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Abstract: In phytoremediation processes implemented in highly contaminated areas, there is a high
risk of contaminant toxicity during the germination of freshly sown plants. In such conditions, it is
recommended to support phytoremediation by using neutralizing additives. The present study aimed
at assessing the effect of the addition of mineral neutralizers (MNs), i.e., limestone, clay, and zeolite,
to soil contaminated with copper (0, 200, 400, 600 mg kg−1). Basic soil indicators were analyzed, such
as pH, hydrolytic acidity (HAC), total exchangeable bases (TEB), cation exchange capacity (CEC),
base saturation (BS), electrolytical conductivity (EC), total organic carbon (TOC), total nitrogen (Ntot),
carbon to nitrogen ratio (C:N)„ and interactions of soil micronutrients, such as Cu, Zn, Cd, Cr, Ni,
Pb, Mn, and Fe with MNs. Copper contamination significantly decreased the soil pH and increased
its HAC. A decrease in the share of TEB was found, which resulted in a decrease in the CEC and
in BS of the soil. Among the additives, limestone had the most beneficial effect on reducing soil
acidity, contributing to a significant increase in TEB, CEC, and BS. The least favorable effect was
shown for clay, which generally caused the deterioration of soil properties. The MNs significantly
increased the content of Zn, Cr, and Fe and lowered the content of Ni in the soil compared to the
control. The demonstrated interactions indicate the diversified activity of MNs at different levels of
soil contamination with copper.

Keywords: copper soil contamination; mineral neutralizers—MNs; limestone; clay; zeolite; soil properties

1. Introduction

Dangerous anthropogenic activity related to the development of civilization intensifies
the migration of heavy metals to the environment, causing unfavorable changes in the
physicochemical and biological properties of soils, which constrains the development of
plants or even causes their death [1–4]. These transformations occur mainly due to the
deposition of heavy metals resulting from the emission of metal-bearing dust [5], liquid
or solid pollutants generated from industrial infrastructure [6], and the use of agricul-
tural fertilizers and plant protection products [7]. Another important source of metals
in the environment is motor traffic and transport on highways and expressways [8–10].
Each heavy metal or metalloid is treated as an impurity if it occurs in the environment in
concentrations that pose a risk to the development of living organisms, i.e., humans,
animals, and plants [11]. Many reports confirm the unquestionably negative impact
of the above pollutants on higher plants and microorganisms, i.e., soil microflora and
microfauna [12–15]. Soil contamination with heavy metals very often occurs locally and
mainly concerns high concentrations close to industrial and metallurgical plants [5,16].
Unfortunately, there are regions in Europe and in the world where emissions from these
sources have polluted significant areas. According to Kabata-Pendias [17], the average
copper content in the world’s soils is about 38.9 mg Cu kg−1 DM. In Poland, increased
concentrations of copper occur near metallurgical plants. An example is Głogów Copper
Smelter, where, depending on the depth of sampling, the content ranged from 2163 to
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3230 mg Cu kg−1 [18]. In the world, the content of this metal in the soils of polluted areas
is as high as 510–9700 mg Cu kg−1 (Sudbury, ON, Canada), 1400–3700 mg Cu kg−1 DM
(Coniston, ON, Canada), and 11,600–14,200 mg Cu kg−1 (Lubumbashi, DR-Congo) [19].
Copper contamination of soil can also be the result of unprofessional and incorrect use of
pesticides [20–22]. An example can be the application of the Bordeaux mixture, i.e., a copper-
based fungicide used in many countries of the world until the 19th century [20,23]. This
preparation was widely used in grapevine cultivation, which resulted in high accumulation
of copper in the soils of vineyards of Western Europe and the Mediterranean Sea Basin [24].
The maximum levels of copper in the vineyards in France, Brazil, Croatia, and Spain have
reached 1030, 3216, 700, and 603 mg Cu kg−1, respectively [23]. Copper fungicides have
also been used to protect other crops, such as olives. The Cu content in the soil of the olive
orchard in Aetoliko, Greece, has been shown to range from 77 to 647 mg Cu kg−1 [25].
The content of copper in soils under a 16-year-old cocoa plantation was 993 mg Cu kg−1,
which was 50 times higher than in soils under other crops [24]. Copper preparations were
also used to control fungi in apple orchards. According to Li et al. [26], the copper level
in the British apple orchard soils reached 1500 mg Cu kg−1. Copper as a contaminant is
an inorganic, non-biodegradable substance. Cu in soil can be in the form of soluble salts,
chelated, or bound to soil minerals. It can also be absorbed by the organic fraction of the soil.
Obviously, Cu can undergo biological sorption, i.e., it can be uptaken by microorganisms
or higher organisms, but it can also be precipitated to insoluble mineral compounds [27].
The persistence of these forms depends on many factors, such as the soil reaction, amount
and type of minerals, redox potential, sorption capacity, and organic matter content [28–30].
There are methods to reduce quantities of harmful heavy metals by adding neutralizing
materials to the soil, which are to bind metals into insoluble compounds or organic-mineral
complexes [31–33]. Metal-mineral or metal-organic forms, under appropriate conditions,
can be trapped in a safe form in the soil for a long time [27]. The best-known substances
that can be used for this purpose are, according to various authors, zeolites [3,5,28,34–36],
bentonite [3,35,36], limestone [5,28,34] and clay minerals [5,34]. Very often, organic materi-
als such as composts [31,34,35], and organic products such as biochar [37,38] and humic
acids are also taken into account [37,39,40]. Until now, methods for the immobilization of
metals in contaminated soils have focused mainly on available forms, which have a major
impact on the restoration of biological life and the introduction of plants to degraded areas.
However, high concentrations of heavy metals may contribute to very low efficiency of
phytotechnological installations due to high concentrations of contaminants, which are
particularly dangerous for germinating seeds, newly sown plants, or young seedlings used
in phytoremediation [27]. The applied additives in the form of mineral neutralizers (MNs)
may contribute to the mitigation of the toxic effect of metals on young plants, especially in
the initial stage of the phytoremediation process, by directly affecting soil properties. Such
parameters as soil reaction (pH), the content of soil organic matter (SOM), and the content
of clay minerals affect the mobility of metals in the soil [9,28,32,41–44]. The application of
mineral neutralizers, often in combination with organic amendments, depending on the
type of metal, may bring satisfactory results or lead to increased toxicity, which may cause
problems in phytoremediation processes [42].

In the light of the above findings, it was hypothesized that MNs used in sites contami-
nated with copper contribute to the improvement of soil properties by blocking Cu as a
harmful factor. The use of MNs, apart from binding Cu in safe forms, also contributes to
beneficial changes in the soil indicators important for plant growth and development.

