 \ 1.0 "é
© ©
= =

10 \ N 0.5

RN
0 . . | . lq ’1“ 0.0

6 8 10 12 14 16 18
Carbon mass (g)

N
o

Figure 4. Mass fraction dependence on the carbon mass.

3.2. Hydrogen Reduction Modeling

The hydrogen reduction of oxides from red mud is calculated and shown in Figure 5.
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Figure 5. Mass loss and mass of the slag and metal dependence on the hydrogen mass.

Figure 5 shows the influence of hydrogen mass on slag mass and mass loss during
the reduction process. Initially, with no hydrogen present, the system is entirely composed
of red mud, resulting in the maximum slag mass. As hydrogen is introduced, reduction
reactions take place, leading to a notable decrease in slag mass and a corresponding increase
in metal formation. This effect is most significant for up to 20 g of hydrogen, beyond which
additional hydrogen has little impact on further reducing the slag or increasing metal yield,
proving that the reaction is almost complete.

Mass loss exhibits a similar pattern. With the hydrogen mass increase, oxygen from
iron oxide reacts with hydrogen to form water vapor. Up to 20 g of hydrogen, mass loss
increases significantly, but beyond this point, the effect becomes less significant, suggesting
that most reducible oxides have already been removed. Temperature variation from 1600 °C
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to 1700 °C does not greatly influence slag reduction or metal formation, but it does have
a noticeable effect on mass loss. At 1700 °C, mass loss is higher, likely due to enhanced
reaction rates and increased volatilization of reaction byproducts.

These findings suggest that 20 g of hydrogen is an optimal threshold for the reduction
process. Beyond this, additional hydrogen offers minimal benefits in terms of metal recov-
ery and slag reduction, while promoting slightly greater mass loss at higher temperatures.

Figure 6 presents how the mass fractions of different iron-containing species change
with increasing hydrogen mass. The Fe,O3 content in the slag decreases sharply from
58% to nearly zero when the hydrogen mass reaches 5 g, indicating that Fe,Oj is rapidly
reduced. However, this reduction also does not occur directly to metallic iron; instead,
Fe,Os first converts into FeO, which was not initially present in the red mud, similar to
carbothermal reduction.

40
- 100.0
35 |
20 | \\ —s=— Fe in metal 1700°C
. —e Fe in metal 1600°C .
R 5 \ | | &
c ] —=—FeO contentinslag 1700°C| | o949 <
o <9
s 20 —+—Fe,0, in slag 1700°C ] *g
m A
..: ——Fe,0, in slag 1600°C -
o 3 —v— FeO content in slag 1600°C| || ©
= =
10
I - 99.8
5
0 # L e £ o

10 20 30 40 50
Hydrogen mass (g)

Figure 6. Mass fraction dependence on the hydrogen mass.

As hydrogen mass increases further, FeO content in the slag continues to decrease,
reaching approximately 4% at 50 g of hydrogen. Beyond 25 g, the rate of decrease slows
down, suggesting that most reducible iron oxides have already been converted into metallic
iron. The iron content in the metal phase shows a slight decline as hydrogen mass increases,
likely due to minor alloying with elements from the slag. However, this effect remains
insignificant, as iron purity stays above 99.9%, demonstrating that the reduction process is
highly effective in producing pure metallic iron.

Temperature variation from 1600 °C to 1700 °C does not have a major impact on the
reduction process, except in the final iron content. At higher hydrogen masses, iron purity
is slightly lower at 1700 °C than at 1600 °C, but the difference is negligible. An important
observation is that hydrogen reduction produces significantly cleaner iron at all hydrogen
mass levels compared to carbon reduction, highlighting its effectiveness in minimizing
impurity incorporation. However, the efficiency of iron oxide reduction is slightly better
for carbothermic reduction.

3.3. Carbothermic Reduction in an Electric Arc Furnace

In Figure 7, thermodynamic calculations of carbothermic and hydrogen reduction
processes are compared to the experimentally obtained results.
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Figure 7. Thermodynamic calculation of the carbon and hydrogen reduction of red mud (T) and the
experimentally obtained results.

