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Abstract

This study analyzed the content of polluting and toxic elements (Cr, Ni, Cu, Zn, As, Cd
and Pb) in the cadastral municipalities immediately surrounding the mining and metal-
lurgical complex Bor in Serbia. The soil is exposed to hazardous substances due to histor-
ical pollution. Soil pollution at different locations was assessed based on the measured
concentration of metals and the contamination factor (Cf). The increased content of the
toxic metals was determined mostly for copper and arsenic. Three types of different plants
were used in order to reduce the content of toxic metals in the contaminated mining and
metallurgical land. The results showed that these plants (barley Hordeum sativum, sugar
grazer Sorghum bicolor, and hybrid BMR 333 Sudan grass) were capable of growing and ac-
cumulating metals in plants at copper-mined and metallurgical sites.
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1. Introduction

Pollution is any entry of harmful substances into habitats/ecosystems, which leads to
changes in the composition of the living world and diminishes its diversity. Teng et al.
pointed out that mining and metallurgical activities usually produce a large number of
heavy metals and potentially toxic elements, which have exceeded the standard pre-
scribed values several dozen times and seriously harm the surrounding soil and vegeta-
tion growth [1].

The most developed industries in the Timok Area, mining and metallurgy, have
greatly affected the pollution of the environment. The over a hundred-and-twenty-year
mining of the Copper Mining and Smelting Complex Bor (RTB Bor) have left behind pol-
luted air, dead rivers, and damaged and destroyed agricultural soil, with over 11,000 tons
of mining waste per inhabitant of the city [2].

The risk to the environment becomes even greater over time, and its consequences
could be catastrophic for the Western and Central Balkans, Danube, and the Black Sea.
The main environmental problems that have been identified in the Timok Area are pollu-
tion of air, water, and soil, and increasing amounts of mining and metallurgical waste.
The dominant sources of pollution in this area are related to the exploitation and pro-
cessing of copper ore. Sources and causes of soil pollution are related to the most devel-
oped industrial branches in the Timok Area, such as:
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- Mining—physical degradation of terrain, forming soil fills of overburden and flota-
tion tailings, and wastewater spillage.
- Metallurgy —waste gases with high carbon dioxide, arsenic, and heavy metals.

The copper mine and metallurgical complex have degraded the agricultural soil in
the area of Bor city and its surroundings. Plants that grow on extremely toxic substrates
have the potential for their application in phytoremediation, phyto-mining, and phyto-
metallurgy [3]. Phyto-mining-metallurgy has proven to be a promising biotechnology for
the extraction of rare and precious metals from naturally enriched or polluted soils by
special groups of plants—metallophytes. According to Baker, metallophytes are plants
able to tolerate high concentrations of metals (mostly nickel, Ni; copper, Cu; or cobalt, Co)
in soil that are toxic for most other species [4]. Metallophytes can survive and grow on
metal-rich substrates and are generally classified into true metallophytes and pseudo-met-
allophytes) [5]. Various groupings are made depending on the metal that the metallo-
phytes absorb; for example, cuprophytes absorb copper [6].

On the other hand, concerns regarding environmental contamination have led to the
development of appropriate technologies for metal cleanup of soil [7,8], such as phytore-
mediation [9,10].

It is well known that plants that can grow on metalliferous soils can be classified
based upon their trace element uptake, such as excluder, bioindicator, and hyperaccumu-
lator [11]. Hyperaccumulators absorb these elements in high concentrations and reduce
the toxicity of the soil, and the plant can grow unhindered. Tolerance to certain trace ele-
ments and their accumulation patterns have been widely studied over the past decades,
as one of the green technologies to produce metals and their derivatives from secondary
raw materials (biomass of hyperaccumulators), as well as a technology for environmental
protection [12]. Given that hyperaccumulation occurs in the aboveground parts of the
plant, hyperaccumulator species are potentially suitable for use in phyto-mining-metal-
lurgy and subsequent treatment of cut aboveground biomass. One of the most significant
limiting factors for the use of hyperaccumulator plants is their relatively small biomass,
and efforts are being made to find species that produce greater biomass. According to [13],
on the territory of the Balkan Peninsula, a total of 31 plant species with the ability to hy-
peraccumulate metals were found [14].

