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Abstract: The aim of this study was to evaluate the ability of three hemp cultivars to accumulate
heavy metals under sewage sludge (SS) and phosphogypsum (PG) application. The field study was
carried out from 2014 to 2016 on Luvisol (loamy sand) in Poland. The experiment scheme included
five treatments—T0: the control without fertilization, T1: 170 kg N (nitrogen) ha−1 from sewage
sludge, T2: 170 kg N ha−1 from sewage sludge and 100 kg ha−1 of phosphogypsum, T3: 170 kg N
ha−1 from sewage sludge and 500 kg ha−1 of phosphogypsum, and T4: 170 kg N ha−1 from sewage
sludge and 1000 kg ha−1 of phosphogypsum. It was found that the application of municipal sewage
sludge enriched the soil with the bioavailable forms of heavy metals to the greatest extent and
contributed to the highest increase in their contents in vegetative and generative organs of hemp
plants. These parameters showed a phosphogypsum dose-dependent decline, which could hinder the
phytoextraction process. The greatest extractions of heavy metal(loid)s (HMs) from the soil treated
with SS and PG were achieved by the Tygra variety, which had the highest bioconcentration factor
(BCF) and biomass yield.
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1. Introduction

Heavy metal(loid)s (HMs) (i.e., elements with an atomic density greater than 4–6 g cm−3) (with the
exception of As, B, and Se) include both biologically essential (e.g., Fe, Co, Cu, Cr, Mn, Ni, and Zn)
as well as non-essential (Cd, Pb, Hg, and As) elements. Both groups are toxic to plants at excessive
concentrations. Moreover, unlike organic contaminants, they generally do not undergo microbial or
chemical degradation, thus bioaccumulating and remaining a potential threat to living organisms
throughout all levels of the food chain for many years after entering the soil [1–4]. Hence, the presence
of these potentially toxic compounds restricts the utilization of byproducts such as sewage sludge (SS)
or phosphogypsum (PG) for agricultural purposes in many countries [5–7].

Sewage sludge is a heterogeneous byproduct of sewage treatment processes consisting primarily
of a mixture of organic and inorganic compounds, including assumably hazardous elements such
as heavy metals. In the European Union, more than 10 million tons of SS dry matter (10 to 15 kg
per person) are generated annually. In the future, this is expected to increase to 15 million tons.

Agronomy 2020, 10, 907; doi:10.3390/agronomy10060907 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0003-1044-779X
http://dx.doi.org/10.3390/agronomy10060907
http://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/10/6/907?type=check_update&version=2


Agronomy 2020, 10, 907 2 of 11

The main route for their recovery is land application, which is in accordance with circular economy
policies [5,8–12].

Phosphogypsum is a waste byproduct composed mainly of calcium sulfate dihydrate
(>90% gypsum) from the processing of phosphate rock by the “wet acid method” of fertilizer
production, according to the reaction [13–15]:

Ca5(PO4)3F + 5H2SO4 + 10H2O→ 5CaSO4 ·2H2O + 3H3PO4 + HF.

During this process, 2–12% of trace elements from phosphate rock is transferred to PG, except for
Pb, Sr, Ce, and Y, which are characterized by higher values of this indicator (27–66%). Worldwide, 100 to
280 Mt of PG (i.e., 4 to 5 tons per ton of phosphoric acid) are produced each year. However, barely 15%
of PG is reused as agricultural fertilizer, soil stabilizer, and in the cement industry. The rest (85%) is
stored in the vicinity of factories, posing a potential threat to the environment [13–16].

Most research has focused only on the impact of SS application on HM transformations [6,8–10],
and its co-application with phosphogypsum has not been studied.

One effective strategy for the utilization of metal-rich byproducts such as SS and PG may be their
land application and the biological removal of HMs via plants [6,17–19]. Since the polluted biomass
could pose a potential risk to the environment, it has to be stored, disposed of, or recycled in a sustainable
way [17]. The majority of phytoextraction studies have been conducted on pot and laboratory
experiments, while very few studies have attempted to evaluate the natural hyperaccumulators of
high-biomass crops like industrial hemp for phytoextraction under field conditions [19,20].