The present research aimed to evaluate selected MNs used as a tool to improve the
properties of soils contaminated with copper. The research on the physical and chemical
properties of soil was carried out after harvesting the test plant, which was black mustard
(Brassica nigra L. Koch).
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2. Materials and Methods
2.1. Experimental Design

The research was based on an experiment carried out in a greenhouse at the University
of Warmia and Mazury in Olsztyn (north-eastern Poland). Brown soil, a Cambisol [45],
used in the experiment was taken from the Ap horizon, from a field of the Tomaszkowo
Experimental Station, which belongs to the University of Warmia and Mazury and lies near
Olsztyn (53◦42′35′′ N, 20◦26′01′′ E). The soil texture (according to the USDA) was classified
as loamy sand [46] with the particle size distribution composed of 75.1% sand, 24.3% silt,
and 0.6% clay. The basic properties of the soil were: reaction (pH) measured in deionized
H2O and 1M KCl 7.07 and 6.44, respectively; hydrolytic acidity (HAC) 2.46 cmol kg−1; total
exchangeable bases (TEB) 6.57 cmol kg−1; cation exchange capacity (CEC) 9.03 cmol kg−1;
base saturation (BS) 72.75%; electrolytical conductivity (EC) 0.89 µS cm−1; total nitrogen
(Ntot) 0.58 g kg−1; total organic carbon (TOC) 4.79 g kg−1; C/N ratio 4.79 and Cu content
18.21 mg kg−1.

The experiment was set up according to the randomized block method, in polyethylene
pots filled with 8 kg of soil passed through a sieve with a mesh diameter of 1 cm. The
experimental factors were (1) soil contamination with copper: 0, 200, 400, and 600 mg Cu
kg−1 soil; (2) mineral neutralizers (MNs): ground limestone (98.66% CaCO3) (Polcalc, Łódź,
Poland) in a dose corresponding to 1 HAC, i.e., 1.06 g CaCO3 kg soil−1, clay (GEOL-MIN,
Kielce, Poland) (clay < 0.002 mm 85.2%, loam 0.05–0.002 mm 13.6%, sand 0.05–2.0 mm
1.2%, d = 2.73 g cm−3) and natural zeolite 1.0–2.5 mm (Subio Eko, Sosnowiec, Poland). Cu
stock solution (100 mg Cu cm−3) was prepared by dissolving 392.9 g CuSO4·5H2O (copper
sulfate pentahydrate) in deionized water to the volume of the solution up to 1000 cm3.
The soil in each pot was artificially enriched with Cu by adding 16, 32, and 48 cm3 of the
Cu pot−1 stock solution. Each object along with the control (without enrichment) was
carried out in triplicate. Limestone and zeolite were applied at a dose of 3% of the weight
of the soil in a pot, i.e., 30 g kg−1 of soil. Before starting the experiment, NPK fertilization
was applied: 2.17 g N—CO(NH2)2, 0.6 g P—KH2PO4, 1.25 g K—KH2PO4 (0.75 g K), and
K2SO4 (0.5 g K), 0.18 g Mg—MgSO4 and 0.25 mg B—H3BO3 pot−1.

During the vegetative growth, the moisture of the soil in the pots was kept at the level
of 60% of full water capacity. Black mustard (Brassica nigra L. Koch) of the local population
(PPH “PIAST” Jan Kołodziej, Dębno, Poland) grown in the pots was harvested after the
pods’ formation (BBCH 71-79).

2.2. Analytical Methods

Before setting up the experiment, the particle size distribution of the soil and clay used
in the trials was determined with a Mastersizer 3000 (Malvern Instruments Ltd., Worces-
tershire, UK). The remaining properties of the soil, both before launching the experiment
and after its termination, were determined with the same methods. After sieving through a
sieve with a mesh diameter of 2 mm, the soil pH, HAC, TEB, CEC, BS, salinity, Ntot, TOC,
C:N ratio, and total copper content (Cu) were determined. Soil analyses were performed
using the following methods. Soil pH potentiometrically in deionized water and in 1 M
KCl solution in the ratio of 1:2.5 (w/v), using a pH SenTix61 electrode and pH 538 WTW
potentiometer (WTW, Wrocław, Poland). EC was determined with a portable multi-range
conductivity meter HI-8733 (Hanna Instruments, Leighton Buzzard, United Kingdom) in
a mixture of soil/deionized water in the 1:2 ratio (w/v). HAC and TEB were determined
with the Kappen’s method [47] and the obtained values were used to calculate CEC (1) and
BS (2) according to the following formulas:

CEC = HAC + TEB (1)

BS =
TEB
CEC

× 100 (2)
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The content of Ntot was determined by the Kjeldahl method [47]. Wet mineralization of
the soil samples for Ntot was carried out in concentrated sulphuric acid (H2SO4 analytically
pure). Next, samples were distilled in a Büchi K-355 Kjeldahl Distiller (BÜCHI Labortechnik
AG, Flawil, Switzerland) and then titrated with TitroLine 7000 (Xylem Analytics, Weilheim,
Germany). Total organic carbon (TOC) content was determined on a Shimadzu TOC-L
analyzer (Shimadzu Corporation, Kyoto, Japan) coupled with a module SSM-5000A for
solid samples. Total Cu content in the starting soil and total forms of Cu, Zn, Cd, Cr, Ni,
Pb, Mn, and Fe content were determined in the samples mineralized according to the
US-EPA3051 protocol in a MARS 5 microwave oven (CEM Corporation, Matthews, NC,
USA) in a mixture of acids: 65% HNO3 and 38% HCl mixed in the 4:1 ratio. The content of
the metals in soil samples was determined using an atomic absorption spectrophotometer
SpectrAA-240FS (Varian Inc. Mulgrave, VIC, Australia), with reference standards by
MERCK (Darmstadt, Germany).

2.3. Experimental Data Analysis

A two-way analysis of variance at the level of significance of p ≤ 0.05, and principal
component analysis (PCA) were processed using Statistica® v. 13.3 PL TIBCO Software
Inc (Palo Alto, CA, USA) [48]. The correlation coefficients were established using a simple
linear correlation model, with Microsoft Excel® for Microsoft 365 MSO (version 2206) [49].

3. Results
3.1. Reaction, Acidity, and Sorption Complex

The results presented in this section constitute the second part of the study, the scope
of which regarding the response of the test plant black mustard (Brassica nigra L. Koch) to
soil contamination with copper and the applied neutralizing additives was published in
the manuscript of Żołnowski et al. [5]. The results presented in the current study focus on
the shaping of the properties of the soil contaminated with copper under the conditions of
the applied MNs. The results of soil analyses concern the soil samples taken for tests after
harvesting the tested plant in comparison with the values of the investigated parameters in
the starting soil.