Figure 7 shows the results comparison of the theoretically obtained results with
the experimental results. It can be seen that there are slight variations, especially in
carbothermic reduction, while for the hydrogen reduction process, theoretical and real
experimental data are similar. Mass loss can be attributed to the reduction of oxygen from
iron oxide (up to 15%) and evaporation in a neutral atmosphere (up to 9%). Particles
obtained after hydrogen and carbothermic reduction exhibited magnetic properties, which
are crucial for the separation process. ICP is used for elemental analysis of the carbothermic-
reduced slag, as shown in Figure 8.

Carbothermal reduction

25
20

15

10
| I I I
0

Ti Fe Al Si

Figure 8. Elemental analysis of carbothermal-reduced slag at 1600 °C.

Concentration (wt%)

Ca

This Figure 8 shows the results of ICP analysis and composition (in weight percentage,
wt%) of various elements, such as iron (Fe), titanium (Ti), silicon (5i), aluminum (Al), and
calcium (Ca), in the slag after carbothermal reduction. The high concentration of calcium,
approaching 30%, reflects the addition of CaO as a flux agent during the process. Compared
to the original red mud, which contained a very low amount of calcium, the introduction
of CaO significantly increases its concentration in the reduced slag. Aluminum also shows
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an increase in concentration, slightly above 10%. The concentration of iron is reduced
to between 10% and, 5%, representing a successful reduction of iron oxides. Silicon and
titanium are also significantly enriched in slag due to the inertness of this reducing agent.
This figure highlights the impact of adding CaO as a flux agent, showing that it became
dominant in the slag.

Reduced red mud powder samples were analyzed at room temperature by the X-ray
powder diffraction technique. All obtained powders were identified using the ICDD
database at https:/ /www.icdd.com (accessed on 20 March 2025).

The X-ray diffraction (XRD) results of the carbothermic reduction of red mud show
(Figure 9) that hematite, boehmite, diaspore, ilmenite, perovskite, quartz, and other miner-
als have been transformed. XRD patterns of red mud (Figure 1) show characteristic peaks
attributed to these phases, with hematite being a major component due to its high iron
content. Aluminum-bearing phases, boehmite, diaspore, and titanium-containing minerals
(ilmenite and perovskite) are also present in red mud along with quartz, which is a very
common silicate phase.

[MP240510_29.xy] #Date: 13-May-24 08:10; Sample: Stopic 3 29 Mythen2 2h Scan Mo 13.05.2024
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Figure 9. Diffractogram for slag obtained during red mud reduction at 1600 °C.

After the carbothermic reduction process, the XRD results are completely different.
Hematite is no longer present because of its complete transformation. The reduction
process produced two different phases: metallic (iron (Fe)) and slag. The XRD pattern of
slag reveals the presence of perovskite, indicating that it remains largely unchanged, with
the formation of gehlenite (calcium aluminum silicate) produced likely from the interaction
of alumina with silica at high temperatures.
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Intensity(Counts)

The absence of hematite peaks in the XRD pattern confirms its complete reduction,
while the presence of magnetite suggests that some iron remained oxidized within the
slag. The presence of perovskite indicates that titanium cannot be reduced, while the
appearance of gehlenite reflects the complex transformations between the various oxides
in red mud during the high-temperature exposure. Overall, the XRD results show the
complete transformation of the red mud from a complex mixture of oxides and silicates to
a system dominated by metallic iron and a slag phase, where perovskite and gehlenite are
primary phases, with a minor amount of magnetite also present.

3.4. Hydrogen Reduction in the Rotary Kiln

After the reduction process, the quartz tube has been removed from the rotary kiln,
and the obtained powder has been analyzed.

