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of heavy metals and stimulation of biochemical processes
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Abstract
Purpose The study aimed to determine the effect of the addition of innovative combinations of organic-mineral mixtures
obtained from biochar (BC), zeolite (Z), soil (S), poultry litter (PL), and slurry (SL) to post-flotation sediment (PFS) on (i) heavy
metal mobility, (ii) heavy metal accumulation in willow, and (iii) PFS respiratory activity.
Materials and methods The tests were carried out under laboratory conditions in containers with 500 g of PFS, to which 1% (w/w) of
organic-mineral mixtures were added.Willow was grown for 90 days on substrates with the addition of organic and mineral mixtures.
Results and discussion The addition of mixtures BC + Z + S + PL and BC + Z + S + SL to PFS significantly reduced the pH to,
respectively, 7.12 and 7.02. This can be attributed to the release of the hydrogen load combined with organic anions deriving
from the mineralisation of organic materials and the nitrification process. The addition of BC + Z and BC + Z + Smixtures to PFS
reduced the content of Zn-H2O by 65%, Cd-H2O by 48%, and Ni-H2O by 30%. The addition of BC + Z + S + PL and BC + Z +
S + PL mixtures to PFS increased the content of water-extracted Pb, respectively, 40 and over 60 times. The content of bioavail-
able heavy metals (extraction with 1MNH4NO3) in PFSwas comparable in all treatments to whichmixtures were added. Altered
mobility of heavy metal ions may be associated with a change of substrate properties, including redox potential, pH value, as well
as the introduction into the soil of materials with significantly developed sorption surfaces. In the first 2 weeks of incubation of
mixtures with PFS, respiratory activity was very low, except for that in BC + Z + S + PL and BC + Z + S + SL treatments. In these
treatments, oxygen consumption was more than 50 times higher compared to the control treatment and more than 10 times higher
in relation to BC + Z and BC + Z + S treatments.
Conclusions The mixtures of BC + Z and BC + Z + S effectively reduced the content of water-extracted heavy metals in PFS.
BC + Z + S + PL and BC + Z + S + PL mixtures were not effective in reducing water-extracted mobile heavy metals in PFS. The
introduction into PFS of mixtures partially composed of biologically unstable materials (PL, SL) increased the biochemical
activity measured by respiratory activity and reduced biomass increment of willow aerial parts. The adverse response of willow to
the introduction of mixtures with poultry litter or slurry into PFS indicates the need to verify the amount of these materials in the
mixtures or to stabilise them by biological or thermal processes.
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1 Introduction

Improper transport, processing, and storage of waste mate-
rials, including post-flotation sediments, pose a threat to the
environment and human health. It results from the possible
presence of various contaminants in these materials, which
are toxic to living organisms. It is, therefore, necessary to
develop techniques for stabilising post-flotation sediments so
that the contaminants accumulated in them, including heavy
metals, would not pose a risk to living organisms.
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Heavy industry is one of the largest industries producing
various wastes. Zinc and lead ore deposits have been exploited
for centuries in Olkusz, in the SE region of Poland. Mining
and metallurgy plants in this region use the flotation process
for ore enrichment. Zinc and lead ores occurring in dolomites
contain approximately 5% of metals. Each year, 3 million
tonnes of ores are processed, leaving circa 1.5 million tonnes
of flotation wastes stored in sedimentation ponds as fine-
grained drift, which contains more than 3% of Zn, 1% of Pb,
and 0.01% of Cd, by weight. As reported by Ciarkowska et al.
(2017), the amount of this waste accumulated in one of the
industrial centres amounted to 50 million tonnes, excluding
110 ha of land for use. Our study was carried out on sediment
from the processing of zinc and lead ores. Such processing
consists of initial crushing and screening of ore and separating
the concentrate by flotation in an aqueous environment. The
process is often preceded by gravity enrichment in jig concen-
trators. Its final products are flotation concentrate and post-
flotation sediment. The latest is the remains of fragmented ore
which is then transported to the pond in a hydrated form after
flotation (Stefaniak et al. 2017). The unprotected surface of
the post-flotation tailings pond poses a serious threat to the
environment and human health due to its high susceptibility to
blow-off and water erosion. It increases the risk of spreading
contaminants such as heavy metals in the environment. The
technology used in ore processing causes flotation waste to
have a high percentage of very fine particles (usually around
85%) and a minimal percentage of skeletal parts, which has a
negative influence on their physical properties (Martinez-
Pagan et al . 2011; Moreno-Barriga et al . 2017).
Additionally, the disadvantageous growth conditions result
from the alkaline pH (Kordas et al. 2018).