The pH of the soil in the present experiment, in which black mustard was grown as a
test plant, decreased from pH H2O = 7.07 (value before the experiment) to pH H2O = 6.80
(value recorded in the control object—not polluted with Cu and without the addition of
MNs) (Table 1).

A similar relationship was found for the pH measured in 1M KCl solution. The value
of pHKCl was 6.44 before setting the experiment, and 6.14 after harvesting the mustard
plants. The increasing levels of soil contamination with copper analyzed in the experiment
resulted in a gradual, significant decrease in the pH value measured both in H2O and in
1M KCl of the tested soils, on average from 7.13 to 5.96 and from 6.63 to 5.46, respectively,
which was confirmed by very high, negative Pearson’s correlation coefficients (r). The
applied MNs significantly increased the pH of the tested soils, where limestone acted much
stronger than clay and zeolite, whose deacidification effect was similar. Analysis of the
interaction between Cu pollution and MNs showed that limestone interacted significantly
on all levels of soil polluted with Cu, increasing the pH value compared to that measured
in the soil of the series without MNs. Zeolite and clay increased the pH H2O reaction
compared to the control series only in objects not polluted with Cu. In the case of pHKCl,
its value was increased by zeolite used in objects polluted with 200 and 600 mg Cu kg−1

of soil.
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Table 1. pH of soil after black mustard (Brassica nigra L. Koch) harvest.

Soil Pollution with Cu
(mg Cu kg−1) Without MNs Limestone Clay Zeolite Mean

Starting soil pH H2O = 7.07 pH H2O (−log10H+)

0 6.80 ± 0.07 e 7.70 ± 0.06 j 7.06 ± 0.01 g 6.95 ± 0.04 f 7.13 D

200 6.39 ± 0.06 d 7.43 ± 0.01 i 6.36 ± 0.08 d 6.34 ± 0.06 d 6.63 C

400 5.79 ± 0.08 bc 7.29 ± 0.01 h 5.74 ± 0.01 bc 5.84 ± 0.02 c 6.16 B

600 5.54 ± 0.04 a 6.85 ± 0.08 ef 5.71 ± 0.01 b 5.73 ± 0.05 bc 5.96 A

Mean 6.13 A 7.32 C 6.22 B 6.21 B 6.47

r −0.985 ** −0.971 ** −0.945 ** −0.962 ** −0.654 **

LSD for: Cu pollution: 0.053; MNs: 0.053; interaction: 0.108

Starting soil pH 1M KCl = 6.44 pH 1M KCl (−log10H+)

0 6.14 ± 0.01 g 7.36 ± 0.09 l 6.58 ± 0.04 j 6.44 ± 0.07 i 6.63 D

200 5.64 ± 0.03 e 7.27 ± 0.01 l 5.73 ± 0.04 ef 5.80 ± 0.07 f 6.11 C

400 5.32 ± 0.07 cd 6.77 ± 0.01 k 5.30 ± 0.06 cd 5.40 ± 0.06 d 5.70 B

600 5.09 ± 0.01 a 6.31 ± 0.06 h 5.18 ± 0.03 ab 5.26 ± 0.03 bc 5.46 A

Mean 5.55 A 6.93 C 5.70 B 5.73 B 5.97

r −0.983 ** −0.963 ** −0.942 ** −0.958 ** −0.608 **

LSD for: Cu pollution: 0.052; MNs: 0.052; interaction: 0.105

Values are mean ± standard deviation; r—correlation coefficient significant at ** p ≤ 0.01; means followed by
different letters are significantly different by the LSDp≤0.05 test (uppercase regular—show differences between
Cu pollution levels, uppercase italic—show differences between MNs, lowercase—show interaction Cu x MNs);
n = 8.

Hydrolytic acidity (HAC) measured in the soil slightly increased after the termination
of the experiment compared to the starting soil. On average, the acidity increased by
1.11 cmol(+) kg−1 as a result of increasing soil contamination with copper (Table 2).

The HAC value was strongly positively correlated with the level of Cu contamination
in each of the tested series. As in the case of pH, it was shown that limestone significantly
improved the mentioned parameter. In comparison to the series without MNs, the HAC
value after limestone application decreased by 1.07 cmol(+) kg−1. The remaining MNs
performed favorably, but only in the non-copper polluted objects.

Total exchangeable bases (TEB) is an important parameter characterizing the soil in
terms of the basic cations present (Table 2). Compared to the starting soil, after the end of
the experiment, the TEB value slightly decreased by 0.4 cmol(+) kg−1 in the soil. Increasing
copper pollution contributed significantly to the decrease in the average TEB value from
7.30 to 5.09 cmol(+) kg−1 on average, with no significant difference between the levels
of 200 and 400 mg Cu kg−1, which in this case constituted a homogeneous group. The
interactions that occurred indicated that limestone was definitively beneficial at any level of
soil copper pollution. This series showed the highest value of TEB with a highly significant
negative correlation coefficient (r = −0.955 **). The use of clay resulted in an unfavorable
change in TEB. This value, concerning the series without MNs, decreased significantly by
1.60 cmol(+) kg−1. Zeolite did not cause a significant change in TEB compared to the series
without MNs.
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Table 2. Selected physicochemical properties of the soil after black mustard (Brassica nigra L. Koch) harvest.

Soil Pollution with Cu
(mg Cu kg−1) Without MNs Limestone Clay Zeolite Mean

Starting soil 2.46 cmol(+) kg−1 Hydrolytic acidity (HAC) (cmol(+) kg−1)

0 2.68 ± 0.04 def 1.32 ± 0.00 a 2.18 ± 0.08 c 2.20 ± 0.11 c 2.09 A

200 2.78 ± 0.14 ef 1.78 ± 0.03 b 2.64 ± 0.11 de 2.88 ± 0.11 f 2.52 B

400 3.16 ± 0.23 g 2.16 ± 0.06 c 3.24 ± 0.11 gh 3.12 ± 0.06 g 2.92 C

600 3.44 ± 0.06 hi 2.48 ± 0.06 d 3.52 ± 0.11 i 3.34 ± 0.08 ghi 3.20 D

Mean 3.01 C 1.94 A 2.90 B 2.89 B 2.68

r 0.934 ** 0.994 ** 0.981 ** 0.945 ** 0.674 **

LSD for: Cu pollution: 0.108; MNs: 0.108; interaction: 0.215

Starting soil 6.57 cmol(+) kg−1 Total exchangeable bases (TEB) (cmol(+) kg−1)