Based on previous studies [15] in the surroundings of the Bor copper mine and met-
allurgy complexes, copper and arsenic are the most abundant of all potentially toxic ele-
ments in the contaminated soil. Other research also confirmed that tailings stacking of iron ore
has caused Cu pollution in the surrounding topsoils [16].

Copper is an essential transition metal involved in biological processes such as photo-
synthesis, respiration, and cell wall metabolism. Despite that, copper can also be highly toxic
[8], whereby an overall reduction in plant biomass, inhibition of root growth, chlorosis, bronz-
ing, and necrosis are the usual reported symptoms of copper excess. Normal copper content
ranges from 1 to 20 ppm and tolerance values are up to 100 ppm [17,18].

According to [19], about 35 species accumulate copper. Copper accumulation has
been studied in numerous species, such as Haumaniastrum katangense, Crepidorhopalon ten-
uis, Lamiaceae, Nyssaceae, Pteris melanocaulon, Cynodon dactylon, and Anisopappus chinensis,
mainly in Katanga, Congo [6,20-24]. In the territory of Serbia, the species Minuartia recurva
showed hyperaccumulation of copper in above-ground parts [13,14].

Arsenic is commonly associated with ores such as copper. Arsenic content in the
Earth’s crust is relatively small and amounts to 1 x 10%. The factors that affect the be-
havior of arsenic compounds in the soil are pH and the content of Fe, Al, Ca and Mg. Due
to its extremely high soil absorption, arsenic accumulation should be expected in the sur-
face layers. In the absence of substances that absorb it strongly (clay, organic matter), it
rinses into deeper layers and even into water. The arsenic content in the plants is usually
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much lower than in the soil [18]. Arsenic is a nonessential element for plants and generally
highly phytotoxic.

Most studies of arsenic hyperaccumulators have focused on phytoremediation rather
than phyto-mining-metallurgy, due to the great risk this metal poses to human health and
the environment. Arsenic hyperaccumulation has been described for several Pteris species
[25-28]. Pteris vittata (brake fern) can tolerate soils containing as much as 1500 mg/kg and
can take up large amounts of arsenic into its fronds in a short time [29]. High amounts of
arsenic can also be tolerated by Pityrogramma calomelanos [30,31] and Viola arsenica [32].
Arsenic exists in the plant mostly as an inorganic species and is mainly present as arsenite.

Generally, in Europe there are not many plants capable of “absorbing” copper, so
this practice is not widespread. Most tests and analyses were done at the local level, i.e.,
in individual cases and on individual contaminated lands, mostly in rural areas and usu-
ally as sporadic cases [33-35]. Significantly more papers focus on the field of phytoreme-
diation and the use of different types of plants in reducing soil pollution [9,36—41]. Atten-
tion has been given to the study [42] of the mobility and phytoextraction of toxic metals
Cu, Zn, Pb and Cd during the phytoextraction process in historically polluted soil with
the aim of reducing their concentrations in Indian mustard (Brassica juncea) plants grow-
ing in the soil, especially during periods of high rainfall.

Phytoremediation technologies were widely used in many experimental studies
[36,37]. Phytoremediation with corn is used for the reduction of lead from contaminated
agricultural land in [38], and the used corn is further used as bioenergy fuel. Mining op-
erations have resulted in the release of toxic metals into the environment. The focus is
given to phytoextraction and phytostabilization as the most promising and alternative
methods for contaminated soil remediation [39]. Application of Festuca arundinacea in phy-
toremediation of soils contaminated with heavy metals and petroleum hydrocarbons was
given in [40]. The study in [9] summarized the roles of soil chemistry and plant microbi-
ology interactions in the phytoremediation of heavy metal-contaminated soil using the
Sorghum bicolor plant.

