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Abstract: The study was conducted in the area of the impact of sulfur mine in Jeziorko. The aim of the study was
to assess changes in pH, cation exchange capacity and content of available phosphorus, potassium and magnesium
after 6 years of conducting remediation. In the experiment (plots with an area of 15 m?) degraded soil was
rehabilitating by post-floating lime and compost from sewage sludge, sewage sludge and ash from combined heat
and power (CHP). Composts at a dose of dry matter 180t - ha! (6%), were determined in accordance with Minister
of the Environment Regulation from 2001, applied the following options: control (only native soil limed), compost
from municipal sewage sludge, sewage sludge compost (80%) and ash (20%), compost from sewage sludge (70%)
and ash (30%). The reclaimed plots were sown with mixture of rehabilitation grass. Single de-acidification, land
fertilization and a further 6-year extensive (without fertilization) use had a different influence on the properties of
the native soilless substratum. Irrespective of the reclamation manner, after six years land use in the upper layers,
observed increase in the average content of available phosphorus, available potassium content does not changed

significantly but recorded a tenfold decrease in the content of available magnesium.

Introduction

The process of sulfur extracting in Mine Jezidrko contributed
to the violation of soil structure, very often on the devastation
scale. Emitted pollutants ended up on the poor native soils
with a light particle size, and low in humus and minerals,
which was the cause of their rapid degradation and devastation
(Kotodziej et al. 2004, Martyn et al. 2006). Degradation, and
often environmental devastation, outlined the need for soil
remediation and reconstruction works on soilless formations,
and their essence consisted in shaping the properties of
devastated land to the level that would determine the effective
biological reclamation (Dulewski et al. 2000, Gotda 2000).

In the view of previous studies, sufficient quality
wastes, especially organic ones, can be used for this purpose
(Baran et al. 2006, Baran et al. 2008, Baran et al. 2007, Baran
2005, Gotda 2007, Jonca 2000, Warzybok 2000). Waste that
is often used for reclamation is municipal sewage sludge. Its
natural, especially agricultural use, is determined by favorable
content of nutrients and organic matter (Baran 2005, Baran
et al. 2007, Baran et al. 2008, Gasco et al. 2004). The factor
that may limit the agricultural use of sewage sludge is its
contamination with heavy metals and sanitary contamination
(Harrison et al. 2006, Rozp. M.S. 2010).

In order to reduce the negative impact of sewage
sludge on the environment, its stabilization is carried out by
adding calcium carbonate or wastes with a high content of

calcium, e.g. fly ash from power plants (Baran et al. 2006,
Wysokinski et al. 2012).

The aim of this study was to evaluate changes in
pH, cation exchange capacity, and the content of available
phosphorus, potassium, and magnesium in soilless formation
reclaimed using the compost made of sewage sludge as well as
sewage sludge with 20 and 30% share of the ash from power
plant after six years of remediation.

Material and methods

The vegetation experiment was founded in 2002 on the area
devastated by the sulfur exploitation in the Sulfur Mine
Jeziorko. The strongly acidic soilless formation with a particle
size of weak loamy sand was treated with post-flotation lime
at a dose of 300 t - ha'! and mixed with a soil layer to a depth
of 25 cm. Then the plots of 15 m? area were amended once
with six-month composts made of municipal sewage sludge
from Stalowa Wola and manufactured on the basis of sewage
sludge with 20 and 30% addition of ash from the combustion
of hard coal in a power plant “Stalowa Wola”. Composts at
a dry matter dose of 180 t - ha! (6%), set in accordance to the
Regulation of Ministry of Environment from 2001, were used
in the following variants:
® Soilless formation — control (native soil limed);
® Soilless formation + compost made of municipal
sewage sludge;
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® Soilless formation + compost made of sewage
sludge (80%) and ash (20%);
® Soilless formation + compost made of sewage
sludge (70%) and ash (30%).
Composts were mixed with a soil layer to a depth of
25 cm and a blend of reclamation grasses of the following
composition was sown: meadow fescue (Festuca pratensis)
— 41.2%, red fescue (Festuca rubra) — 19.2%, red clover
(Trifolium pratense)—6 %, Italianryegrass (Lolium multiflorum)
—12.4%, perennial ryegrass (Lolium perenne)— 14.7%, orchard
grass (Dactylis glomerata) — 6.5%. In subsequent years of
the experiment, no fertilization was applied. In October each
year soil samples were collected from a depth of 0—20 cm and
20—40 cm, for laboratory analyses.
Soil samples were subject to the following
determinations:
® Acidity — potentiometry in H,O and 1 mol - dm KCI
® Hydrolytic acidity (H,) — Kappen method in
1 mol - dm** CH,COONa
¢ Alkaline cations (S) in extract of 0.5 mol-dm?
ammonia chloride (pH 8.2)
® Organic carbon content — Tiurin method with
Simakov modification
® Total nitrogen content — Kjeldahl method
® Total contents of P, K, Mg in mixture of concentrated
nitric acid (V) and chloric acid (VII) (hyperchloric)
mixed in 5:4 ratio — emission spectrometer ICP with
inductively-coupled plasma
® Contents of available forms of phosphorus and
potassium — Egner-Riehm method
® Content of available magnesium — Schachtschabel
method.
This paper presents the properties of the native and
reclaimed soil as well as after 1 and 6 years of experiment.