0 6.17 ± 0.13 e 9.22 ± 0.45 h 7.85 ± 0.47 fg 5.96 ± 0.11 de 7.30 C

200 5.24 ± 0.25 cd 8.51 ± 0.38 g 3.55 ± 0.24 b 5.72 ± 0.28 de 5.76 B

400 7.51 ± 0.16 f 7.79 ± 0.18 fg 1.60 ± 0.48 a 4.98 ± 0.20 c 5.47 B

600 4.07 ± 0.38 b 6.43 ± 0.41 e 3.58 ± 0.48 b 6.28 ± 0.14 e 5.09 A

Mean 5.75 B 7.99 C 4.15 A 5.74 B 5.93

r −0.354 ns −0.955 ** −0.716 * 0.049 ns −0.389 *

LSD for: Cu pollution: 0.345; MNs: 0.345; interaction: 0.690

Starting soil 9.03 cmol(+) kg−1 Cation exchange capacity (CEC) (cmol(+) kg−1)

0 8.85 ± 0.09 fg 10.54 ± 0.45 i 10.03 ± 0.55 hi 8.16 ± 0.00 defg 9.39 B

200 8.02 ± 0.11 de 10.29 ± 0.35 hi 6.19 ± 0.35 b 8.60 ± 0.40 efg 8.28 A

400 10.67 ± 0.07 i 9.95 ± 0.24 hi 4.84 ± 0.59 a 8.10 ± 0.14 def 8.39 A

600 7.51 ± 0.33 cd 8.91 ± 0.35 g 7.10 ± 0.37 c 9.62 ± 0.06 h 8.29 A

Mean 8.76 B 9.92 C 7.04 A 8.62 B 8.59

r −0.125 ns −0.872 ** −0.586 ns 0.692 ns −0.224 ns

LSD for: Cu pollution: 0.349; MNs: 0.349; interaction: 0.700
Starting soil 72.75% Base saturation (BS) (%)

0 69.75 ± 0.71 h 87.46 ± 0.54 j 78.26 ± 0.35 i 73.04 ± 1.39 h 77.13 C

200 65.32 ± 2.25 e 82.69 ± 0.87 i 57.33 ± 0.61 cd 66.51 ± 0.23 ef 67.96 B

400 70.39 ± 1.92 fg 78.29 ± 0.04 i 32.69 ± 5.92 a 61.47 ± 1.37 de 60.71 A

600 54.14 ± 2.74 bc 72.13 ± 1.74 g 50.31 ± 4.17 b 65.28 ± 1.09 e 60.46 A

Mean 69.40 B 80.14 C 54.65 A 66.57 B 66.57

r −0.700 −0.989 ** −0.734 * −0.746 * −0.485 **

LSD for: Cu pollution: 2.362; MNs: 2.362; interaction: 4.725

Starting soil 0.89 µS cm−1 Electrolytic conductivity (EC) (µS cm−1)

0 0.94 ± 0.05 a 1.09 ± 0.01 a 1.09 ± 0.02 a 0.93 ± 0.03 a 1.01 A

200 1.00 ± 0.01 a 2.21 ± 0.00 b 2.29 ± 0.04 b 2.10 ± 0.13 b 1.90 B

400 4.73 ± 0.08 e 3.85 ± 0.11 c 4.44 ± 0.01 d 4.21 ± 0.21 d 4.31 C

600 4.79 ± 0.00 e 5.72 ± 0.10 f 4.83 ± 0.04 e 4.70 ± 0.34 e 5.01 D

Mean 2.86 A 3.22 C 3.16 C 2.99 B 3.06

r 0.902 ** 0.994 ** 0.971 ** 0.972 ** 0.951 **

LSD for: Cu pollution: 0.122; MNs: 0.121; interaction: 0.243

Values are mean ± standard deviation; r—correlation coefficient significant at ** p ≤ 0.01, * p ≤ 0.05; means
followed by different letters are significantly different by the LSDp≤0.05 test (uppercase regular—show differences
between Cu pollution levels, uppercase italic—show differences between MNs, lowercase—show interaction
Cu ×MNs); n = 8.
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The capacity of the sorption complex (CEC) in the control object after the end of
the experiment slightly decreased from 9.03 to 8.85 cmol(+) kg−1 (Table 2). Cu caused
a significant decrease in CEC regardless of the level of pollution. Both in the case of
the control series (without MNs) and the series with clay and zeolite, despite significant
differences between the objects, there was no clear linearity of CEC changes depending on
the level of pollution (no significant correlation between Cu and CEC). As in the case of
TEB, limestone worked favorably, while clay caused a decrease in the CEC value.

In addition to CEC, an important factor is the pool of basic cations, i.e., base saturation
(BS) (Table 2). The BS value in the control object compared to the starting soil slightly
decreased from 72.75 to 69.75%. Cu soil pollution resulted in a significant decrease of BS
from 77.13% to 60.46, while the levels of 400 and 600 mg Cu kg−1 did not differ significantly
in this respect. The series with the addition of limestone was characterized by the most
favorable BS. As in the case of CEC, zeolite did not cause a significant change, while clay
drastically decreased BS value from 65.65% in objects without MNs to 54.65% in objects
with clay addition.

Electrolytic conductivity (EC) in the starting soil was 0.89 µS cm−1 and it increased to
0.94 µS cm−1 during the growing season (Table 2). In all experimental series, a significant,
highly positively correlated increase of EC was observed under the influence of increasing
soil pollution with Cu. It should be noticed that the MNs used also significantly increased
the EC value compared to the control series—without MNs. In this respect, zeolite produced
a weaker effect than limestone and clay.

3.2. Total Organic Carbon, Total Nitrogen Content, and C/N Ratio

After the end of the experiment, the content of organic carbon (TOC) in the soil slightly
increased by 0.26 g kg−1 of the soil compared to the starting soil (Table 3). It was shown
that the copper content in soil generally did not affect this parameter, but the exception
was the series with the addition of zeolite, where a significant linear decrease in TOC
was demonstrated, confirmed by a high, negative correlation coefficient (r = −0.919 **).
Comparing the effect of MNs on the average TOC content in the series tested, no significant
effect of these additives was demonstrated.

The content of N total (Ntot) was on average at the level of 0.56 g kg−1 of soil, and
compared to the starting soil in the control, a decrease in the content of Ntot was shown after
the end of the experiment, which was 0.08 g Ntot kg−1 of soil (Table 3). Soil contamination
with Cu resulted in an increase in Ntot content by an average of 0.05 g Ntot kg−1 of soil,
and it should be noted that the highest content of Ntot was found in the series with clay
addition, while limestone and zeolite did not modify the Ntot content significantly.