According to Krawczyńska et al. (2015) and Ciarkowska
et al. (2017), the way to reduce the adverse impact of this
waste from landfills on neighbouring areas is to cover them
with vegetation. However, this is very problematic, because of
the need to create appropriate conditions for plant growth and
development, which are unfavourable due to the physical
properties and chemistry of these wastes (Gul et al. 2015;
Krawczyńska et al. 2015; Yuan et al. 2016; Ojuederie and
Babalola 2017). Moreover, in the case of arable lands adjacent
to the areas occupied for post-flotation tailings ponds, there is
a real risk that heavy metals will accumulate in plant biomass.
The use of such biomass for feed purposes can be a source of
heavy metals in the food chain (Zahra et al. 2014; Yuan et al.
2018). The study of Krawczyńska et al. (2015) showed that
the addition of pulp, waste from sugar production to PFS,
increased the leaching of trace elements, especially copper.
To increase the efficiency of phytostabilisation, these authors
used biopreparations for seed treatment and biosurfactants
supporting the accumulation of trace elements, especially in
monocotyledonous plants. Our study focused on assessing the
synergistic effect of organic and mineral mixtures with

different sorption properties and different binding affinity for
heavy metals. It was assumed that the introduction of such
mixtures into PFS would not only reduce heavy metal mobil-
ity, but also enable the growth and development of plants as a
result of improved physico-chemical properties.

A complete or at least partial reduction of the mobility of
heavy metal ions in post-flotation sediment can be obtained by
introducing into them various organic and mineral materials or
mixtures thereof. As stated by Gul et al. (2015), combinations of
organic and mineral materials introduced into post-flotation sed-
iment have multidirectional abilities to immobilise heavy metals.
Due to the nature and properties of mineral and organic mate-
rials, the immobilisation of heavy metals in a substrate enriched
with these materials can be attributed to several chemical pro-
cesses, including ion exchange, chemical sorption, and complex-
ation (Gul et al. 2015; Li et al. 2017; Boros-Lajszner et al. 2018).
As argued by Park et al. (2011) and Usman et al. (2013), the
immobilisation of heavy metals can occur as a result of precip-
itation with minerals such as carbonates, silicates, and phos-
phates. These compounds come from materials introduced into
the waste or result from processes caused by their application.
The addition of organic or mineral materials to the substrate may
also limit the mobility of heavy metals by changing the redox
potential. It was reported by Choppala et al. (2012), who gave an
example of the effect of biochar addition to soil on Cr+6 to Cr+3

transformations. The relative contribution of individual mecha-
nisms to the immobilisation of heavy metals after the application
of various materials is difficult to define clearly. Although, ac-
cording to Houben et al. (2013), the change in soil or substrate
pH is the decisive factor here. According to Krawczyńska et al.
(2015), in the case of waste phytostabilisation, growing should
be preceded by activities related to achieving the appropriate
conditions necessary for the development of plants, including
pH regulation, enrichment in organic matter, and supplementa-
tion of plant nutrients.

Due to unfavourable physical properties, high heavy metal
content, as well as the lack of plant nutrients in PFS, which is
the issue often raised in the literature, mineral-organic mixtures
of soil and functionalised materials (biochar, zeolite) were pre-
pared and additionally enriched with poultry litter or slurry. The
addition of poultry litter or slurry was dictated by the desire to
enrich the mixture with essential plant nutrients such as nitro-
gen, phosphorus, and potassium. Determining the response of
microorganisms and plants to the introduction into the PFS of
poultry litter or slurry is an important cognitive aspect in terms
of challenges posed to modern science by the problems of bio-
logical reclamation of onerous landfills. Assuming that individ-
ual application of the materials used in the study will not meet
the expectations, especially in the field of phytostabilisation of
environmentally harmful post-flotation sediment landfills, it is
fully justified to attempt to enrich them with other materials,
and the synergistic effect of mixtures will enhance their bene-
ficial impact on the environment. However, bearing in mind
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that this is an entirely innovative approach to the problem and a
relatively short study period, no spectacular effects can be ex-
pected. The focus should be on refining the share of individual
components in the mixture so that the biochemical processes in
PFS do not adversely affect plant growth and development. The
diverse mechanisms of heavy metal retention by biochar (sur-
face functional groups), zeolite (channel and chamber system),
and soil (sorption complex) make the combination of these
materials a significantly effective system in stabilising heavy
metals in PFS that has not been analysed yet. We hypothesise
that enrichment of mixtures of soil and functionalised materials
(biochar, zeolite) in poultry litter or slurry increases the bio-
chemical activity of PFS, creates better conditions for plant
growth and development as a result of increased availability
of nutrients, and also reduces the mobility of heavy metals.
The study aimed to determine the effect of mixtures differing
in composition on (i) heavy metal mobility in PFS, (ii) heavy
metal accumulation in willow, and (iii) PFS respiratory activity.

2 Materials and methods

2.1 Properties of materials used in the experiment

The substrate used in the experiment was post-flotation sedi-
ment obtained from a zinc and lead ore processing enterprise
located in southern Poland. Other minerals (soil, zeolite) and
organic materials (biochar, poultry litter, slurry) were used to
prepare mixtures introduced into the post-flotation sediment.
The soil was collected from a 0–0.2-m layer of an arable field
located several kilometres west of Cracow. The zeolite was
produced from fly ash through hard coal combustion at the
‘Kozienice’ power plant (Franus et al. 2014). Biochar was
produced from willow under limited access to air, at 350 °C.
Poultry litter and slurry came from farms located in southern
Poland. The properties of materials used in the experiment are
presented in Tables 1 and 2.