Results

Reclaimed soilless formation was a strongly acidified weak
loamy sand (pH in 1 mol KCl was 4.7), poor sorption properties,
as well as low in organic carbon and nitrogen (Table 1).

Municipal sewage sludge was characterized by the
acidity close to neutral (pH in 1 mol KCI was 6.1). The sludge
had favorable sorptive properties and high contents of carbon
and nitrogen: 193.8 and 28.0 g- kg, respectively. The C : N
ratio was 6.9. The waste also met sanitary requirements.

The post-flotation lime is a waste with granulation of
loam with alkaline reaction (pH in 1 mol KCI was 7.1). The
content of alkaline cations amounted to 48.8 cmol (+) - kg,
and saturation of the sorption complex with these cations was
high (99.35%) (Table 2).

The ash is a product of thermal transformation of
the hard coal components, mainly kaolinite rocks. Features
of ash determine its low specific density, low solubility
of contained chemical components, and alkaline reaction
(Table 1). The properties of tested ash are confirmed in the
literature (Antonkiewicz 2007, Rosik-Dulewska 1998).

As a result of the combining the examined wastes
and subjecting them to a process of composting, composts
showing positive, yet diverse influence on the properties of the
reclaimed soilless formation, were achieved. Similar results
were obtained by Wysokinski and Kalembasa (2011).

Withinupper layers (0—20 cm), after the soil reclamation,
the pH in 1 mol KCI was in the range of 7.5-7.6. After six years
of experiment, the pH value decreased by almost one unit and
ranged from 6.5 to 6.7 (Table 2).

In the surface layer (0-20 cm) of native soilless
formation, the organic carbon content was 5.6 g-kg’!
(Table 1). Composts used for the reclamation (made of sewage
sludge and sewage-ash ones) contributed to the increased
C,,, content in the analyzed soilless formation compared to
control (Table 2).

After six years of research, the content of organic
carbon increased in control and soil reclaimed by compost
made of sewage sludge. However, in objects reclaimed by
compost made of sewage-ash with 20 and 30% ash addition
there were observed similar contents.

In limed soilless formation (control), the N, content
in 0-20 cm layer in the first year of the study was 0.20 g- kg,
which was lower than in the soil reclaimed by composts; it was
connected with higher content of organic matter (Table 2). Soil

Table 1. Selected properties of sewage sludge, fly ash, post-flotation lime and soilless formation

Property Uni Suge Fly ash e formation

pH H,0 6.3 7.9 7.3 5.4

pH 1 mol KCI 6.1 7.9 71 47

Hh 4.50 0.8 45 42

S cmol(+) - kg™ 50.04 122.1 48.8 2.02

T 54.54 122.9 54.3 6.22

ot 28.0 0.59

g kg

Corg 193.8 5.6
C:N 6.9 9.5
available P 358.2 32.08 0.10 8.0
available K mg * kg™ 604.0 135.0 28.6 2.38
available Mg 785.0 194.0 209 2.42
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reclaimed by composts made of sewage sludge with 30% ash
addition characterized highest total nitrogen content.

Sorption properties of soils are very important
feature determining the level of fertilization, abundance in
available nutrients, as well as the ability to retain contaminants
(Gruszczynski 2010).