Industrial hemp (Cannabis sativa L.) is an annual dioecious herb that was rediscovered in the 1990s
as an important raw material for bio-based products in a sustainable bioeconomy [21]. Hemp can
be grown for its biomass, which in turn is used for biogas, cellulosic bioethanol, and lignocellulosic
co-firing of coal burners, as well as for seeds, wooden core, fibers, oil, cannabinoids, etc. Ca. sativa L.
that contains excessive amounts of heavy metals is recommended for energy use (combustion and
recyclation of ash). Hemp fibers with metal contents that are slightly exceeding acceptable limits
have industrial application (e.g., the production of composite materials or paper) [22]. Hemp plants
are tolerant to contaminants and yield high biomass. Furthermore, they have a short life cycle of
180 days and the ability to accumulate HMs, affected by the genotype, along with the stabilization of
the contaminated area [1,7,18,19,23–25]. Ca. sativa L. as a phytoextractor presents an innovative and
cost-effective solution to decontaminate polluted environments with the simultaneous procurement of
bioproducts, hence enabling the boosting of the economy [26]. It should be noted that there is limited
knowledge on different hemp varieties’ uptake and translocation of heavy metals in vegetative and
generative organs [18,25,27].

The aim of this study was to evaluate the ability of three hemp cultivars to accumulate heavy
metals under sewage sludge and phosphogypsum application.

2. Materials and Methods

A field study was carried out in 2014–2016 in a randomized design with three replicates at the
Poświętne experimental field of the Mazovian Agricultural Advisory Centre in Poland (52◦38′07.5” N
20◦22′51.3” E). The soil of the experiment was classified as Luvisol (loamy sand), characterized by
a neutral reaction, very high availability of phosphorus, and medium availability of potassium and
magnesium. Heavy metal concentrations in the soil did not exceed the permissible limits recommended
for agricultural use (i.e., 2 mg kg−1, 50 mg kg−1, 35 mg kg−1, 60 mg kg−1, 120 mg kg−1, and 75 mg kg−1

for cadmium, copper, nickel, lead, zinc, and chromium, respectively) [28].
We selected three hemp cultivars with high biomass production and good climate adaptability

which are registered in the Community Catalogue of Varieties cultivars [29] as the test plants
(i.e., Białobrzeskie, Tygra, and Beniko).
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The experiment scheme included five treatments—T0: the control without fertilization,
T1: 170 kg N ha−1 from sewage sludge, T2: 170 kg N ha−1 from sewage sludge and 100 kg ha−1

of phosphogypsum, T3: 170 kg N ha−1 from sewage sludge and 500 kg ha−1 of phosphogypsum, and
T4: 170 kg N ha−1 from sewage sludge and 1000 kg ha−1 of phosphogypsum. Prior to sowing hemp
seeds (60 kg ha−1), the soil was treated with sewage sludge and phosphogypsum.

The sewage sludge used in the experiment, meeting the permissible standards on the content
of heavy metals [28], was collected from the municipal wastewater treatment plant in Płońsk.
The phosphogypsum was obtained from Grupa Azoty Zakłady Chemiczne “Police” S.A. The sludge’s
organic carbon, nitrogen, and phosphorous contents were 342.8 g kg−1, 40.01 g kg−1, and 9.4 g kg−1,
respectively. The phosphogypsum contained 940 g CaSO4 2H2O kg−1, 8.0 g P kg−1, and 5.8 g SiO2 kg−1.
The annual rainfall was 381.0 mm, 286.9 mm, and 448.2 mm in 2014, 2015, and 2016, respectively.
The mean monthly temperatures in January and July were −3.3 ◦C and 21.0 ◦C, 1.0 ◦C and 19.3 ◦C,
−3.2 ◦C and 19.2 ◦C, respectively.

The plants were harvested in autumn (in October) from the entire surface of each plot. The plant
material was dried, the vegetative and generative organs were separated, and the material was weighed.
Each year, the plant samples were analyzed for the concentration of trace elements (Cd, Co, Cu, Cr, Fe,
Mn, Ni, Zn, and Pb) by atomic absorption spectrometry (AAS) after digestion in concentrated nitric
acid [30]. Moreover, bioavailable forms of heavy metals were determined in the soil samples collected
at the end of each growing season in 2014, 2015, and 2016, according to the Rinkis test (the extractant: 1
M HCl) [31]. HM contents in plant organs that were below detection limits (i.e., Pb and Co) were not
included in the figures.