2.2 Physical and chemical analyses of the materials
used in the experiment

The granulometric composition of post-flotation sediment and
soil was determined by the aerometric method. Measurement
of the particle size of the zeolite material was carried out by
the laser diffraction method on a Saturn DigiSizer II,
Micromeritics apparatus. To identify the chemical properties
of materials, they were ground to the size of 1 mm in a labo-
ratory mill, dried at 105 °C for 12 h (Jindo et al. 2012), and
then analysed. The pH values were determined potentiomet-
rically (CP—505 pH meter, ELMETRON, Zabrze, Poland),
while the EC values conductometrically (CPC—502
conductometer, ELMETRON, Zabrze, Poland), maintaining
the material: water ratio of 1:2.5 in the case of minerals, and
1:5 in the case of organic materials. Organic carbon in post-
flotation sediment and soil was determined by the titration
oxidation method, while total carbon in organic materials
was specified using the CNS analyser (Vario EL Cube,
Elementar Analysensysteme GmbH, Hanau Germany). The
total contents of Zn, Pb, Cd, Cu, and Ni were determined after
ashing the sample in a chamber furnace at 450 °C for 12 h and
mineralising its residues in a mixture of concentrated nitric
and perchloric acids (3:2) (v/v). The content of the studied
heavy metals was determined in the obtained solutions by
inductively coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer Optima 7300 DV, Waltham, MA,
USA) (Oleszczuk et al. 2007). Table 3 presents detection
limits for determining heavy metals.

The specific surface area and porosity were determined
from N2 gas adsorption/desorption isotherms at − 196 °C
using the ASAP 2020 apparatus (Micromeritics, Norcross,
GA, USA). Prior to measurements, the samples were
outgassed for 12 h at 105 °C. Based on the data obtained from
N2 isotherms, specific surface area (SBET) was calculated by
applying Brunauer–Emmett–Teller (BET) equation (Brunauer
et al. 1938). The total pore volume was calculated from the
amount of N2 adsorbed at a relative vapour pressure (P/P0) ~

Table 1 Selected physical and chemical properties of materials used in the experiment

Material Granulometric composition (%) pH H2O EC C

1–0.1 mm 0.1–0.02 mm < 0.02 mm mS cm−1 g kg−1 DM

Post-flotation sediment (PFS) 70 21 9 7.37 ± 0.13 0.76 ± 0.02 2.61* ± 0.01

Soil (S) 17 31 52 5.08 ± 0.04 0.03 ± 0.00 26.6* ± 0.6

Zeolite (Z) 15 50 35 12.39 ± 0.05 2.28 ± 0.11 343.0 ± 0.0

Biochar (BC) nd nd nd 7.23 ± 0.34 2.26 ± 0.65 690.8 ± 3.7

Poultry litter (PL) nd nd nd 6.95 ± 0.01 1.87 ± 0.07 400.5 ± 0.0

Slurry (SL) nd nd nd 6.07 ± 0.01 1.88 ± 0.05 441.6 ± 2.8

*Organic carbon, nd not determined, ± standard deviation
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0.99. The volume of micropores was calculated by applying
the Dubinin–Radushkevich method (Dubinin 1960). The
mesopore volume was determined from the adsorption branch
of the isotherms by the BJH (Barrett–Joyner–Halenda) meth-
od (Barrett et al. 1951) in the mesopore range proposed by
Dubinin (Dubinin 1960). The macropore volume (Vmac) was
calculated using Eq. (1):

Vmac ¼ V0:99
tot − VDR

mic þ VBJH
mes

� � ð1Þ

Vmic
DR the volume of micropores, and

Vmes
BJH the volume of mesopores.

Textural parameters of the organic materials are presented
in Table 4.

2.3 Pot experiment

Growing tests were carried out under laboratory conditions in
PVC containers containing 500 g of post-flotation sediment.
The experimental scheme consisted of five treatments carried
out in three replications: post-flotation sediment without addi-
tions (PFS)—control treatment; post-flotation sediment +
(biochar + zeolite) mixture—PFS+(BC + Z); post-flotation
sediment + (biochar + zeolite + soil) mixture—PFS+(BC +
Z + S); post-flotation sediment + (biochar + zeolite + soil +
poultry litter)—PFS+(BC + Z + S + PL), and post-flotation
sediment + (biochar + zeolite + soil + slurry) mixture—
PFS+(BC + Z + S + SL).

The amount of each material (BC, Z, S, PL, SL) introduced
into the PFSwas 1% (w/w). After introducingmineral-organic
mixtures into the post-flotation sediment, the material was
moistened with distilled water and thoroughly mixed. Then,
the material was placed in PVC containers. After 24 h, a wil-
low (clone 1052) was planted. During the plant’s growth, the
material moisture content was maintained at 60% of water
capacity. The experiment was conducted for 90 days. After
that time, the plant’s aerial parts were collected. The collected
biomass of the aerial parts was dried to a constant weight at
105 °C, and then, its amount was determined.