The identification of plants that have the capacity to withstand and/or accumulate
heavy metals is very important in the reclamation of metal-contaminated soils.

Recent references relating to the reduction of heavy metals from soil contaminated
by mining and metallurgical activities at sites in Europe (Germany, Czech Republic, and
Romania) are given in the literature [43-47].

The aim of this paper is to present the results of toxic polluting metal content in con-
taminated soil from mining and metallurgical activities and to try to reduce their content
based on the use of selected agricultural plants and thus perform remediation and revi-
talization of contaminated land.

2. Materials and Methods

Description of the study site: the Bor copper mine and metallurgical complex is lo-
cated in Eastern Serbia, in the Balkans (a historical and geographical region of south-east-
ern Europe) and in the Pannonian Plain (a region of central Europe) [48].

Soil samples were collected (0-30 cm depth) from a mining and metallurgy area sit-
uated in the town of Bor (44° 04 N/22° 05 E). The soil used for testing originates from the
agricultural land in the immediate vicinity of mining and metallurgy sites resulting from
the exploitation of copper.

Materials and methods used in this research are mostly standard methods based on
the regulations of the program for systematic monitoring of soil quality, indicators for
assessing the risk of land degradation, and the methodology for the development of reme-
diation programs, RS Official Gazette, No. 88/2010, ISO 18400 Soil Quality-Sampling and
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which are in accordance with the newly adopted Directive (EU) 2025/2360 of the European
Parliament and of the Council on soil monitoring and resilience (Soil Monitoring Law).

In this paper, soil sampling was performed at 3 different locations: Location 1 (L1)—
5.5 km north of the mining and metallurgy complex, Location 2 (L2) —2.5 km east of the
mining and metallurgy complex, and Location 3 (L3)—4.5 km west of the mining and
metallurgy complex. The sampling locations were selected to consider the impact of the
gases and existing flotation tailings on the surrounding fields.

Topsoil is the most important part of the soil profile for degradation control; it is the
most fertile and the most important layer for plant growth. Thus, sampling was performed
up to a depth of 30 cm.

Each location covered an area of approximately 5500 m?2. Considering the expected
spatial variability in the distribution of potentially toxic metals in soils affected by mining
and metallurgy activities, a grid-based sampling design was applied. After evaluating the
terrain configuration, a 25 x 25 m plot was delineated and subdivided into 25 equal
squares (5 x 5 m). Soil samples were collected from holes opened within selected grid cells.
Screw sampler with a two-stroke and four-stroke Honda engine, complete with an 80 mm
diameter screw by Blue Bird Industries, Vicenza, Italy, was used for sampling.

Specifically, six squares were randomly selected, and one subsample was taken from
each corresponding grid cell. The six subsamples collected were combined to form one
composite soil sample at each location, which was thoroughly prepared prior to further
chemical analysis.

Soil samples were air-dried at room temperature, homogenized by grinding, and
passed through a 2 mm sieve prior to analysis. Microwave-assisted acid digestion was
performed in accordance with EPA Method 3051A (acid digestion of sediments, sludges,
and soils). A known dry weight of each soil sample was transferred into a digestion vessel,
and a 1:1 solution of nitric acid (HNOs) was added. The mixture was heated to 95 + 5 °C
and refluxed without boiling. After cooling, concentrated HNOs was added and the heat-
ing step was repeated. Subsequently, deionized water and 30% hydrogen peroxide (H202)
were added to initiate the peroxide oxidation reaction. Following an additional heating and
cooling cycle, the digests were diluted appropriately and prepared for elemental analysis.
Multi-elemental determination was carried out using inductively coupled plasma mass
spectrometry (ICP-MS) in accordance with EPA Method 6020B, which describes the deter-
mination of trace elements in environmental samples by ICP-MS. The average analytical
uncertainty for all target elements was below 5%. Total metal concentrations were deter-
mined in triplicate for each digest, and the results are presented as mean values + standard
deviation (SD). All concentrations were calculated on a dry weight basis (mg/kg DW). Cer-
tified reference material (CRM) was Trace metals—Sewage Sludge 4, No. CRM055-50G, Lot.
015148 by Sigma Aldrich RTC, Inc., Laramie, WY, USA. Repeatability in duplicate.