A very important factor characterizing the soil in terms of humus abundance and
susceptibility to soil degradation is the C/N ratio (Table 3). During the experiment, this
parameter increased in the control object from 8.26 to 8.69. As the levels of soil pollution
with Cu increased, the copper content did not significantly modify this coefficient, but it
should be noted that there was a clear interaction between Cu and zeolite. In this series,
there was a linear decrease in the TOC from 10.64 to 8.05, confirmed by a high negative
correlation coefficient (r = −0.836 **).
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Table 3. Total organic carbon, total nitrogen content, and C/N ratio of the soil after black mustard
(Brassica nigra L. Koch) harvest.

Soil Pollution with Cu
(mg Cu kg−1) Without MNs Limestone Clay Zeolite Mean

Starting soil 4.79 g kg−1 Total organic carbon content (TOC) (g kg−1)

0 5.05 ± 0.21 bc 4.50 ± 0.21 ab 4.68 ± 0.11 abc 5.70 ± 0.21 d 4.98 A

200 4.50 ± 0.21 ab 4.85 ± 0.07 abc 5.08 ± 0.25 bc 5.25 ± 0.42 cd 4.92 A

400 4.35 ± 0.42 a 4.88 ± 0.18 abc 4.60 ± 0.35 ab 4.95 ± 0.00 abc 4.69 A

600 5.23 ± 0.04 cd 4.95 ± 0.42 abc 5.10 ± 0.21 bc 4.50 ± 0.21 ab 4.94 A

Mean 4.78 A 4.79 A 4.86 A 5.10 A 4.88

r 0.102 ns 0.614 ns 0.313 ns −0.919 ** −0.097 ns

LSD for: Cu pollution: ns; MNs: ns; interaction: 0.542

Starting soil 0.58 g kg−1 Total nitrogen content (Ntot) (g kg−1)

0 0.50 ± 0.04 bcde 0.55 ± 0.01 abc 0.56 ± 0.02 abcd 0.54 ± 0.05 ab 0.54 AB

200 0.53 ± 0.02 a 0.53 ± 0.01 a 0.57 ± 0.01 abcd 0.53 ± 0.00 a 0.54 A

400 0.60 ± 0.01 cdef 0.53 ± 0.03 a 0.62 ± 0.01 ef 0.54 ± 0.01 ab 0.57 BC

600 0.55 ± 0.02 ab 0.61 ± 0.01 def 0.63 ± 0.02 f 0.56 ± 0.02 abcd 0.59 C

Mean 0.54 A 0.55 A 0.60 B 0.54 A 0.56

r 0.613 ns 0.496 ns 0.886 ** 0.358 ns 0.499 **

LSD for: Cu pollution: 0.021; MNs: 0.021; interaction: 0.042

Starting soil 8.26 C:N ratio

0 8.69 ± 0.22 abcd 8.14 ± 0.24 abc 8.35 ± 0.11 abc 10.64 ± 1.37 e 8.95 A

200 8.46 ± 0.08 abcd 9.16 ± 0.38 bcd 8.96 ± 0.59 bcd 9.87 ± 0.80 de 9.11 A

400 7.31 ± 0.59 a 9.31 ± 0.86 bcde 7.39 ± 0.68 a 9.19 ± 0.17 bcd 8.30 A

600 9.57 ± 0.28 cde 8.19 ± 0.80 abc 8.09 ± 0.08 ab 8.05 ± 0.66 ab 8.48 A

Mean 8.51 A 8.70 A 8.20 A 9.43 B 8.71

r 0.199 ns 0.049 ns −0.403 ns −0.836 ** −0.260 ns

LSD for: Cu pollution: ns; MNs: 0.643; interaction: 1.286

Values are mean ± standard deviation; r—correlation coefficient significant at ** p ≤ 0.01; ns—non-significant;
means followed by different letters are significantly different by the LSDp≤0.05 test (uppercase regular—show
differences between Cu pollution levels, uppercase italic—show differences between MNs, lowercase—show
interaction Cu ×MNs); n = 8

3.3. Cu, Zn, Cr, Ni, Pb, Mn, and Fe Content

The Cu content in the soil, because of the plant development and copper uptake by the
root system during the plant growing season, dropped from 18.21 mg kg−1 in the starting
soil to 12.21 mg kg−1 in the soil from the control object—not contaminated with copper
and without the addition of MNs (Table 4).
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Table 4. Cu, Zn, Cr, and Ni content in the soil after black mustard (Brassica nigra L. Koch) harvest.

Soil Pollution with Cu
(mg Cu kg−1) Without MNs Limestone Clay Zeolite Mean

Starting soil 18.21 mg Cu kg−1 Cu content (mg kg−1)

0 12.21 ± 0.30 a 29.86 ± 3.05 a 12.89 ± 2.79 a 35.69 ± 6.95 a 22.66 A

200 160.77 ± 0.45 b 170.24 ± 9.39 b 151.76 ± 15.61 b 179.92 ± 0.94 b 165.67 B

400 345.56 ± 0.72 c 348.34 ± 27.51 c 328.50 ± 16.72 c 343.64 ± 22.73 c 341.51 C

600 553.25 ± 1.43 e 482.92 ± 12.54 d 506.44 ± 22.73 d 538.03 ± 17.65 e 520.16 D

Mean 267.95 BC 257.84 AB 249.90 A 274.32 C 262.50

r 0.997 ** 0.996 ** 0.996 ** 0.996 ** 0.994 **

LSD for: Cu pollution: 14.375; MNs: 14.375; interaction: 28.750

Zn content (mg kg−1)

0 19.65 ± 0.17 a 33.61 ± 0.29 gh 31.33 ± 2.49 defg 33.15 ± 2.56 fgh 29.44 B

200 29.44 ± 2.54
bcdefgh 28.48 ± 3.45 bcde 30.30 ± 2.20

cdefgh 33.34 ± 0.71 gh 30.39 B

400 26.62 ± 0.33 bc 27.04 ± 1.34 bcd 29.21 ± 2.91
bcdefg 25.55 ± 0.33 b 27.10 A

600 33.73 ± 1.54 h 32.69 ± 1.04 efgh 30.24 ± 1.21
cdefgh 28.77 ± 1.49 bcdef 31.36 B

Mean 27.36 A 30.45 B 30.27 B 30.20 B 29.57

r 0.843 ** −0.153 ns −0.274 ns −0.683 ns 0.072 ns

LSD for: Cu pollution: 1.952; MNs: 1.952; interaction: 3.904

Cd content (mg kg−1)