2.4 Chemical analyses

After the pot experiment, the post-flotation sediment with and
without organic-mineral mixtures was dried at room temper-
ature (25 °C). The following parameters were determined in
the post-flotation sediment and post-flotation sediment with
the addi t ion of organic-mineral mixtures : pH—
potentiometrically (CP–505 pH meter, ELMETRON,
Zabrze, Poland) in a suspension of sediment and distilled wa-
ter (sediment:water = 1:2.5), electrical conductivity (EC—
conduc tome t r i c a l l y (CPC–502 conduc tome t e r ,
ELMETRON, Zabrze, Poland) (sediment:water = 1:2.5).
Heavy metals were extracted with water for 24 h
(soil:solution = 1:10) as well as with 1 mol dm−3 solution of
NH4NO3 for 2 h (Park et al. 2011). The heavy metal content
was determined in the obtained extracts by inductively
coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer Optima 7300 DV, Waltham, MA, USA)
(Oleszczuk et al. 2007).

2.5 Respiratory activity

Respiratory activity of post-flotation sediment with and with-
out organic-mineral materials was determined by the mano-
metric method, using the Oxi-Top (Wissenschaftlich
Technische Werkstatten GmbH, Weliheim, Germany) mea-
suring apparatus, in accordance with ISO 14855-1:2005
(Picture 1). The test was carried out on the same material

Table 2 Total content of selected
heavy metals in material used in
the experiment

Material Zn Pb Cd Cu Ni
mg kg−1 DM

Post-flotation sediment (PFS) 10.20 ± 48 7500 ± 29 69.6 ± 1.9 15.81 ± 2.23 14.15 ± 1.14

Soil (S) 117.4 ± 0.4 32.9 ± 0.4 0.68 ± 0.04 9.67 ± 0.45 23.65 ± 0.16

Zeolite (Z) 82.8 ± 2.6 24.8 ± 0.3 0.61 ± 0.03 61.04 ± 0.75 42.38 ± 0.55

Biochar (BC) 123.9 ± 1.7 4.52 ± 0.21 1.72 ± 0.01 10.14 ± 0.51 4.69 ± 0.69

Poultry litter (PL) 388.0 ± 13.6 2.24 ± 0.20 0.72 ± 0.01 68.30 ± 1.43 9.05 ± 0.02

Slurry (SL) 607.8 ± 4.5 1.61 ± 0.03 0.61 ± 0.04 78.95 ± 10.11 12.20 ± 0.83

± Standard deviation

Table 3 Detection limits for individual elements

Element Wave length Detection limit (μg l−1)

Cd 228.802 0.0027

Cu 327.393 0.0097

Ni 231.604 0.0150

Pb 220.353 0.0420

Zn 206.200 0.0059
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prepared for the pot experiment. The weight of the sample
used to determine the respiratory activity corresponded to
25 g dry weight. The test was carried out in two replicates.

The manometric measurement of respiratory activity
of the studied materials involved the recording of pres-
sure changes in closed containers in a continuous sys-
tem (Picture 1). Pressure changes are proportional to the
amount of oxygen consumed by the sample as a result
of respiratory processes occurring in it (OxiTop® 2003).
Measuring time for respiratory activity was 90 days (in-
cluding the lag-faze period to stabilise conditions and
period of actual measurements of respiratory activity).
Pressure changes were automatically recorded every
60 min. The resulting equivalent quantities of CO2 were
absorbed by 1 mol dm−3 NaOH present in the vessels.
The system used for the measurement of respiratory
activity consisted of 1.0 dm3-measuring glass vessels
with accessories. For the time of determination, measur-
ing vessels were put into a thermostatic cabinet, provid-
ing a constant temperature of 25.0 °C (± 0.1 °C).
Measurement data was sent to the controller through

an infrared interface, and then, to the computer using
Achat OC. Respiratory activity of materials was con-
verted into dry matter by the following formula:

BA ¼ MO2

R⋅T
⋅
V f r

mBt
⋅ jΔpj mgO2 g⋅dð Þ−1

h i
ð2Þ

where BA is biological activity; MO2 is the molecular
weight of oxygen (31,998 mg mol−1); R is universal gas
constant (83.14 L hPa (K mol−1)−1; T is measurement
temperature (K); mBt is dry mass weight in the
composted material (kg); |Δp | is pressure change
(hPa); Vfr is free gas volume.

2.6 Analysis of plant material

Samples of plant material aerial parts were mineralised in a
chamber furnace at 450 °C. The residue was dissolved in
diluted nitric acid (1:2), and the content of the studied heavy
metals was determined in the obtained solutions by inductive-
ly coupled plasma optical emission spectrometry (ICP-OES,

Table 4 The textural parameters of the organic materials

Material BET surface
area (m2 g−1)

Total pore volume
(cm3 g−1)

Volume of micropores
(cm3 g−1)

Volume of micropores
(cm3 g−1)

Volume of
macropores
(cm3 g−1)

Biochar (BC) 1.36 0.003 < 0.001 0.001 0.002

Slurry (SL) 0.87 0.003 < 0.001 0.001 0.002

Poultry litter (PL) 0.89 0.005 < 0.001 0.002 0.003

Pic. 1. OxiTop® Control measuring set for respiratory activity

Picture. 1 OxiTop® Control
measuring set for respiratory
activity
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PerkinElmer Optima 7300 DV, Waltham, MA, USA)
(Oleszczuk et al. 2007).