The XRD analysis of the sample revealed three distinct phases: Fe, perovskite, and
gehlenite (Figure 10). This result is from the reduction of red mud with hydrogen, where
hematite, the main phase in red mud, has been reduced. The formation of new phases,
such as perovskite and gehlenite, indicate successful transformation during the reduction
process, highlighting the potential of this method for modifying red mud and creating
valuable materials. A total of 24.65% of mass loss for red mud has been achieved during
the reduction, including a 10% loss of ignition. This means that 14.65% has been attributed
to the reduction process of removing oxygen from iron in the form of water vapor.
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Figure 10. XRD analysis of hydrogen-reduced red mud.

3.5. Hydrogen Reduction in the Tubular Furnace

The prepared powders obtained between 800 °C and 1000 °C have irregular, polygonal
forms with particle sizes of more than 100 um, as shown in Figure 11a,b.
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Figure 11. (a) SEM-Analysis of powder obtained by a hydrogen reduction of red mud at 800 °C;
(b) SEM-Analysis of powder obtained by a hydrogen reduction of red mud at 1000 °C; (c¢) EDS-
Analysis of powder obtained by a hydrogen reduction of red mud at 800 °C; (d) EDS-Analysis of
powder obtained by a hydrogen reduction of red mud at 1000 °C.

An increase in temperature from 800 °C to 1000 °C increases the content of iron and
decreases the content of oxygen, as shown in Figure 5. The morphological study of the
reduced samples of iron oxides by H; shows agglomeration of the reaction product at
temperatures between 800 and 1000 °C (Figure 11a,b).

The weight loss rate was calculated to indicate the degree of ilmenite hydrogen
reduction. It was calculated as follows:

o = (my — mq/mg) x100% (10)

where “a” denotes the weight loss ratio and “m(” and “m;” represent the mass before and
after the hydrogen reaction, respectively.

The calculated mass loss of the initial sample amounted between 21 and 25% (as shown
in Table 4), which is according to the expected total theoretical value of the reduction process
regarding the mass loss of oxygen from iron oxide, cobalt oxide, and nickel oxide through
hydrogen reduction (max 15%) and evaporation in the neutral atmosphere (max 10%).
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The obtained particles after hydrogen reduction have magnetic properties, which is very
important for the following separation process.

Table 4. The experimental results for the reduction mass loss of red mud in a hydrogen atmosphere.

Mass Loss (%) 800 °C 900 °C 1000 °C
60 min 21 23 25

Diffractograms for three red mud samples reduced in a hydrogen atmosphere at 800,
900, and 1000 °C are shown in Figure 12. The identified phases include metallic iron,
magnetite, perovskite, nepheline, and cancrinite.
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Figure 12. XRD analysis of the red mud reduced at 800, 900, and 1000 °C.

Metallic iron appears as a new phase not present in raw red mud, and it is characterized
by a sharp diffraction peak that reflects the high crystallinity of iron. The intensities of iron
diffraction peaks relative to those of other phases progressively increase with the reduction
temperature, indicating an increase in iron abundance. At 900 °C, and especially at 1000 °C,
metallic iron becomes the dominant phase.

Iron is partially present in magnetite, which is the most abundant phase in the sample
reduced at 800 °C. The intensity of magnetite diffraction peaks and their content progres-
sively decrease with increasing reduction temperature. A change in the position of the
diffraction maxima compared to pure Fe304 may be attributed to the presence of Al, Ti,
and Ca, which is consistent with the presence of these alloying elements, as determined
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by EDS analysis. A notable feature is the progressive increase in metallic iron content
accompanied by a decrease in magnetite content with increasing reduction temperature.
Magnetite is virtually absent in the sample reduced at 1000 °C, where only reduced ele-
mental iron dominates.

Other non-ferrous phases identified include perovskite and nepheline, which are
formed during the reduction process and are not present in the raw red mud, as well
as residual cancrinite, which is present in raw red mud. Perovskite, the only Ti-bearing
phase, appears to be stable across the examined temperature range (800-1000 °C), as
inferred from XRD. Nepheline is the only formed silicate phase that is present in all
products. The observed trend shows a decrease in residual cancrinite content accompanied
by an increase in nepheline content with increasing reduction temperature, leading to the
complete disappearance of cancrinite at the highest reduction temperature. This trend
suggests the transformation of cancrinite into nepheline.