0 0.94 ± 0.23 ab 0.81 ± 0.02 a 0.97 ± 0.14 ab 1.24 ± 0.15 bcde 0.99 A

200 0.81 ± 0.12 a 1.15 ± 0.32 abcd 1.26 ± 0.14 bcde 1.45 ± 0.04 de 1.17 BC

400 1.17 ± 0.09 bcde 1.50 ± 0.04 e 1.34 ± 0.13 cde 1.01 ± 0.11 abc 1.25 C

600 1.21 ± 0.12 bcde 1.08 ± 0.06 abc 0.92 ± 0.12 ab 0.98 ± 0.15 ab 1.05 AB

Mean 1.03 A 1.13 A 1.12 A 1.17 A 1.12

r 0.677 ns 0.472 ns −0.036 ns −0.652 ns 0.126 ns

LSD for: Cu pollution: ns; MNs: ns; interaction: 1.282

Cr content (mg kg−1)

0 14.65 ± 1.10 a 17.54 ± 0.48 a 19.22 ± 0.72 a 10.17 ± 2.46 a 15.39 A

200 11.84 ± 2.79 a 14.79 ± 1.46 a 17.35 ± 3.10 a 14.24 ± 1.30 a 14.55 A

400 8.77 ± 0.23 a 17.45 ± 1.38 a 14.31 ± 8.87 a 8.18 ± 1.11 a 12.18 A

600 13.28 ± 0.36 a 18.66 ± 1.55 a 16.37 ± 2.90 a 8.57 ± 0.37 a 14.22 A

Mean 12.14 A 17.11 B 16.81 B 10.29 A 14.09

r −0.329 ns 0.397 ns −0.331 ns −0.462 ns −0.163 ns

LSD for: Cu pollution: ns; MNs: 2.931; interaction: n.s.

Ni content (mg kg−1)

0 14.21 ± 2.83 a 10.79 ± 1.50 a 8.33 ± 0.27 a 11.70 ± 2.74 a 11.26 A

200 18.39 ± 7.47 a 10.13 ± 1.17 a 7.77 ± 0.14 a 10.02 ± 0.32 a 11.58 A

400 11.40 ± 0.59 a 12.91 ± 3.55 a 8.65 ± 2.09 a 9.44 ± 1.28 a 10.60 A

600 12.14 ± 4.90 a 13.04 ± 3.92 a 10.17 ± 0.24 a 9.45 ± 0.15 a 11.20 A

Mean 14.03 B 11.72 AB 8.73 A 10.15 A 11.16

r −0.344 ns 0.451 ns 0.614 ns −0.578 ns −0.039 ns

LSD for: Cu pollution: ns; MNs: 3.064; interaction: ns

Values are mean ± standard deviation; r—correlation coefficient significant at ** p ≤ 0.01,; n.s.—non-significant; means
followed by different letters are significantly different by the LSDp≤0.05 test (uppercase regular—show differences between
Cu pollution levels, uppercase italic—show differences between MNs, lowercase—show interaction Cu×MNs); n = 8
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The average Cu content in polluted objects was in line with the pollution level, which
is confirmed by high correlation coefficients. Among the applied MNs, the highest decrease
in total copper content was caused by clay, followed by a lesser decrease induced by
limestone. Zeolite did not cause significant changes in the Cu content. The beneficial effect
of limestone was demonstrated at the highest level of contamination of 600 mg kg−1 of the
soil, where the Cu content decreased from 553.25 to 482.92 mg kg−1 of soil.

The chemical analysis of soil samples showed that the level of soil pollution with
copper and the applied MNs had different effects on the content of other trace elements
(Table 4). Zn content was significantly dependent on the Cu pollution only in the control
series (without MNs). Higher levels of Cu soil pollution were characterized by a higher Zn
content in the soil. On the other hand, this relationship was not found in the series where
MNs were introduced. The limestone, clay, and zeolite objects showed a higher content of
Zn than the objects without MNs. The cadmium content also depended on the additives
used. It was shown that the Cd content remained higher in the heavily contaminated with
Cu objects of the control series than in the objects with low Cu pollution. The addition
of zeolite reversed this relationship, causing a decrease in the Cd content in the 400 and
600 mg Cu kg−1 objects to 0.23 and 0.26 mg Cd kg−1, respectively, compared to the non-
polluted Cu objects. Limestone and clay did not significantly modify the Cd content. The
content of Cr and Ni was not significantly modified under the influence of increasing
copper pollution. However, after plant harvesting, significantly more Cr remaining in the
soil was found in the objects with the addition of limestone and clay than with zeolite.
The use of clay and zeolite contributed to the reduction of the Ni content compared to the
content found in the control object. Limestone did not cause any significant changes to the
Ni content. The applied levels of copper pollution and MNs addition did not significantly
affect the Pb and Mn levels in the soil after harvesting the test plant (Table 5).

Despite significant differences between the objects contaminated with Cu, no signifi-
cant correlation was found between the level of soil Cu pollution and the content of Fe in
the soil (Table 5). The addition of limestone and clay resulted in a significantly higher Fe
content in the soil. Zeolite did not change the iron content in the soil significantly.

The PCA analysis (Figure 1) shows the cumulative effect of both soil contamination
with copper and the application of MNs on the tested soil properties. The total correlation
of the dataset of most analyzed soil properties was 37.14%, and for the CEC, TOC, C:N
ratio, Mn, Zn, Cd, and Fe—16.95%. The longest vectors were noted for pH, TEB, BS, and
HAC, and they had the greatest contribution to the variability. The importance of the
other properties was smaller. The vector distribution shows strong positive correlations
pH in H2O vs. pH in KCl; BS vs. TEB; BS and TEB vs. pHH2O and pHKCl; pHKCl and
pHH2O vs. CEC, and weaker positive correlations between TOC vs. C:N ratio; Fe vs. Mn,
EC vs. Cu. Strong negative relationships were also observed in the case of HAC vs. pH,
TEB, and BS; pH vs. Cu; and Ntot vs. C:N ratio. Correlation analysis (Table 6) showed
highly significant relationships also between the content of Cu and BS and significant ones
between Cu and TEB.
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Table 5. Pb, Mn, and Fe content in the soil after black mustard (Brassica nigra L. Koch) harvest.