2.7 Statistical analysis

The experiment was performed in three replicates. The obtain-
ed data were compiled with the use of STATISTICA 12.5
(StatSoft Inc.). The mean values of analysed properties were
compared using Tukey’s multiple comparison test at p ≤ 0.05.
The value of the Spearman’s rank correlation coefficient was
calculated for selected parameters. Variations in the treatments
were determined by calculating the standard deviation (± SD).

3 Results and discussion

3.1 The properties of materials used in the study

Due to their origin, the materials used in the study differed
significantly in terms of physical properties and chemical
composition (Tables 1, 2, and 4). The type of materials added
to post-flotation sediment (PFS) facilitated their division into
two groups: mineral materials (zeolite, soil) and organic ma-
terials (biochar, poultry litter, slurry). The additions of mineral
materials (Z, S) had different granulometric composition, pH,
and EC values, as well as the C content (Table 2). Organic
additions (BC, PL, SL) had similar values of the analysed
parameters. Irrespective of the material used, the content of
tested heavy metals, apart from copper and nickel, was lower
than in post-flotation sediment. Significant discrepancies in
SBET between biochar and other organic materials were noted
(Table 4).

3.2 pH and electrical conductivity (EC) in post-
flotation sediment after the experiment

The pH values measured in the suspension of post-flotation
sediment and water varied depending on the composition of
the mixtures introduced. The addition of Z and BC to post-
flotation sediment (PFS) significantly increased the pH value
of the substrate compared to the control (Fig. 1). After adding
BC + Z + S + PL and BC + Z + S + SL mixtures, the substrate
pH value changed significantly. The lowest pH was deter-
mined for PFS+(BC + Z + S + SL) treatment. Differences in
pH values in treatments with organic-mineral mixtures result-
ed from the properties of the materials used. Both biochar and
zeolite have a deacidifying effect (Gondek and Mierzwa-
Hersztek 2016; Mierzwa-Hersztek et al. 2019; Lahori et al.
2020). The introduction of mixtures with the addition of poul-
try litter or slurry into PFS significantly reduced the sub-
strate’s pH. This might be attributed to the release of the hy-
drogen load combined with organic anions derived from the
mineralisation of organic materials (poultry litter, slurry). The

nitrification process may be another reason for the apparent
increase in PFS acidification after applying mixtures enriched
with poultry litter or slurry (Porter et al., 1980). Lower pH
value of post-flotation sediment after introducing the mixtures
may result in increased release and transformation of heavy
metal fractions (Krawczyńska et al. 2015). On the other
hand, maintaining a high pH, while carrying out recla-
mation activities that require the supplementation of nu-
trients (e.g. phosphorus), may limit their availability.
Zaidun et al. (2019) demonstrated that the combined
use of 10 t ha−1 of biochar and 2.5 t ha−1 of zeolite
increased the soil pH by 7%.

The electrical conductivity (EC) value (Fig. 2) measured
for post-flotation sediment was nearly 0.8 mS cm−1. The elec-
trical conductivity values of PFS significantly decreased for
all mixtures introduced. The lowest EC values (by nearly 50%
compared to PFS) were noted for treatments modified with
poultry litter or slurry mixtures. The study revealed that the
introduction of the carbon and zeolite mixture into PFS sig-
nificantly reduced EC. It indicates that the prepared mixtures
have the potential to reduce the active ion content in the solu-
tion, which is responsible for its salinity. It may be justified by
both chemical and physical properties of biochar and zeolite,
which, due to their production method, have a structure effec-
tive in immobilising various substances, including ions.

3.3 The content of mobile Cu, Cd, Pb, and Zn in post-
flotation sediment enriched with various mixtures

The effect of the materials used on heavy metal (Cu, Cd, Pb,
Zn, and Ni) immobilisation was examined after extracting
their most mobile forms with redistilled water or 1 mol dm−3

solution of NH4NO3, which are often referred to as
‘bioavailable’(Tessier et al. 1979; Zeien and Brümmer,
1989; Okoro et al. 2012). As is known, the share of these
forms of heavy metals in the total content is minimal and
usually below 5%.

Significantly, the lowest content of water-dissolved zinc
fraction Zn-H2O was determined in post-flotation sediment
modified with BC + Z and BC + Z + S mixtures (Table 5).
The introduction of mixtures with poultry litter PL and slurry
SL into PFS significantly increased the Zn-H2O content not
only compared to the content determined in treatments mod-
ified with mixtures (BC + Z) and (BC + Z + S), but also to
non-enriched post-flotation sediment (PFS). Following the
extraction of Zn with 1 mol dm−3 solution of NH4NO3, sig-
nificantly lower mobile zinc content was found in all treat-
ments compared to PFS, regardless of the material added
(Table 6). The tendency of higher Zn-NH4NO3 content was
not confirmed in treatments where BC + Z + S + PL and BC +
Z + S + SL mixtures were introduced into PFS.