Use of post-flotation lime for de-acidification of the
soilless formation (control) increased its sorption capacity
from 6.25 to 22.6 cmol(+)-kg' (Table 1-2). The addition
of tested composts increased — yet also differentiated — the
sorption capacity of reclaimed soilless formation. Its highest
value was reported in the surface layer of the formation with
addition of the sewage sludge compost, while the lowest
under conditions of applying the compost made of sewage
sludge with 20% addition of ash. Sorption capacity in
20—40 cm layer was in general lower, and its differentiation did
not show a clear direction. After six years of the experiment, an

increased sorption capacity was observed, but to a large extent
this was due to the increase in hydrogen ions concentration.
In the surface layer of soil reclaimed with composts, the
percentage of hydrogen ions in sorption capacity was greater
from after 6 years of use in comparison to the baseline
(Figure 1). Only in the soil reclaimed with compost made of
sewage sludge with 20 and 30% addition of ash from the power
plant, smaller saturation of sorption complex with hydrogen
ions was observed in 20—40 cm layer.

The total phosphorus content in reclaimed soil during
the first year of the study ranged from 0.20 to 0.38 g- kg
(Table 3). The process of reclamation and the soil layer (0-20
and 20-40 cm) did not differentiate univocally this feature.
After 6 years of use, there was a significant increase in the total
phosphorus content in 0-20 cm layer of soil reclaimed with
the compost made of sewage sludge with the addition of ash
from power plant. Regardless of the reclamation method, the

Table 2. Reaction and sorption properties of soil reclaimed by compost and post-flotation lime

org Ntot T
pH H T
Reclamation variants depth « g'kg
(cm) cmol(+)-kg’
I I I I I I I I I I
Post-flotation 0-20 7.6 6.5 2.5 3.1 0.2 0.3 11.0 | 127 | 226 | 264
Lime (control) 2040 | 7.3 6.5 1.6 2.1 0.2 0.2 15.1 15.0 | 24.0 | 275
sewage slugde (100%) 20-40 | 7.4 6.6 3.6 3.2 0.3 0.4 5.0 120 | 142 | 244
Compost: sewage sludge 0-20 7.6 6.7 13.6 | 13.3 1.0 1.0 7.5 127 | 195 | 24.9
(80%) and ash (20%) 20-40 | 7.6 6.6 34 24 0.2 0.3 135 | 135 | 20.8 | 25.8
Compost: sewage sludge 0-20 7.6 6.7 13.2 | 135 1.4 1.2 7.4 120 | 218 | 245
(70%) and ash (30%) 20-40 | 7.5 6.7 54 4.9 0.3 0.5 14.1 1.2 | 251 | 235
| — the beginning of research; Il — 6 years after the creation of the experience
70
60
50
40 -
30 - W | rok
m VI rok

20 +

Fig. 1. Percentage contribution of hydrogen ions in sorption capacity in the first year of the study and after six years.
Explanations: 1 — soil-less substrate + post-flotation lime (control), 2 — soil-less substrate + sludge compost,
3 — soil-less substrate + compost of sludge (80%) and ash (20%), 4 — soil-less substrate + sludge compost (70%)
and ash (30%), 0—20 and 20—40 cm — depth of soil sampling
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Table 3. The total content of P, K, Mg in soils reclaimed by composts and post-flotation lime

P K Mg
. . Depth bt
Reclamation variants (cm) g'kg
I I I I | I

Post-flotation 0-20 0.20 0.31 0.41 0.61 0.40 0.36
Lime (control) 20-40 0.23 0.16 0.43 0.75 0.43 0.37
Compost made of municipal 0-20 0.33 0.14 0.46 0.10 0.61 0.45
sewage sludge (100%) 20-40 0.28 0.11 0.46 0.12 0.46 0.38
Compost: sewage sludge (80%) 0-20 0.25 0.94 0.49 0.55 0.52 0.53
and ash (20%) 20-40 0.20 0.19 0.42 0.56 0.40 0.35
Compost: sewage sludge (70%) 0-20 0.38 0.73 0.48 0.62 0.63 0.65
and ash (30%) 20-40 0.27 0.49 0.45 0.53 0.45 0.42

0-20 0.29 0.53 0.46 0.47 0.54 0.50
Mean

20-40 0.24 0.24 0.44 0.49 0.43 0.38

average content of this element in the layer of 0-20 ¢cm in the
first year of the experiment was 0.29 g - kg!, while in the sixth
year-0.53 g - kg'!'. The average phosphorus content in 20—40 cm
layer after six years of utilization has not changed.