After obtaining chemical analysis of the initial soil (this soil is used as the initial zero
state), three different types of agricultural plants were selected and planted in laboratory
conditions. The pots were placed in the laboratory at a constant temperature of 20 °C, an
air relative humidity of 80%, a 12/12 light/dark cycle, and the soil humidity was kept at
optimal values by daily watering. Plant growth was monitored for up to 6 months.
Throughout the experiment, the plants were tended and watered to maintain an optimal
level of soil humidity (approx. 70% of field capacity). After a planting period, the plants
were uprooted. The samples were dried, ground, and analyzed. The content of polluting
metals in the soil and in the plants was examined.

Three different types of plants were used for remediation, as follows: barley Hordeum
sativum, sugar grazer sorghum bicolor, and hybrid BMR 333 Sudan grass.

The results are shown for metal content in soil samples in the initial zero state and in
the soil after the use of the plants, following a period of 6 months of planting.
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2.1. Contamination Factor (Cfi)

For the assessment of soil pollution with element i, an individual index —contamina-
tion factor (Cfi) was used. According to [49], contamination factor Cfi represents the ratio
of the concentration of element i at the examined location Ci and the reference natural
concentration of the polluting and toxic metal in the soil without anthropogenic influence,
the so-called background Cib (background value), according to the formula:

Cfi = Ci/Cib D

2.2. Bioconcentration Factor (BCF)

The bioconcentration factors have been determined for the assessment of the level of
remediation in three different plants. The bioconcentration factor, determined as the quo-
tient of the content of a given heavy metal in the plant to its content in the soil, defines the
ability of the plant to accumulate that metal. The plant’s competency for metal uptake
from soil was obtained by formula [50]:

BCF = Cplant/Csoil (2)

where Cplant refers to metal concentration in the plant tissues, and Csoil represents the
metal concentration in the soil (mg/kg).

3. Results

After planting, the growth and progress of the plants were monitored in laboratory
conditions for the initial zero state and after six months.

Chemical analysis of the initial zero state of contaminated soil, before planting the
plants, is given in Table 1. The determinations were completed by referring to certified
material. Certified values and percent recovery for tested metals are also given in Table 1.

Table 1. Metal content in soil samples in the initial zero state, certified values, and percent recovery

for tested metals in certified material.

Metal 11 L2 L3 Certified Metal Percent
(mg/kg) Value Tested Recovery
Cr 104.2 +4.3 35.4+27 66.4+3.1 289 +30.4 302.4 104.6
Ni 8.8+0.41 9+0.62 242 +1.1 163 +13.5 159.3 97.7
Cu 365 +4.8 336.4+4.5 218.6 +4.3 482 +50.4 461.6 95.8
Zn 94.1+34 96.5+3.3 74.6+2.6 1240 + 181 1185 95.5
As 16.6 +1.0 475+2.1 312+1.5 229 +26.7 217.6 95.0
Cd 0.5+0.02 0.64+0.03 0.52 +0.02 60.6 +2.96 61.8 102
Pb 34.6+1.6 40.1+1.8 46.2 +2.1 154 +124 148.7 96.6

The results of the metal content in the barley Hordeum sativum plant, as well as in the
soil after the use of the barley plant for a period of six months of planting, are shown in
Table 2 and Table 3, respectively.

Table 2. Metal content in barley Hordeum sativum plant.

Metal (mg/kg) L1 L2 L3
Cr 3.1 45 3.3
Ni 47 44 6.3
Cu 126.9 174.7 261.2
Zn 147 118.1 92.9
As 34 59 7.5
Cd 0.64 1.55 0.43
Pb 25 25.9 41.8
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Table 3. Metal content in the soil after barley Hordeum sativum planting.