3.6. Hydrogen Plasma Reduction in the Electric Arc Furnace

The plasma-thermal reduction was carried out in a reduction furnace at the Max
Planck Institute for Sustainable Materials. It is performed using hydrogen plasma instead
of molecular hydrogen, carbon, or carbon monoxide as the reducing agent.

After the reduction, the metal phase was separated from the slag using a magnet. Both
phases were weighed, and the mass balance shown in Figure 13 was created. Since the
metal phase was deposited in small droplets, it is possible that tiny metal droplets, invisible
to the naked eye, remained in the slag phase. At the same time, small amounts of slag
could adhere to the metal phase, leading to errors in the mass balance. Additionally, losses
may occur during the handling of the samples.
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Figure 13. Mass balance of H-plasma reduction.

Figure 13 illustrates the mass balance observed during the plasma-thermal reduction
process. Mass losses of up to 56% were achieved, a portion of which could be attributed to
the reduction of oxides to metals, primarily aiming to produce a metallic iron phase and
remove iron from the slag. However, analysis indicates that a significant part of the mass
loss is not solely due to the reduction reaction but may also be caused by other factors,
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like moisture in the feed material, losses during handling, and dust or evaporation during
the experiment. Figure 13 shows the highest amount of the metallic phase obtained with
a 10 min reaction time, suggesting that it can be optimal for these parameters. The various
results in mass loss for different experiments indicate potential dependence on unknown
factors, like parameter fluctuations or inhomogeneous feed material.

Figure 14 shows the results of the XRD analysis of plasma-reduced red mud. It shows
characteristic peaks for different compounds, and it can be seen that hematite is completely
reduced to either magnetite and wustite or metallic iron. The analysis also detects iron
titanium oxide (FeTiO3) known as ilmenite, which is a primary mineral used for titanium
extraction. As XRD analysis only identifies compounds in a crystalline structure, only
silicon oxide (cristobalite) was identified, while the remaining components, like aluminum
and calcium, detected by ICP, do not appear in the XRD analysis. This absence suggests
that these elements are likely present in an amorphous phase, which cannot be detected by
XRD. Agrawal [33] mentioned that gibbsite from red mud was dexydroxylated to alumina
during hydrogen reduction at higher temperatures (750-900 °C). But, the transformation in
hydrogen plasma conditions in a short time above 1800 °C shall be investigated in detail
using quantitative XRD analysis.
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Figure 14. XRD analysis of a plasma thermally reduced red mud slag after 10 min of reduction time.

Figure 14 shows the limitations of XRD in making quantitative assessments, as it
cannot determine all the elements that are present in the sample. Comparative analysis
confirms that the reduction process has high significance in leaching efficiency, as shown in
Table 5.

Table 5. Comparative analysis of the reduction process and leaching efficiency of solid residue (150°C,
s/L:1:10; 1 h, 500 rpm, pH < 0).

Reduction Rotary Kiln (H,) Electric Arc Furnace Electric Arc Furnace (C)
(H) [26]
Content of iron in solid residue (%) 30 23 8
Leaching efficiency at 150 °C (%) 99 86 96

A reduction in all cases produces a product with magnetic properties. The obtained
results confirmed that the reduction efficiency with carbon is highest, but it takes more time
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(2 h) to produce titanium carbide and carbon dioxide, which is not environmentally friendly.
The use of decarbonizing technology with plasma hydrogen in a short time (10 min) and
with only 10% Hj in the mixture can be optimized in order to produce metallic iron. But, the
separation process of metallic iron by magnetic separation is most effective after hydrogen
plasma reduction. The leaching efficiency is maximal for the solid residue after a reduction
in the rotary furnace with hydrogen and in the electric arc furnace with carbon. The leaching
efficiency of slag after hydrogen plasma reduction (86%) is higher than that in previous
literature data, but it can be optimized through the reduction process in future research.