The soilless formation was characterized by low
content of available phosphorus (8.0 mg-kg?'). At the
beginning of the experiment, the phosphorus content was
significantly higher than in the devastated native soil, although
little differentiated between reclamation methods and soil
layers (0-20 and 20-40 cm) (Table 4). The content of this
element in the reclaimed soil ranged from 22.4 to 35.4 mg - kg,
which showed a low abundance (Fertilizer recommendations
1990). After six years of the research, available phosphorus
content in top layer 0-20 cm ranged from 27.2 to 47.4 mg - kg™
The soilless formation reclaimed using sewage sludge
compost with 20% ash addition after six years of research was

characterized by the highest content of available phosphorus
compared to other combination.

The percentage of available in the total phosphorus
forms in 0-20 cm layer in the first year of the study ranged
from 7.6 to 13.8%, with average of 9.8%, while in the sixth
year, it was within a wider range from 4.5 to 26.3%, averaging
to 9.5% (Figure 2). The highest solubility of phosphorus in the
first year of the study was recorded in the control soil, whereas
after six years — in the soil ground reclaimed with sewage
sludge compost. Deeper levels (2040 cm), regardless of the
reclamation method, were characterized by a higher percentage
of available in the total content of phosphorus both referring to
the 0—20 cm layer and to the first year of experiment. Czekata et
al. (2010) reported that both the rate and frequency of sewage
sludge application had no significant effect on the content of
phosphorus available in the soil.

Table 4. The content of available P, K, Mg in the soil-less substrate reclaimed by compost and post-flotation lime

P K Mg
. . depth T
Reclamation variants (cm) mg-kg"’
I I | I | I
Post-flotation 0-20 26.6 30.1 15.1 20.0 11.3 2.4
Lime (control) 20-40 22.4 416 21.6 10.0 14.6
Compost made of municipal 0-20 25.0 27.2 19.5 20.0 i
sewage sludge (100%) 20-40 35.4 25.1 21.6 15.0 46.4 0
Compost: sewage sludge (80%) 0-20 24.3 47.4 154 15.0 43.9 6.8
and ash (20%) 20-40 27.6 46.9 18.5 10.0 21.9 4.0
Compost: sewage sludge (70%) 0-20 32.3 32.9 16.5 15.0 64.3 7.5
and ash (30%) 20-40 24.8 38.1 20.9 10.0 325 6.0
0-20 271 34.4 16.6 17.5 49.3 4.6
Mean
20-40 27.5 37.9 20.6 11.2 28.8 2.9

| — the beginning of research; Il — 6 years after the creation of the experience
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Fig. 2. Percentage content of available form P, K, Mg at a total content in the 0—20 cm layer of reclaimed soil.
Explanations: 1 — soil-less substrate + post-flotation lime (control), 2 — soil-less substrate + sludge compost, 3 — soil-less substrate
+ compost of sludge (80%) and ash (20%), 4 — soil-less substrate + sludge compost (70%) and ash (30%), 0—20 and 20—40 cm
— depth of soil sampling; | — the beginning of the experience, Il — after 6 years
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Fig. 3. Percentage content of available form P, K, Mg at a total content in the 20—40 cm layer of reclaimed soil.
Explanations: 1 — soil-less substrate + post-flotation lime (control), 2 — soil-less substrate + sludge compost, 3 — soil-less substrate
+ compost of sludge (80%) and ash (20%), 4 — soil-less substrate + sludge compost (70%) and ash (30%), 0—20 and 20—40 cm
— depth of soil sampling, | — the beginning of the experience, Il — after 6 years

The available phosphorus content was negatively
correlated with the acidity, while positively with the total
phosphorus and potassium contents (Table 5).

The total potassium content in the reclaimed soil
of the experiment was not very differentiated, both between
the remediation methods and the depth of soil sampling
(0.41-0.46 g - kg'") (Table 3). Six-year use without fertilization
diversified the content (0.10-0.75 g-kg?'), although the
average of all variants was similar to the content in the year of
experiment foundation (0.46 g - kg' — year of experiment start
and 0.47 g - kg' — VI year). In six years of research, the smallest
total potassium content compared to other combination was
recorded in the soil reclaimed using sewage sludge compost in
both analyzed layers.