The content of water-extracted lead (Pb-H2O) in treatments
where BC + Z and BC + Z + S mixtures were applied did not
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treatment; PFS+(BC + Z), post-flotation sediment + (biochar + zeolite)

mixture; PFS+(BC+Z+S), post-flotation sediment + (biochar + zeolite +
soil) mixture; PFS+(BC+Z+S+ PL), post-flotation sediment + (biochar +
zeolite + soil + poultry litter) mixture; PFS+(BC + Z + S + SL), post-
flotation sediment + (biochar + zeolite + soil + slurry) mixture
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exceed 0.10 mg kg−1 DM of the substrate. The enrichment of
the mixture containing biochar, zeolite, and soil with poultry
litter or slurry significantly increased the Pb-H2O content
(Table 3). A similar relation was obtained after extraction of
Pb with NH4NO3 solution (Table 5).

The cadmium content in H2O-extracted post-flotation
sediment was at a similar level (0.040–0.050 mg kg−1 DM
of the substrate) regardless of themixture used (Table 4). The
addition of organic-mineral mixtures contributed to over
40% reduction of Cd-H2O in post-flotation sediment
(Table 5). The content of Cd extracted with NH4NO3 solu-
tion indicated that there was a significant decrease in the
mobile element after applying BC + Z + S + PL and BC +
Z + S + SL mixtures. The reduction of Cd-NH4NO3 forms
in these treatments was over 90% on average compared to
the control treatment (PFS).

Thewater-extractedCu formswere determined neither in PFS
nor in PFS+(BC + Z) and PFS+BC + Z + S) treatments
(Table 5). In treatments where the BC+Z+Smixture was mod-
ified with poultry litter (PL) or slurry (SL), 0.130 mg Cu kg−1

DM of the substrate and 0.013 mg Cu kg−1 DM of the substrate,
were noted respectively. Contents of mobile Cu extracted with
NH4NO3 solution showed an inverse relationship, as they were
almost 90% higher in the PFS, PFS+(BC+Z), and PFS+(BC+
Z+ S) treatments.

The content of nickel extracted with both water and NH4NO3

was significantly the highest in treatments where BC +Z+ S +
PL andBC+Z+ S + SLmixtures were applied (Tables 5 and 6).
In the case of mobile nickel, a significant reduction was noted
only after extraction with NH4NO3 and introduction of BC +Z
and BC+Z +S mixtures into PFS. The study showed a diverse
impact of mixtures applied on the content of testedmobile heavy
metals in post-flotation sediment. It was not only the result of the
element type but also the composition of the mixture used. The
calculated values of Spearman correlation coefficients indicate
that the content of mobile elements was highly influenced by pH
and EC (Table 7).

In their study, Krawczyńska et al. (2015) attempted to deter-
mine the effect of organic materials on heavy metal availability
in post-flotation sediment. As demonstrated by these authors,
the introduction into post-flotation sediments of pulp produced
in the sugar beet treating process increased copper leaching, as
well as the toxicity of extracts. On the other hand, Ciarkowska
et al. (2017) reported a positive effect of the addition of sewage
sludge to post-flotation sediment, that is, among others, a reduc-
tion in the available zinc content. However, it should be noted
that organicmaterials aremineralised after their introduction into
post-flotation sediment. In turn, this results in the degradation of
organic connections containing heavy metals. Our results con-
firm this. The process of releasing heavy metals may, especially
at lower pH values, increase at a rate. Taking into account the
lower durability of organic connections to the microbiological
factor, compared to hardly degraded connections in post-
flotation sediment, the desire to limit the heavy metal mobility
after using biologically unstable organic materials can have the
opposite effect. According to the study of Mierzwa-Hersztek
et al. (2019), in a soil artificially contaminated with Zn, Pb,
and Cd, the reduced mobility of heavy metal ions may be asso-
ciated with a change of substrate properties, including redox
potential, pH value, as well as the introduction into the soil of
materials with significantly developed sorption surfaces able to
effectively bind metal ions. These authors argued that the adsor-
bents used (zeolite, biochar) have the potential to sorb heavy
metals from contaminated soils. Also, the degree of their immo-
bilisation depends on the metal type, its concentration in the
solution, as well as the dose and adsorbent used. It should also
be noted that time can be an important factor modifying the
efficiency of heavy metal immobilisation when using these
materials.

3.4 Respiration activity

For the study period (90 days), curves were drawn corre-
sponding to oxygen demand. Then, these curves were divided

Table 5 The content of heavy metals in the H2O extract

Treatment Zn-H2O Pb-H2O Cd-H2O Cu-H2O Ni-H2O
mg kg−1 DM

PFS 2.46b ± 0.41 0.08a ± 0.01 0.087b ± 0.012 < LD 0.038a ± 0.004

PFS+(BC + Z) 0.88a ± 0.05 0.06a ± 0.01 0.047a ± 0.011 < LD 0.026a ± 0.010

PFS+(BC + Z + S) 0.80a ± 0.07 0.10a ± 0.02 0.043a ± 0.015 <LD 0.027a ± 0.006

PFS+(BC + Z + S + PL) 5.76d ± 0.15 5.47c ± 0.10 0.050a ± 0.010 0.130b ± 0.027 0.147c ± 0.012

PFS+(BC + Z + S + SL) 4.46c ± 0.31 3.24b ± 0.09 0.040a ± 0.000 0.013a ± 0.006 0.118b ± 0.011

< LD values below the detection limit

The mean values marked with the same letters do not differ statistically significantly at α ≤ 0.05 (according to the Tukey’s test)

PFS, control treatment; PFS+(BC + Z), post-flotation sediment + (biochar + zeolite) mixture; PFS+(BC + Z+ S), post-flotation sediment + (biochar +
zeolite + soil) mixture; PFS+(BC+ Z+ S + PL), post-flotation sediment + (biochar + zeolite + soil + poultry litter) mixture; PFS+(BC+ Z+ S+ SL),
post-flotation sediment + (biochar + zeolite + soil + slurry) mixture
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into two data strings up to 15 days and over 15 days. The
directional coefficients of the trend line equations allowed
the determination of differences in respiratory activity be-
tween treatments (Table 8).