Maybe some pretreatment of red mud can increase reduction efficiency. Jena et al. [34]
proposed a novel approach involving ultrasonication followed by water washing to pre-
concentrate iron before reduction roasting of BR. Conventional reduction roasting of BR is
more expensive compared to pre-concentrated BR, making this method potentially cost
effective. The process consists of a two-stage ultrasonic treatment procedure. In the first
stage, ultrasonication at 30 °C, with 40% solid content (w/v) for 30 min, improves the iron
grade to 41.2wt. (%) with 82% recovery. However, a second stage of ultrasonication is
necessary to further upgrade the iron. Although the study optimized the ultrasonication
time, temperature, solid content (%, w/v), and water washing parameters, an application
in scale-up conditions shall be studied in detail using red mud from Alumina, Bosnia.

4. Conclusions

This study investigated the reduction of iron oxides from red mud using both carboth-
ermal and hydrogen-based reduction methods, combining thermochemical modeling and
experimental validation.

Thermochemical calculations provided insights into the reduction mechanisms of red
mud. In the carbothermal reduction model, Fe,O3 was initially reduced to FeO before
further transforming into metallic iron. The process was strongly influenced by carbon
mass, with an optimal range between 10 g and 15 g to maximize metal recovery while
minimizing impurity incorporation. Temperature had a moderate impact, with 1700
°C showing slightly improved metal yield. Similarly, the hydrogen reduction model
indicated that Fe,Os first converts into FeO before reducing to metallic iron, with 20 g of
hydrogen identified as the optimal amount for effective reduction. Hydrogen reduction
resulted in significantly purer iron compared to carbothermal reduction, with minimal
impurity incorporation.

Experimental carbothermal reduction confirmed the thermochemical modeling results,
with iron successfully extracted while impurities, such as silicon and titanium, remained in
the slag. The addition of CaO as a flux agent significantly increased the calcium content in
the slag. X-ray diffraction (XRD) analysis confirmed complete hematite reduction, resulting
in metallic iron and a slag phase dominated by perovskite and gehlenite. Some magnetite
remained in the slag, indicating an incomplete reduction of iron oxides.

Hydrogen-based reduction was explored using three different approaches: a tubular
furnace, a rotary kiln, and hydrogen plasma reduction. In the tubular furnace, increasing
the temperature from 800 °C to 1000 °C enhanced iron reduction, with iron purity increasing
as oxygen content decreased. XRD confirmed the transformation of iron oxides into metallic
iron, with residual magnetite decreasing at higher temperatures. The presence of perovskite
and nepheline suggested interactions between alumina, silica, and titanium-bearing phases.
Reduction in a rotary kiln resulted in a 24.65% mass loss, primarily due to oxygen removal in
the form of water vapor. The process effectively converted hematite into metallic iron, with
the presence of perovskite and gehlenite indicating phase transformations during reduction.
Hydrogen plasma reduction achieved the highest mass loss, up to 56%, attributed to the
reduction of oxides and process-related factors, such as evaporation and sample handling.
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The iron content in the slag significantly decreased, confirming the efficiency of plasma
reduction for iron extraction. XRD analysis identified iron titanium oxide (ilmenite) and
suggested the presence of amorphous aluminum and calcium phases.

Both carbothermal and hydrogen-based reduction methods demonstrated effective
iron recovery from red mud. Hydrogen reduction methods produced higher-purity iron,
with the plasma process achieving the most significant reduction. The carbothermal re-
duction was more efficient in terms of overall metal yield but introduced more impurities.
Among hydrogen-based techniques, plasma reduction achieved the highest iron extraction
efficiency, while reduction in a tubular furnace and a rotary kiln provided scalable alter-
natives with good iron purity. These findings highlight the potential for hydrogen-based
reduction as a cleaner alternative for iron recovery from red mud while also emphasizing
the importance of optimizing parameters to balance yield and purity.
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