The soilless formation was characterized by low
(2.38 mg-kg') available potassium content (Fertilizer

recommendations 1990). The soil reclaimed with sewage sludge
compost and sewage sludge with different ash proportions was
distinguished by similar content of the component (very low),
but higher than the native soil (Table 4). In the deeper layer
(20—40 cm), a higher content of available potassium than in the
surface (0-20 cm) was determined. After 6 years of experiment,
a similar potassium content in the surface layer as compared to
the first year of study, as well as smaller in deeper layers, was
found. Baran et al. (2006), when applied sewage sludge and
used mineral wool for the reclamation of the soil devastated
by the sulfur industry, reported their very positive influence on
the content of available forms of potassium, magnesium, and
phosphorus.

The percentage of available potassium forms in its
total content in 0—20 cm layer, did not exceed 4% in both years
(Figure 2). At deeper layer (2040 cm), the solubility was
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significantly higher at the beginning than after 6 years of soil
reclamation (4.7 and 2.3%) (Figure 3).

The simple correlation coefficient showed only
a significant positive impact of the exchangeable acidity on the
potassium content in the reclaimed soil (Table 5).

Table 5. Simple correlation coefficients

Property available P available K available Mg
pH in KCI -0.5319** 0.4554* 0.7523**
Kh -0.6950**

T -0.5027**

Corg

Ntot.

P tot. 0.4656*

K tot. 0.5337*

Mg tot. 0.6222**
For pH, Kh and T at the significance level a,,,= 0.4259; a, .= 0.4973

For Corg and Norg at the significance level a,,,= 0.6215; a, .= 0.7067

0.10

Total content of magnesium in the first year of the
study ranged 0.40-0.63 g-kg' (Table 3). The 0-20 cm soil
layer, to which compost was applied, was characterized by
a higher magnesium content as compared with the control and
deeper layers. The six-year use without fertilization contributed
to the reduction of this element concentration in the control
and soil reclaimed using sewage sludge compost. The sewage
sludge compost with different ash proportions applied for
reclamation, stabilized magnesium content in the soil.

The control soil treated only with post-flotation lime,
was the poorest in available magnesium. Applying tested
composts to the soilless formations greatly increased and
diversified the available magnesium content in the first year
of study. This effect can be lined up as follows: sewage sludge
compost > sewage sludge compost (70%) plus ash (30%) >
sewage sludge compost (80%) plus ash (20%) > post-flotation
lime (control). The surface layers were much richer in this
component than deeper ones. The abundance of reclaimed soil

in available magnesium ranged from very low to high (Fertilizer
recommendations 1990). After 6 years of use, the available
magnesium was the most deficit element within the reclaimed
soilless formation. Taking into account the fact that since the
experiment foundation in 2002, no fertilizers were applied,
such a very low abundance can be understood. Only traces
of magnesium were found in the soilless formation reclaimed
with sewage sludge compost. In the first year of study, the
percentage of available magnesium in its total content was in
the range from 2.8 to 12.3%, while in the sixth year, it ranged
from 0 to 1.4%; in the surface layers, the ratio was higher than
in the deeper ones (Figures 2 and 3). The control soil was
characterized by the lowest magnesium solubility.

The content of available magnesium was significantly
and positively correlated with exchangeable acidity and total
magnesium content, whereas negatively with hydrolytic
acidity and sorption capacity (Table 5).

Conclusions

1. The reclaimed soilless formation formed as a result of
multivariate acidic degradation within the area of the Sulfur
Mine Jeziorko, had negative chemical, physicochemical,
and biological properties, making it unsuitable for the
development of natural management.
2. A one-time soil improvement (de-acidification and
fertilization) and a further six-year extensive utilization
(without fertilization) exerted a different influence on the
properties of the native soilless formation.
® Regardless of the reclamation method, the upper layers
of soil showed a decrease in pH by a unit, as well as an
increase in the percentage of hydrogen ions in the sorption
capacity.

® After six years of use, in the soil reclaimed with the
sewage sludge compost with addition of ash from the
power plant, an increase in total phosphorus content and
total potassium stability was observed in 0-20 cm layer.
However, the magnesium content was not differentiated.

® Regardless the reclamation method, after six years of
soil use, the average content of available phosphorus
increased, available potassium content did not change
much, while content of available magnesium decreased
about 10 times in the upper layers.
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