Soil Pollution with Cu
(mg Cu kg−1) Without MNs Limestone Clay Zeolite Mean

Pb content (mg kg−1)

0 16.05 ± 2.35 a 16.67 ± 1.18 a 14.86 ± 2.95 a 17.06 ± 2.5 a 16.16 A

200 13.92 ± 2.84 a 17.82 ± 1.41 a 13.78 ± 3.20 a 15.14 ± 1.87 a 15.16 A

400 17.63 ± 0.05 a 14.53 ± 0.29 a 17.57 ± 0.05 a 15.93 ± 1.87 a 16.41 A

600 13.91 ± 6.48 a 16.37 ± 1.82 a 14.48 ± 0.49 a 13.65 ± 3.98 a 14.60 A

Mean 15.37 A 16.34 A 15.17 A 15.44 A 15.58

r −0.099 ns −0.313 ns 0.140 ns −0.465 ns −0.163 ns

LSD for: Cu pollution: ns; MNs: ns; interaction: ns

Mn content (mg kg−1)

0 220.34 ± 12.02 a 232.97 ± 20.20 a 239.52 ± 10.83 a 229.97 ± 23.25 a 230.70 A

200 213.70 ± 7.16 a 214.25 ± 12.58 a 220.77 ± 2.07 a 243.31 ± 47.13 a 223.01 A

400 221.31 ± 9.48 a 228.87 ± 10.22 a 214.53 ± 6.80 a 226.30 ± 30.92 a 222.75 A

600 226.88 ± 23.22 a 222.14 ± 6.22 a 221.72 ± 13.84 a 215.61 ± 0.05 a 221.59 A

Mean 220.56 A 224.56 A 224.13 A 228.80 A 224.51
r 0.273 ns −0.169 ns −0.582 ns −0.283 ns −0.196 ns

LSD for: Cu pollution: ns; MNs: ns; interaction: ns

Fe content (mg kg−1)

0 6829 ± 649 a 7041 ± 430 a 7664 ± 105 a 6699 ± 1168 a 7058 AB

200 6625 ± 886 a 7148 ± 690 a 7987 ± 37 a 7427 ± 403 a 7297 B

400 5866 ± 168 a 7308 ± 78 a 6432 ± 609 a 6233 ± 322 a 6460 A

600 6400 ± 440 a 7792 ± 285 a 7513 ± 452 a 5696 ± 537 a 6851 AB

Mean 6430 A 7322 B 7399 B 6514 A 6916

r −0.413 ns 0.643 ns −0.349 ns −0.586 ns −0.214 ns

LSD for: Cu pollution: 573.66; MNs: 573.66; interaction: ns

Values are mean± standard deviation; r—correlation coefficient n.s.—non-significant; means followed by different
letters are significantly different by the LSDp≤0.05 test (uppercase regular—show differences between Cu pollution
levels, uppercase italic—show differences between MNs, lowercase—show interaction Cu ×MNs); n = 8.
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Table 6. Pearson’s simple correlation coefficients (r) between soil properties and trace metals content in the soil after black mustard (Brassica nigra L. Koch) harvest.

Properties pH H2O pH KCl HAC TEB CEC BS EC TOC Ntot C-N Cu Zn Cd Cr Ni Pb Mn Fe

pH H2O 0.98 −0.96 0.73 0.54 0.80 −0.61 0.03 −0.37 0.22 −0.66 0.07 −0.05 0.47 0.12 0.16 0.15 0.43

pH KCl 0.98 −0.97 0.76 0.57 0.81 −0.54 0.00 −0.37 0.20 −0.61 0.10 −0.04 0.45 0.04 0.22 0.17 0.39

HAC −0.96 −0.97 −0.72 −0.51 −0.79 0.61 0.05 0.41 −0.19 0.67 −0.17 0.08 −0.39 −0.05 −0.21 −0.17 −0.35

TEB 0.73 0.76 −0.72 0.96 0.96 −0.33 −0.25 −0.42 0.04 −0.36 −0.03 −0.15 0.14 0.10 0.15 0.17 0.06

CEC 0.54 0.57 −0.51 0.96 0.89 −0.18 −0.29 −0.36 −0.02 −0.19 −0.10 −0.16 0.03 0.10 0.11 0.15 −0.06

BS 0.80 0.81 −0.79 0.96 0.89 −0.46 −0.11 −0.51 0.20 −0.46 0.02 −0.16 0.19 0.14 0.10 0.21 0.18

EC −0.61 −0.54 0.61 −0.33 −0.18 −0.46 −0.12 0.44 −0.32 0.94 0.02 0.21 −0.14 −0.14 −0.02 −0.16 −0.21

TOC 0.03 0.00 0.05 −0.25 −0.29 −0.11 −0.12 −0.17 0.83 −0.09 0.16 0.26 0.00 −0.03 0.01 0.03 0.24

Ntot −0.37 −0.37 0.41 −0.42 −0.36 −0.51 0.44 −0.17 −0.69 0.32 −0.09 −0.11 0.19 −0.17 0.13 −0.11 0.13

C-N 0.22 0.20 −0.19 0.04 −0.02 0.20 −0.32 0.83 −0.69 −0.24 0.16 0.27 −0.12 0.06 −0.05 0.07 0.08

Cu −0.66 −0.61 0.67 −0.36 −0.19 −0.46 0.94 −0.09 0.32 −0.24 0.09 0.12 −0.18 −0.05 −0.18 −0.18 −0.25

Zn 0.07 0.10 −0.17 −0.03 −0.10 0.02 0.02 0.16 −0.09 0.16 0.09 0.13 0.17 −0.03 0.00 0.25 0.27

Cd −0.05 −0.04 0.08 −0.15 −0.16 −0.16 0.21 0.26 −0.11 0.27 0.12 0.13 0.13 −0.21 0.02 0.25 0.21

Cr 0.47 0.45 −0.39 0.14 0.03 0.19 −0.14 0.00 0.19 −0.12 −0.18 0.17 0.13 −0.11 −0.13 0.22 0.82

Ni 0.12 0.04 −0.05 0.10 0.10 0.14 −0.14 −0.03 −0.17 0.06 −0.05 −0.03 −0.21 −0.11 0.07 −0.09 −0.16

Pb 0.16 0.22 −0.21 0.15 0.11 0.10 −0.02 0.01 0.13 −0.05 −0.18 0.00 0.02 −0.13 0.07 −0.18 −0.17

Mn 0.15 0.17 −0.17 0.17 0.15 0.21 −0.16 0.03 −0.11 0.07 −0.18 0.25 0.25 0.22 −0.09 −0.18 0.33

Fe 0.43 0.39 −0.35 0.06 −0.06 0.18 −0.21 0.24 0.13 0.08 −0.25 0.27 0.21 0.82 −0.16 −0.17 0.33

r—correlation coefficient significant at p ≤ 0.01—
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4. Discussion