The results are presented in the manuscript as means for the 3 years of studies (i.e., for the period
2014–2016) [17]. Statistica PL 13.3 (TIBCO Software Inc., Tulsa, OK, USA) was used to conduct ANOVA
analysis, and Tukey’s mean separation was used to determine the statistical significance at p < 0.05.
The heavy metal balance was calculated as a difference between the amount of HM added with the
byproducts (SS and PG) and removed with the hemp yield [17]. The bioconcentration factor (BCF) was
expressed as the ratio of the metal content in straw/inflorescences to its concentration in a bioavailable
form in the soil [32].

3. Results and Discussion

Industrial hemp absorbs a wide range of heavy metals in vegetative and generative parts,
in different concentrations (Figure 1), making it suitable to be considered in soil remediation
processes. Other studies carried out on Ca. sativa L. have also provided evidence supporting
its use as a hyperaccumulator for different toxic trace metals, which pose a great risk to ecological
systems [1,23–25,27]. In the present study, HM accumulation by hemp was the highest for Fe followed
by Mn, Zn, Cr, Cu, Ni, and then Cd (Figure 1). It should be noted that the observed values were lower
than those reported for the hemp plants used as a phytoextractor on contaminated soils [19,33,34].

Changes in heavy metal contents in hemp depended on the amendment used (SS and PG) and the
cultivar (Figure 1). Sewage sludge application contributed to significant increases in HM contents in
both vegetative parts except Zn and Cu (by 27.11% for Mn and 176.87% for Ni) and generative organs
except Cd (by 11.95% for Zn and by 127.68% for Ni), when compared to the values obtained in the T0
treatment (Figure 1). This was similar to the earlier findings, in which concentrations of HMs were
elevated in plants fertilized with sewage sludge [7–12].

Increasing the rate of PG application resulted in the depletion of plant concentrations
of heavy metals to levels similar to or lower than those recorded in the control treatments.
Seemingly, the application of this byproduct induced the immobilization of HMs, mainly due to
the interaction of heavy metals with the surface sites of Fe, Al, and Si oxides found in PG and the
formation of surface metal complexes [2,33]. Additionally, in the presence of sulfate and phosphate
added with PG, the enhanced sorption of some polyvalent cations on metal oxides may have occurred.
This is attributed to the increase in the negative charge brought to the surfaces by these ligands,
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which promoted electrostatic interactions, the formation of ternary A- or B-type complexes, or a
mixture of ternary complexes and electrostatics [35]. The reduction in HM concentrations in hemp was
undoubtedly also favored by the soil pH, that was greater than 6 in the experimental treatments at
which the adsorption of most heavy metals decreased due to the precipitation reaction as well as the
antagonistic interactions between the trace elements and/or calcium [36]. Moreover, PG, being a source
of additional nutrients (e.g., Ca, S, and P), affected the increase in hemp yield and may have caused a
dilution effect. The negative correlation between hemp yield and its HM contents (from r = −0.684 for
Cr to r = −0.947 for Zn) seems to confirm this hypothesis. The effect of the cultivar on the heavy metal
contents was more important for generative than for vegetative parts (Figure 1). The Tygra cultivar
accumulated more Fe, Zn, Cr, and Ni in inflorescences than the two other varieties. Many authors
have confirmed the existence of significant genotype differences among varieties in the heavy metal
uptake and distribution [27,34].
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Figure 1. Impact of soil amendments on contents of heavy metals in hemp straw: (a) Cd, (c) Cr, (e) 
Cu, (g) Fe, (i) Mn, (k) Ni, (m) Zn, and inflorescences (b) Cd, (d) Cr, (f) Cu, (h) Fe, (j) Mn, (l) Ni, (n) Zn. 
T0: the control without fertilization, T1: 170 kg N ha−1 from sewage sludge, T2: 170 kg N ha−1 from 
sewage sludge and 100 kg ha−1 of phosphogypsum, T3: 170 kg N ha−1 from sewage sludge and 500 kg 
ha−1 of phosphogypsum, T4: 170 kg N ha−1 from sewage sludge and 1000 kg ha−1 of phosphogypsum, 
I: cv. Białobrzeskie, II: cv. Tygra, III: cv. Beniko. * means of varieties regardless of treatments; ** 
means of treatments regardless of cultivars. Bars with the same letter are not significantly different 
(capital letters indicate differences among the means of treatments regardless of cultivars). 