Metal (mg/kg) L1 L2 L3
Cr 82.5 74.9 78.3
Ni 17.8 14.5 8.4
Cu 236.9 250.6 315.1
Zn 77 72 77.1
As 33.5 36 46.5
Cd 0.44 0.61 0.72
Pb 39.2 46.4 49.6

The results of the metal content in the sugar grazer Sorghum bicolor plant, as well as in
the soil after the use of the sugar grazer plant for a period of six months of planting, are
shown in Table 4 and Table 5, respectively.

Table 4. Metal content in sugar grazer Sorghum bicolor plant.

Metal (mg/kg) L1 L2 L3
Cr 5.6 32.3 13.2
Ni 4.3 6.7 74
Cu 259.6 136 297.5
Zn 1194 106 92.9
As 54 14.6 16
Cd 1.46 0.94 3.03
Pb 33.1 17.8 31.5

Table 5. Metal content in the soil after sugar grazer Sorghum bicolor planting.

Metal (mg/kg) L1 L2 L3
Cr 110.8 101.1 112.5
Ni 9.6 14.7 13.2
Cu 267.3 267.9 256
Zn 70 76.7 70.3
As 23.6 223 36.6
Cd 0.44 0.5 0.44
Pb 36.2 41.9 39.3

The results of the metal content in the hybrid BMR 333 Sudan grass plant, as well as in
the soil after the use of the hybrid BMR 333 plant for a period of six months of planting,
are shown in Table 6 and Table 7, respectively.

Table 6. Metal content in hybrid BMR 333 Sudan grass plants.

Metal (mg/kg) L1 L2 L3
Cr 2.8 43 4.1
Ni 8.8 54 3.7
Cu 134 82.8 149.9
Zn 64 160.7 80.9
As 34 2.8 42
Cd 0.94 1.6 1.37
Pb 20.7 11.5 19.5

Table 7. Metal content in the soil after hybrid BMR 333 Sudan grass planting.

Metal (mg/kg) L1 L2 L3
Cr 95.1 43 98
Ni 7.9 10.3 24.2
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Cu 358.4 299.9 217.7
Zn 144.7 81.1 80.2
As 15.2 43.9 314
Cd 0.44 0.65 0.52
Pb 30.2 45.9 43.9

The comparative analysis of the metal content at the three different locations in the
initial zero state of soil under the influence of mining and metallurgy activities and the
soil after planting the plants is shown in Figures 1-3, respectively.
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Figure 1. Comparative analysis of metal content at Location 1.
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Figure 2. Comparative analysis of metal content at Location 2.
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Figure 3. Comparative analysis of metal content at Location 3.

Given that statistical analyses cannot be performed due to insufficient replication, the
presented results indicate a trend rather than definitive findings and should be interpreted
accordingly.

4. Discussion

The content of metals in the initial zero state of contaminated soil (before planting
the plants), the limit values (LVs), and remediation values (RVs) proposed by the Serbian
Regulations on the limit values of polluting, harmful and dangerous substances in land
[51], such as background values (BVs) for these elements (BVs), are given in Table 8. The
background values are taken from the literature for soils in Serbia [52].

Table 8. Content of metals in the initial zero state of contaminated soil with limit values (LVs), re-

mediation values (RVs) and background values for these elements (BVs).

Metal (mg/kg) L1 L2 L3 LV RV BV

Cr 104.2 35.4 66.4 100 380 72.28
Ni 8.8 9 24.2 35 210 84.72
Cu 365 336.4 218.6 36 190 38.37
Zn 94.1 96.5 74.6 140 720 79.43
As 16.6 47.5 31.2 29 55 14.69
cd 0.5 0.64 0.52 0.8 12 -

Pb 34.6 40.1 46.2 85 530 69.34

Based on these results, it can be noticed that the soils are dominantly contaminated
with copper and arsenic. Previous research [15] also confirmed that copper and arsenic
are two of the common problem elements in contaminated soils. Thus, we will discuss
here about copper and arsenic.