The first 2 weeks of PFS mixtures incubation were
characterised by poor respiratory response, except for treat-
ments modified with poultry litter (PL) or slurry (SL).
Oxygen consumption in these treatments was more than 50
times higher compared to the control treatment and more than
10 times compared to PFS with the addition of BC + Z and
BC + Z + S mixtures. The dynamic changes and differences
were reduced after 2 weeks of incubation. After 2 weeks of
measurement, the respiratory activity of materials was stable,
as evidenced by determination coefficient values close to 1. The
BC, Z, and S additions differentiated respiratory activity by
several per cent during this period. It can be regarded as the
error limit of the method and biochemical determinations. The
addition of PL or SL resulted in a higher demand for oxygen,
and was at least twice as high as in other treatments. After
2 weeks of the experiment, constant equations also indicated
significant dynamics of material respiratory processes in the
initial incubation period. Higher respiratory activity in PFS+
(BC + Z + S + PL) and PFS+(BC + Z + S + SL) treatments
was mainly due to the introduction of nutrients (e.g. carbon,
nitrogen) into the substrate, which are used in biochemical pro-
cesses related to the functioning of microbial populations.
Another reason for the increased respiratory activity confirmed
by the study is the change in the substrate physical conditions,

namely better aeration resulting from the improvement of its
structure (Brauer and Aiken, 2006; Jiang et al. 2011).

3.5 The amount of willow aerial parts and the heavy
metal content in biomass

The amounts of willow aerial parts were different in all
treatments (Fig. 3). Significantly, the smallest amounts of
biomass were collected in treatments where mixtures intro-
duced into PFS contained poultry litter (PL) or slurry (SL).
The results indicate significantly greater activity of micro-
biological processes in treatments where mixtures with
poultry litter or slurry were applied. The increased biolog-
ical activity was associated with a greater oxygen demand,
which, according to our results, could have resulted in its
reduction in the case of willow growth. Contents of the
studied heavy metals in willow aerial parts varied not only
by the element type, but also the composition of mixture
added to PFS.

Compared to other treatments, the lowest amount of zinc in
willow aerial parts was determined after applying Z + S + PL
and BC + Z + S + SL mixtures. When compared to the control
treatment (PFS), the reduction of Zn content in the biomass of
willow aerial parts was 22.3% for PFS+(BC + Z + S + PL) and
nearly 60% for PFS+(BC + Z + S + SL). Except for the PFS+
(BC + Z + S + SL) treatment, the lead content in willow aerial
parts was higher than that determined in the control (Table 9).
Significantly, the greatest amount of Pb was determined in

Table 7 Correlation Spearman analysis for heavy metals content and selected properties of post-flotation sediments

Parameter Zn-H2O Pb-H2O Cd-H2O Cu-H2O Ni-H2O Zn-NH4NO3 Pb-NH4NO3 Cd-NH4NO3 Cu-NH4NO3 Ni-NH4NO3

pH H2O − 0.81*** − 0.77*** − 0.01 − 0.77*** − 0.80*** 0.39 − 0.52* 0.78*** 0.68** − 0.93***
EC − 0.58* − 0.80*** 0.46 − 0.84*** − 0.62* 0.82*** − 0.72** 0.57* 0.83*** − 060*

Significant at ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05

Table 6 The content of heavy
metals in the
1 mol dm−3 NH4NO3 extract

Treatment Zn-NH4NO3 Pb-NH4NO3 Cd-NH4NO3 Cu-NH4NO3 Ni-NH4NO3

mg kg−1 DM

PFS 19.2c ± 0.7 1.06a ± 0.36 0.61b ± 0.03 0.59b ± 0.11 0.17b ± 0.01

PFS+(BC + Z) 14.9b ± 2.4 1.25a ± 0.24 0.65bc ± 0.06 0.42b ± 0.16 0.09a ± 0.01

PFS+(BC + Z + S) 13.2ab ± 1.2 1.64a ± 0.79 0.76c ± 0.08 0.37b ± 0.03 0.09a ± 0.01

PFS+(BC + Z + S + PL) 11.2a ± 0.7 2.24a ± 0.17 0.05a ± 0.00 0.06a ± 0.00 0.22c ± 0.01

PFS+(BC + Z + S + SL) 12.2ab ± 0.8 2.07a ± 0.56 0.06a ± 0.00 0.04a ± 0.00 0.25d ± 0.02