The bioconcentration factor (BCF), representing the ability of the plant to absorb heavy metal 
from the soil and translocate it to aboveground tissues [18,19,25,32], was higher in generative than in 
vegetative organs (Table 1). Angelova et al. [27] have also shown that HMs are particularly stored in 
hemp inflorescences. The bioaccumulation factors of Cd and Cr in straw and inflorescences were 
high (>1), indicating that these elements were easily taken up by the hemp. Copper and zinc were 
accumulated to such an extent only in generative organs, whereas the BCFs for these elements in 
vegetative parts reached an average level. The translocation of Mn and Ni was also average (BCF 
0.1–1.0). Hemp’s ability to absorb Fe from the soil and transport it to the aboveground tissues was 
very small and ranged from 0.01 in the straw to 0.19 in the inflorescences. This was consistent with 
the results of previous studies, which demonstrated that Ca. sativa L. meets the criterion of a 
phytoextractor related to the HM transfer from root to shoot [18,34]. According to Antonkiewicz et 
al. [17], the total amount of HMs accumulated by high-biomass energy plants could be even greater 
than that of hyperaccumulators. The bioconcentration factor in most cases showed a PG 
dose-dependent decline—a fact undoubtedly connected with the phytostabilization processes 
occurring in PG treatments [18]. It should be noted that the amount of HM uptake by the plants 
mainly depended on the biomass production in the agroecosystems. Significant positive correlations 
between HM uptake and hemp yield were found (r = 0.843 for Mn, r = 0.857 for Cd, r = 0.567 for Cu, r 

Figure 1. Impact of soil amendments on contents of heavy metals in hemp straw: (a) Cd, (c) Cr, (e) Cu,
(g) Fe, (i) Mn, (k) Ni, (m) Zn, and inflorescences (b) Cd, (d) Cr, (f) Cu, (h) Fe, (j) Mn, (l) Ni, (n) Zn. T0:
the control without fertilization, T1: 170 kg N ha−1 from sewage sludge, T2: 170 kg N ha−1 from sewage
sludge and 100 kg ha−1 of phosphogypsum, T3: 170 kg N ha−1 from sewage sludge and 500 kg ha−1 of
phosphogypsum, T4: 170 kg N ha−1 from sewage sludge and 1000 kg ha−1 of phosphogypsum, I: cv.
Białobrzeskie, II: cv. Tygra, III: cv. Beniko. * means of varieties regardless of treatments; ** means of
treatments regardless of cultivars. Bars with the same letter are not significantly different (capital letters
indicate differences among the means of treatments regardless of cultivars).

The bioconcentration factor (BCF), representing the ability of the plant to absorb heavy metal
from the soil and translocate it to aboveground tissues [18,19,25,32], was higher in generative than in
vegetative organs (Table 2). Angelova et al. [27] have also shown that HMs are particularly stored
in hemp inflorescences. The bioaccumulation factors of Cd and Cr in straw and inflorescences were
high (>1), indicating that these elements were easily taken up by the hemp. Copper and zinc were
accumulated to such an extent only in generative organs, whereas the BCFs for these elements in
vegetative parts reached an average level. The translocation of Mn and Ni was also average (BCF 0.1–1.0).
Hemp’s ability to absorb Fe from the soil and transport it to the aboveground tissues was very small
and ranged from 0.01 in the straw to 0.19 in the inflorescences. This was consistent with the results of
previous studies, which demonstrated that Ca. sativa L. meets the criterion of a phytoextractor related
to the HM transfer from root to shoot [18,34]. According to Antonkiewicz et al. [17], the total amount of
HMs accumulated by high-biomass energy plants could be even greater than that of hyperaccumulators.
The bioconcentration factor in most cases showed a PG dose-dependent decline—a fact undoubtedly
connected with the phytostabilization processes occurring in PG treatments [18]. It should be noted
that the amount of HM uptake by the plants mainly depended on the biomass production in the
agroecosystems. Significant positive correlations between HM uptake and hemp yield were found
(r = 0.843 for Mn, r = 0.857 for Cd, r = 0.567 for Cu, r = 0.879 for Cr, r = 0.729 for Fe, r = 0.891 for Zn,
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r = 0.819 for Ni). Other authors reported that the phytoextraction efficiency of plants is determined by
two key features, that is, the capacity to take up and store elements within the aboveground biomass
and biomass production [6,19,20]. The lowest balances of HM in the case of the Tygra variety (Table 2)
characterized by the highest yield and BCF seems to confirm this hypothesis.