Although copper is an essential element for plants, with a role in photosynthesis,
respiration, nitrogen and carbon metabolism, high copper concentrations lead to the re-
duced growth of plants. Copper occurs in the soil most often in sulfide compounds. Its
mobility is extremely low. It is highly absorbed in the organic matter. Plants absorb it as
Cu? in small quantities. As its concentration in the soil increases, the intensity of its ab-
sorption increases sharply. Copper is very toxic to plants if its concentration in the soil is
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25-40 ppm and if the pH of the soil is below 5.5 [17,18]. It accumulates primarily in the
roots of plants. Copper toxicity is rarely reported in humans. In animals that consume
large quantities of copper, it accumulates in the tissues, primarily in the liver, and leads
to impaired function [18]. The tolerance copper values are up to 190 ppm [51]. The con-
centrations of copper in all three initial locations increased. The high copper content in all
locations is not surprising, since the geochemical source of copper dominates, i.e., this area
consists of pyrite copper deposits [48].

The most common quantity of arsenic content in the soil ranges from 2 to 20 ppm.
The permitted level in Serbia is 29 ppm and 20 ppm in Western Europe [17,18]. Arsenic
content in the plants is usually much lower than in the soil.

Determining the background values of soil quality is a necessary measure when as-
sessing soil pollution, given that the geological substrate already contains a certain
amount of the investigated element. Values Cfi <1 represent a low contamination factor,
values 1 < Cfi <3 moderate, and values 3 < Cfi < 6 significant, while values Cfi > 6 represent
a high contamination factor [53]. The values of contamination factors of individual pollut-
ing and toxic metals for copper and arsenic are given in Table 9. The values of the con-
tamination factors for copper are greater than 6, indicating significant contamination with
this metal, while the obtained values of the contamination factor for arsenic confirmed
that the contamination with this metal is mainly moderate. The results also confirmed that
planting leads to a reduction of the contamination factor in comparison to the initial soils
(zero state), especially in the case of copper.

Table 9. Contamination factors (Cfi) for copper and arsenic for the initial soils and soils after planting.

. Cfi
Location Type of Plant Cu As
Zero state 9.51 113
1 Barley Hordeum sativum 6.17 2.28
Sugar grazer Sorghum bicolor 6.96 1.61
Hybrid BMR 333 Sudan grass 9.34 1.03
Zero state 8.76 3.23
5 Barley Hordeum sativum 6.53 2.45
Sugar grazer Sorghum bicolor 6.98 1.52
Hybrid BMR 333 Sudan grass 7.82 2.98
Zero state 5.69 2.12
3 Barley Hordeum sativum 8.21 3.16
Sugar grazer Sorghum bicolor 6.67 2.49
Hybrid BMR 333 Sudan grass 5.67 2.14

The results of the bioconcentration factor (BCF) for copper and arsenic for selected
plants are given in Table 10.

Table 10. Bioconcentration factor (BCF) for copper and arsenic for selected plants.

. BCF
Location Type of Plant Cu As
Barley Hordeum sativum 0.54 0.10
1 Sugar grazer Sorghum bicolor 0.97 0.23
Hybrid BMR 333 Sudan grass 0.37 0.22
Barley Hordeum sativum 0.70 0.16
2 Sugar grazer Sorghum bicolor 0.51 0.65
Hybrid BMR 333 Sudan grass 0.28 0.06
3 Barley Hordeum sativum 0.83 0.16
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Sugar grazer Sorghum bicolor 1.16 0.44
Hybrid BMR 333 Sudan grass 0.69 0.13

Generally, the greater the BCF, the stronger the accumulation of the heavy metals in
the plant, and a BCF of more than 1 indicates the ability of the species to remediate. A BCF
above 1 for some of these species suggests that they could be potential species for remediation.
These plants were capable of growing and accumulating copper after growing in copper
mines and metallurgy sites. Thus, remediation with these species with moderate copper-ac-
cumulation potential represents a suitable remediation strategy. Given that sugar grazer Sor-
ghum bicolor have a BCF factor close to or above 1 which means that this species could accu-
mulate copper, especially at locations 1 and 3. Sugar grazer was found to have the greatest
bioconcentration factor among the three species, followed by barley (Table 10).