Polluted agricultural areas are becoming a growing problem for food producers due to
past mismanagement. In recent years, more stringent requirements relating to high-quality
health agricultural products, regulated by national [50] and international [51] standards,
have resulted in the exclusion of some farmland from cultivation. The area of polluted sites
in the European Union, the remediation of which would cost 17.3 billion EUR annually,
highlights the scale of the problem on the continent [24]. The permissible content of Cu in
agricultural soils of the European Union countries, defined as a warning and critical limits,
is respectively 50 and 140 mg Cu kg−1 [23,51]. This study takes into account the average
levels of soil contamination with copper that can be found in reports on copper-polluted
sites [7,9–11,19,20]. According to many authors, Cu is an element whose activity depends
on the soil pH [3,52,53], as well as the abundance of humus [32,35]. As a rule, its toxicity
is higher in acidic than in alkaline soils [7,32,44,54]. The results obtained indicate that the
applied MNs significantly influenced the soil pH measured in both H2O and 1M KCl, which
was also observed in the case of HAC. Among the MNs used, lime had the greatest effect
on increasing the pH, which was affected to a lesser extent by clay and zeolite. Carbonates
and clay minerals, apart from changes in the reaction, are important components that bind
copper into insoluble forms [17,55]. Soil analyses from the presented experiment, made
after the test plant had been harvested, showed that zeolite had the highest copper binding
force in the sorption complex, even though its neutralizing power was lower than that
of limestone. In the series with zeolite, after the end of the experiment, the soil retained
on average 274.32 mg Cu kg−1 of soil, which is 6.37 mg Cu kg−1 more than in the series
without MNs. On the other hand, in the series with the addition of limestone, in which
the highest Cu content was expected, no significant differences were found up to the level
of 400 mg Cu, and even a decrease in the Cu content was noted in the combination with
the highest pollution of 600 mg Cu, compared to the series without MNs. Such results
suggest that the increase of pH contributed to the reduction of Cu toxicity, and this, in
turn, increased the yield, which was confirmed in the studies presented earlier [5]. The
mean black mustard yield in the individual series of this experiment was 57.5 in the series
without MNs, 79.9—with limestone, 62.4—with clay, and 71.2 g pot−1—with zeolite, at
the LSD value for MNs = 9.6 g pot−1. The MNs used had a different effect on copper. In
the case of limestone, the Cu toxicity was reduced by increasing the pH reaction, which
resulted in an improvement of the growth conditions of the test plant and an increase in
its yield, as a result of which the Cu uptake from the soil was increased. On the other
hand, zeolite was also shown to have a beneficial effect, binding Cu in micropores of its
structure. Consequently, zeolite also resulted in a higher yield of the plant compared to the
series without MNs. The former type of interaction could be considered in remediation
techniques of polluted sites as an element accelerating phytoextraction, while the latter one,
equally important, can be used to strengthen Cu stabilization in an aided phytostabilization
technique [27,32]. The beneficial effect of zeolite consisting in a significant reduction in
the mobility of copper in soil was also reported by Wyszkowski [3], Janoš et al. [56], and
Zorpas et al. [57].

The above beneficial effects of lime and other minerals determining the soil sorption
complex result in a reduction of available forms of Cu and other trace metals. In the
presented experiment, the Cu content in the soil was correlated with the other parameters
characterizing the soil sorption complex. Correlation analysis and PCA analysis showed
significant relationships also between the content of Cu and BS and TEB. The significant re-
lationships between Cu and BS as well as CEC are confirmed by Wyszkowski’s research [3].
However, no significant correlations with TOC, Ntot, C:N, and other trace elements were
found, although, according to many authors, Cu is bound especially by organic matter and
living organisms [32,58]. The content of organic matter, i.e., humic and fulvic acids, which
are also more or less responsible for the sorption complex, is important in the adsorption of
Cu and other trace metals [3,55,59,60].
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The applied NMs, apart from changes in the sorption complex, also contributed to
significant changes in the content of trace metals other than copper. Limestone significantly
increased the content of Zn, Cr, and Fe, clay Zn, Cr, Fe, and zeolite Zn. It was not demon-
strated that the applied MNs had a significant effect on the content of Cd, Pb, and Mn
in the soils concerning the control series. On the other hand, all the MNs used reduced
the nickel content. The increase in the content of the trace elements mentioned resulted
from the chemical composition of the minerals used, while the decrease in the Ni content
could result from the increased Ni uptake by plants owing to the favorable changes in soil
chemistry. The presented dependencies suggest that apart from the expected effects related
to the processes of Cu immobilization in soils of contaminated areas, it is also necessary to
consider the possible effects of blocking other trace elements, deficiencies of which may be
unfavorable for plants.

5. Conclusions

The presented results clearly show that the soil contamination with copper and the
applied NMs in the form of limestone, clay, and zeolite had a significant impact on the
content of Cu and other trace metals in the soil. In the control series objects, without NMs,
a linear increase in the Cu content in the soil was observed. It was noted that the increasing
level of pollution with Cu did not shape the levels of the remaining trace elements in the soil
in any way. The MNs applied affected the content of Cu and other analyzed trace metals by
modifying the soil reaction and other parameters of the sorption soil complex, such as HAC,
TEB, and BS. It was not shown that the content of TOC was significantly dependent on
the addition of limestone and clay, but this relationship was visible after the use of zeolite,
which was reflected in the C:N ratio. Only clay had a significant effect on the content of
Ntot under the conditions of soil contamination with Cu. NMs generally increased the
content of Zn, Cr, and Fe in the soil, except for zeolite, which only increased the content
of Zn and reduced the level of Ni. Thus, the MNs introduced to the soil did not only
affect the contaminating Cu, but also led to the disadvantageous blocking of the remaining,
essential trace elements. In this case, use of MNs should be accompanied by additional
supplementation after a detailed chemical soil analysis. Among the additives used, lime
and zeolite had a beneficial effect on shaping the conditions for phytoremediation. Clay
turned out to be the most neutral in this respect.
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16. Zwolak, A.; Sarzyńska, M.; Szpyrka, E.; Stawarczyk, K. Sources of Soil Pollution by Heavy Metals and Their Accumulation in
Vegetables: A Review. Water. Air. Soil Pollut. 2019, 230, 164. [CrossRef]

17. Kabata-Pendias, A. Trace Elements in Soils and Plants, 4th ed.; CRC Press: Boca Raton, FL, USA, 2010. [CrossRef]
18. Kostecki, J.; Greinert, A.; Drab, M.; Wasylewicz, R.; Walczak, B. Chemical Soil Degradation n the Area of the Głogów Copper

Smelter Protective Forest/Degradacja Ziemi Na Terenach Byłej Strefy Ochronnej Huty Miedzi Głogów. Civ. Environ. Eng. Rep.
2015, 17, 61–71. [CrossRef]

19. Narendrula, R.; Nkongolo, K.K.; Beckett, P. Comparative Soil Metal Analyses in Sudbury (Ontario, Canada) and Lubumbashi
(Katanga, DR-Congo). Bull. Environ. Contam. Toxicol. 2012, 88, 187–192. [CrossRef]
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47. Ostrowska, A.; Gawliński, S.; Szczubiałka, Z. Methods of Analysis and Assessment of Soil and Plants Properties, 1st ed.; IOŚ Warszawa:
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