The amount of HMs accumulated in hemp organs increased linearly with the concentrations of
available HMs in the soil (r = 0.363 for Mn, r = 0.707 for Cd, r = 0.640 for Cu, r = 0.498 for Cr, r = 0.524
for Fe, r = 0.589 for Zn, r = 0.703 for Ni). It should be underlined that soil metal contents after the
application of SS and PG remained in the range typical for unpolluted soils. The highest significant
increase in heavy metal concentrations in the soil after SS application was for Ni and Fe, while the
effect on Mn and Zn was less pronounced (Figure 2). It is worth mentioning that SS provided more
HMs (except for Cd) to the agroecosystem than PG.Agronomy 2020, 10, 907 7 of 11 
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and 1000 kg ha−1 of phosphogypsum, I: cv. Białobrzeskie, II: cv. Tygra, III: cv. Beniko. * means of 
varieties regardless of treatments; ** means of treatments regardless of cultivars. Bars with the same 
letter are not significantly different (capital letters indicate differences among the means of 
treatments regardless of cultivars). 

4. Conclusions 

The results of the current study indicate that HM contents in hemp were the highest for Fe 
followed by Mn, Zn, Cr, Cu, Ni, and then Cd, and correlated with the bioavailability of these metals 

Figure 2. Impact of soil amendments on the contents of available heavy metals in the soil: (a) Cd,
(b) Cr, (c) Cu, (d) Fe, (e) Mn, (f) Ni, (g) Zn. T0: the control without fertilization, T1: 170 kg N ha−1

from sewage sludge, T2: 170 kg N ha−1 from sewage sludge and 100 kg ha−1 of phosphogypsum,
T3: 170 kg N ha−1 from sewage sludge and 500 kg ha−1 of phosphogypsum, T4: 170 kg N ha−1 from
sewage sludge and 1000 kg ha−1 of phosphogypsum, I: cv. Białobrzeskie, II: cv. Tygra, III: cv. Beniko.
* means of varieties regardless of treatments; ** means of treatments regardless of cultivars. Bars with
the same letter are not significantly different (capital letters indicate differences among the means of
treatments regardless of cultivars).
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Table 1. Impact of soil amendments on bioconcentration factors and balances of heavy metals.

Treatment
cv. (cultivar) Białobrzeskie cv. Tygra cv. Beniko

Heavy Metal Balance
g ha−1

Bioconcentration Factor
Straw/Inflorescences

Heavy Metal Balance
g ha−1

Bioconcentration
Factor

Straw/Inflorescences

Heavy Metal Balance
g ha−1

Bioconcentration
Factor

Straw/Inflorescences

Cd

T0 −0.94 0.54/0.97 −1.19 0.67/1.42 −0.93 0.69/1.33
T1 −0.65 1.05/1.45 −0.54 1.31/1.44 −1.19 1.31/2.00
T2 0.24 1.00/1.31 −0.71 1.39/1.33 0.12 1.21/1.74
T3 2.17 1.00/1.33 0.95 1.45/1.36 1.40 1.25/1.47
T4 4.85 0.75/1.17 3.96 1.36/1.21 4.63 1.08/1.22

Cr

T0 −105.07 10.09/11.16 −120.02 10.60/15.94 −71.66 7.82/12.33
T1 −112.79 8.79/14.30 −111.38 11.47/21.72 −108.41 9.03/17.42
T2 −84.98 8.25/10.42 −121.90 9.54/21.10 −81.27 9.72/15.01
T3 −69.07 7.92/9.75 −124.41 9.18/20.62 −110.12 10.16/16.27
T4 −55.82 8.48/10.89 −63.81 8.16/18.30 −50.66 9.80/15.39