Analyzing the papers dealing with this problem, it can be concluded that the BCF
factor has different values. Li and Yang [54] used Prunus persica in a manganese mine land
and found a BCF value for copper of 0.16, while Antonijevi¢ et al. [35] pointed out that
some plant species such as Prunus persica can be considered as potential hyperaccumula-
tors with a BCF value of 1.20 for copper. This value agrees with the BCF value (1.16) found
in this study for sugar grazer Sorghum bicolor (Location 3). Khan et al. [55] revealed that D.
sanguinalis has the highest BCF (54%), and C. dactylon has the lowest BCF for copper
(36,9%). Gautam and Agrawal [56] conducted a study on identifying metal-tolerant plants
for phyto management of red mud and found that the BCF results of copper (7.5%) for C.
dactylon were much less than the present results. Similarly, in a study by Campillo-Cora
et al., the BCF of copper (14%) was reported [57].

According to [14], hyperaccumulation of copper is a very rare phenomenon in the
plant world. So, due to the relatively low metal content in copper hyperaccumulators,
laboratory tests have not been carried out to a greater extent.

Copper-tolerant plants are essentially excluders. Most copper-tolerant plants re-
spond eco-physiologically as excluders with very limited copper translocation from the
roots to the shoots [58]. Generally, most copper-tolerant plants behave as excluders, and
the tolerance level appears to be controlled by several modifiers [5].

Further, phytoextraction of copper can be enhanced using high-biomass and fast-
growing plants, an alternative to hyperaccumulating plants [58]. Phytoextraction can be
more efficient when the entire plant is harvested. Abnormally high plant tissue copper
concentrations occur only when plants are exposed to high soil copper with a low root-to-
shoot translocation factor.

Also, for arsenic, the best results were obtained using sugar grazer Sorghum bicolor,
considering BCF. Since the three investigated species did not accumulate sufficient con-
centrations of arsenic in their harvestable aboveground tissues, they cannot be classified
as hyperaccumulators.

Similarly to copper, the bioconcentration factor (BCF) for arsenic reported in the lit-
erature varies considerably. As stated in [35], BCF values for arsenic ranged from 0.05 in
Saponaria officinalis to 0.54 in Prunus persica.

In general, BCF values are strongly influenced by soil characteristics, metal concen-
trations and speciation, as well as by plant species used in the phytoremediation process.
Variability in these factors can lead to substantial differences in metal uptake efficiency
and accumulation patterns among species.

Although the BCF value is a very important indicator of phytoextraction potential,
other factors such as translocation factor, root accumulation, biomass growth and total
metal removal are important too.

Also, sugar grazer Sorghum bicolor is well known as an energetic plant, which could be
used in biomass energy production. Renewable biofuels are imperative to meet long-term
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energy needs [59]. Sorghum bicolor is globally recognized as an energy source because it
creates more energy with fewer inputs. Energy sorghum is among the most economical
and climate-smart agricultural crops because it can grow with less input on poor lands in
challenging climates. Aside from being utilized for food and energy, sorghum’s lignocel-
lulose biomass is also employed in the production of biomaterials like bioplastics and bio-
composites [12]. Certainly, prior to their use, several important parameters should be con-
sidered, including the composition of the resulting combustion products and ash, as well
as the economic viability of the energy generated. This will be used in further research.

The tolerance of three selected agricultural plant species to metals was tested in this
research. This means the possibility of metal accumulation in the roots of the plants and
further in the leaves. Most plant species that are tolerant of metals in concentrations that
are toxic to other species act as excluders. Depending on the accumulated concentration
of metal in the roots of plants and leaves, the ability to accumulate or the tolerance of the
tested plant species to the accumulation of a certain metal is determined, and in this re-
gard, this plant can be used for phytoremediation.