±, standard deviation; the mean values marked with the same letters do not differ statistically significantly at α ≤
0.05 (according to the Tukey’s test)

PFS, control treatment; PFS+(BC+ Z), post-flotation sediment + (biochar + zeolite) mixture; PFS+(BC+ Z+ S),
post-flotation sediment + (biochar + zeolite + soil) mixture; PFS+(BC + Z+ S+ PL), post-flotation sediment +
(biochar + zeolite + soil + poultry litter) mixture; PFS+(BC+ Z + S + SL), post-flotation sediment + (biochar +
zeolite + soil + slurry) mixture
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willow aerial parts in the treatment modified with a mixture of
biochar, zeolite, and soil (BC + Z + S). Similarly to lead, the
highest cadmium content was discovered in the willow bio-
mass of the treatment where the BC + Z + S mixture was ap-
plied. The addition of BC + Z + S + PL and BC + Z + S + SL
mixtures reduced the Cd content in willow biomass. The cop-
per content in willow aerial parts did not differ significantly,
except for the treatment where the BC + Z + S mixture was
applied (Table 9). However, it should be emphasised that the

Cu contents determined in mixture-amended treatments were
generally higher than in the control treatment. No significant
differences were observed in the nickel content in the biomass
of willow aerial parts. The Ni content in all treatments was
lower than that in the control treatment.

The study byKosowska et al. (2018) showed that the heavy
metal content in plants growing on post-flotation sediment is
conditioned by the available content of these elements.
According to these authors, plants growing on post-flotation
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Fig. 3 The amount of willow aerial part biomass. The mean values
marked with the same letters do not differ statistically significantly at
p ≤ 0.05 (according to the Tukey’s test). PFS, control treatment; PFS+
(BC + Z), post-flotation sediment + (biochar + zeolite) mixture; PFS+

(BC + Z + S), post-flotation sediment + (biochar + zeolite + soil)
mixture; PFS+(BC + Z + S + PL), post-flotation sediment + (biochar +
zeolite + soil + poultry litter) mixture; PFS+(BC + Z + S + SL), post-
flotation sediment + (biochar + zeolite + soil + slurry) mixture

Table 8 The trend line equations
of respiratory activity in two
periods

Treatment To the 15th day of incubation To the 15th day of incubation

y = [mg O2 (g d)−1] for x = 24 h R* y = [mg O2 (g d)−1]
for x = 24 h

R*

PFS y = 0.0035x + 0.026 0.5267 y = 0.0139x − 0.11 0.9785

PFS+(BC + Z) y = 0.0035x + 0.079 0.7102 y = 0.0139x − 0.073 0.9632

PFS+(BC + Z + S) y = 0.0139x − 0.032 0.8635 y = 0.0035x + 0.140 0.9764

PFS+(BC + Z + S + PL) y = 0.0139x − 0.086 0.9801 y = 0.0139x − 2.145 0.9848

PFS+(BC + Z + S + SL) y = 0.0139x − 0.183 0.9554 y = 0.0139x − 2.486 0.9667

(*) R determination coefficient

PFS, control treatment; PFS+(BC+ Z), post-flotation sediment + (biochar + zeolite) mixture; PFS+(BC+ Z+ S),
post-flotation sediment + (biochar + zeolite + soil) mixture; PFS+(BC + Z+ S+ PL), post-flotation sediment +
(biochar + zeolite + soil + poultry litter) mixture; PFS+(BC+ Z + S + SL), post-flotation sediment + (biochar +
zeolite + soil + slurry) mixture
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sediments were enriched with Cu, Cd, Ni, and Pb. Our study
revealed a significant positive relationship between the sub-
strate pH and the Zn content (r = 0.80; p ≤ 0.05) and Pb (r =
0.74; p ≤ 0.74) in willow aerial parts. Bearing in mind the
significant pH effect on the content of both mobile elements
in the substrate, one can conclude that there is a relationship
between the discussed parameters. As argued by Hanus-
Fajerska et al. (2019), the 10-year exposure of Silene vulgaris
calamine ecotype significantly increased the Zn, Cd, and Pb
contents in both roots and aerial parts. According to their
calculations, the translocation coefficient calculated after
10 years for S. vulgaris was the lowest for Pb (43%) and
amounted to 43% for Zn.

4 Conclusions

The mixtures of BC + Z and BC + Z + S effectively reduced
the content of the tested mobile heavy metals in PFS. On the
other hand, BC + Z + S + PL and BC + Z + S + SL mixtures
did not reduce heavy metal mobility in PFS. The effect of
the mixtures applied to the bioavailable heavy metals content
(extraction with 1 mol dm-3 NH4NO3) in PFS was comparable
regardless of the element. The post-flotation sediment pH and
EC significantly affected the content of Zn, Pb, Cd, and Ni
mobile forms. The introduction of mixtures partially com-
posed of biologically unstable materials (poultry litter, slurry)
into PFS increased the biochemical activity measured by re-
spiratory activity and reduced biomass increment of willow
aerial parts. The adverse response of willow to the introduc-
tion of mixtures with poultry litter or slurry into PFS indicates
the need to verify the share of these materials in the mixtures
or to stabilise them by biological or thermal processes.
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