Cu

T0 −18.46 0.38/1.73 -25.06 0.52/1.47 −13.97 0.37/1.75
T1 341.23 0.39/1.76 339.25 0.51/2.08 339.61 0.49/1.86
T2 345.37 0.36/1.69 345.44 0.28/1.76 355.95 0.30/1.21
T3 352.05 0.31/1.57 349.92 0.29/1.54 351.02 0.40/1.46
T4 355.98 0.28/1.58 358.27 0.24/1.39 360.42 0.36/1.20

Fe

T0 −510.62 0.02/0.19 −537.73 0.03/0.16 −358.54 0.02/0.18
T1 −171.61 0.02/0.14 −70.93 0.03/0.18 165.62 0.02/0.13
T2 355.44 0.02/0.14 −37.33 0.03/0.19 480.70 0.02/0.15
T3 1311.72 0.02/0.11 938.90 0.03/0.15 1235.20 0.02/0.19
T4 2515.89 0.01/0.10 2386.74 0.02/0.15 2549.62 0.02/0.16

Mn

T0 −92.33 0.10/0.43 −117.19 0.13/0.53 −77.48 0.12/0.54
T1 767.16 0.13/0.54 782.28 0.14/0.71 769.41 0.15/0.72
T2 813.78 0.09/0.55 778.02 0.12/0.54 805.05 0.15/0.70
T3 812.61 0.10/0.47 772.89 0.13/0.54 782.48 0.17/0.62
T4 821.09 0.11/0.41 806.57 0.13/0.52 843.08 0.15/0.55
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Table 2. Cont.

Treatment
cv. (cultivar) Białobrzeskie cv. Tygra cv. Beniko

Heavy Metal Balance
g ha−1

Bioconcentration Factor
Straw/Inflorescences

Heavy Metal Balance
g ha−1

Bioconcentration
Factor

Straw/Inflorescences

Heavy Metal Balance
g ha−1

Bioconcentration
Factor

Straw/Inflorescences

Ni

T0 −4.87 0.73/0.76 −3.30 0.45/0.74 −2.46 0.37/0.70
T1 24.36 0.87/0.91 25.92 0.97/1.23 24.04 0.89/1.09
T2 27.37 0.85/0.90 26.37 1.13/1.27 28.38 1.22/1.47
T3 32.02 0.84/0.49 29.33 1.16/1.26 30.63 0.84/0.73
T4 36.50 0.82/0.50 38.38 0.87/1.12 38.97 0.89/0.81

Zn

T0 −68.78 0.20/2.26 −76.31 0.15/2.14 −52.72 0.19/2.25
T1 1320.84 0.25/2.10 1309.75 0.33/2.34 1310.11 0.40/2.22
T2 1318.04 0.34/1.89 1288.99 0.33/2.12 1339.41 0.36/2.20
T3 1328.20 0.36/1.80 1303.42 0.31/1.90 1332.21 0.30/2.11
T4 1362.22 0.26/1.94 1348.57 0.27/2.07 1376.34 0.29/2.06
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The amendment with phosphogypsum contributed to a decrease in the contents of available HMs
in the soil, which was mirrored in the hemp plants as described above. Heavy metal immobilization
differed significantly in the case of Cu, Fe, Zn, and Ni (Figure 2). Previous studies have also
demonstrated the immobilization of HMs in the soil through PG amendment [33].

4. Conclusions

The results of the current study indicate that HM contents in hemp were the highest for Fe followed
by Mn, Zn, Cr, Cu, Ni, and then Cd, and correlated with the bioavailability of these metals in the
soil. Cadmium and chromium were accumulated the most (BCF > 1), whereas iron was absorbed and
transported to the aboveground hemp tissues to the smallest extent (BCF ranged from 0.01 in the straw
to 0.19 in the inflorescences). The uptaken elements were stored particularly in plant inflorescences.
The greatest extractions of HMs from the soil treated with SS and PG were achieved by the Tygra
variety, which had the highest BCF and biomass yield, with the latter being more significant.

The application of municipal sewage sludge enriched the soil with the bioavailable forms of
heavy metals to the greatest extent and contributed to the highest increase in their contents in the
vegetative (by 27.11% for Mn and 176.87% for Ni) and generative organs of hemp plants (by 11.95%
for Zn and 127.68% for Ni). These parameters showed a phosphogypsum dose-dependent decline,
which could hinder the phytoextraction process. Further study is recommended in order to identify
factors influencing this phenomenon, especially in soils polluted with HMs to a greater degree than in
the conducted experiment.
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