There are naturally distributed plants that actively absorb one or more metals from
the soil in significant quantities and translocate them to aboveground organs, whereby
accumulation occurs in foliar parts without the appearance of symptoms of phytotoxicity.
This can be seen through toxic metal concentration tests in this research. All three agricul-
tural plants used in this study showed the ability of phytoremediation. All plants have
managed to accumulate polluting metals from the soil.

Thus, the results showed that these plants have potential for copper accumulation and,
to some extent, arsenic, as well as for the revegetation of soil contaminated with these metals.

5. Conclusions

This study analyzed the content of polluting metals in soil surrounding the mining
and metallurgical complex. Soil pollution at three different locations was assessed based
on the measured concentration of these metals and the contamination factor (Cf). Three
species: barley Hordeum sativum, sugar grazer Sorghum bicolor, and hybrid BMR 333 Sudan
grass were used for growing in the copper mine and metallurgy areas. These species
showed potential abilities for remediation on contaminated soil.

Phytoremediation is recognized as an eco-friendly technology because it does not
produce secondary pollutants. Besides that, phytoremediation provides an environmen-
tally sustainable option for restoring natural ecosystems, offering long-term ecological
benefits beyond pollutant removal.

Another potential application of the three species is for the revegetation of copper mine
and metallurgy areas, which is a real challenge. The three species of pseudo-metallophytes
that were observed to grow and reproduce in such areas are good ground cover for the build-
up of organic matter. The biomass of the aerial parts of these plants can also provide biofuel
resources for biomass energy production, i.e., obtaining thermal and/or electrical energy.

Phytoremediation provides a sustainable and cost-effective approach for addressing
soil contamination, particularly in environments affected by heavy metals. Thus, phytore-
mediation could be a viable option to decontaminate heavy metal-polluted sites, particu-
larly when the biomass produced during the process could be economically utilized in the
form of bioenergy. Efforts should be made to find species that produce greater biomass,
as well as to find technologies for their cultivation, which will be further considered
through further research.

Healthy soils are crucial to reaching climate neutrality goals and contribute to stop-
ping desertification and land degradation, while preserving biodiversity and human
health at the same time. Thus, the problem of land pollution, which is gaining importance
and standing side by side with the problems resulting from air, water, and soil pollution,
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it is necessary to establish the systematic monitoring of land quality, primarily in areas
degraded by the expansion of the mining and metallurgy industries, considering large
mining complexes such as the mining and metallurgical complex Bor.

Selected and used agricultural plants give a good base for furthering their application
and represent a key instrument for the reduction of toxic metal content in contaminated
mining and metallurgy land and for making decisions and plans related to sustainable
land and soil, which will be used in environmental conditions.

Data obtained through this research represent a basis for further investigations in this
area and lead to phytoremediation and remediation of contaminated mining and metal-
lurgy soil pollution, not only in the territory of the city of Bor and Timok region but also
in the entire Danube region, and could be useful for all European and non-European coun-
tries with this problem. Such research is important because it not only improves the envi-
ronment but also contributes to sustainable development.

6. Future Investigation

Given that the study was conducted under controlled laboratory conditions over a
six-month period, it provides valuable preliminary information but does not necessarily
reflect field performance.

Therefore, future research should include:

e  Validation under field conditions over longer periods of time;

e  Monitoring plant growth monthly, rather than only at the beginning and after six
months, to enable assessment of uptake kinetics;

e  Identification of active biomass growth phases;

¢ Long-term monitoring over multiple growing seasons;

e  Repeated planting and harvesting cycles;

e Assessment of total metal removal per unit area, rather than concentration alone;

e  Evaluation under different climatic and soil conditions;

e  Assessment of metal accumulation and translocation from roots to shoots;

e  Evaluation of the economic feasibility of using these plants for large-scale phytore-
mediation;

e  Evaluation of the economic feasibility of bioenergy production, taking into account
the generation of new waste streams.

Future efforts also should focus on enhancing plant resilience through genetic engi-
neering and optimizing pollutant metal uptake for enhancing pollutant metal removal
and accelerating soil restoration.
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