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ABSTRACT

The aim of the research was to assess the uptake and use of trace elements from municipal
sewage sludge by the multiflora rose (Rosa multiflora Thunb. ex Murr) cultivar Jatar and Vir-
ginia fanpetals (Sida hermaphrodita Rusby). A six-year field experiment involved four levels of
fertilization with sewage sludge at doses of 0, 10, 20, 40, 60 Mg DM ha''. The sewage sludge was
applied once before planting energy crops. Due to the low potassium content in the sewage
sludge, supplemental potassium fertilization (100 kg K ha! in the form of 40% potash salt KCI)
was applied once on all plots. Fertilization with nitrogen, phosphorus and with microelements
was not performed during the crop cultivation. The research evaluated the size of yields,
and the content, uptake and utilization of Al, Mn, Fe, Co and Mo from municipal sewage sludge
by energy crops. It was established that increasing doses of sewage sludge significantly
increased the yield of multiflora rose and Virginia fanpetals biomass. The yield of Virginia fan-
petals was one and a half times higher than that of multiflora rose. Increasing doses of sewage
sludge significantly increased the content and uptake of Al, Mn, Fe, Co and Mo by the tested
species. It was established that Virginia fanpetals had a higher content of Al, Mn, Co and Mo
compared to multiflora rose. Multiflora rose had a higher content of Fe compared to Virginia
fanpetals. It was determined that Virginia fanpetals took up more trace elements compared
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to multiflora rose. The highest trace elements’ uptake with the yield of the energy crops was
observed at the dose of 60 Mg DM ha'. The highest phytoremediation of the studied trace
elements was observed at the dose of 10 Mg DM ha!. Based on the research, it was concluded
that Virginia fanpetals utilized trace elements from municipal sewage sludge more efficiently
than multiflora rose.

Keywords: multiflora rose, Virginia fanpetals, Al, Mn, Fe, Co, Mo, phytoextraction, municipal
sewage sludge.

INTRODUCTION

With its load of macronutrients, organic matter, heavy metals and diox-
ins, municipal sewage sludge can be also a potential source of microelements
and trace elements that are essential for the plant growth and development
(Gworek et al. 2018, LEE et al. 2018a). Microelements and trace elements
in sewage sludge come from different technological processes, particularly in
industrial sewage (LEE et al. 2018b). Municipal sewage sludge contains many
trace elements that come from uncontrolled inflow sources. Application of
sewage sludge may lead to soil contamination and to an increase in the con-
tent of pollutants that poses an environmental risk (Regulation ... 2016).
Thus, knowing the content of trace elements in sewage sludge will allow one
to determine appropriate doses of this waste for the nourishment of plants
that will prevent contamination (Asik et al. 2015). In the case of high trace
element content in sewage sludge, it is important to use appropriate doses so
as not to deteriorate the soil quality (Regulation ... 2016).

Sewage treatment processes often use aluminum compounds to precipi-
tate phosphorus and other pollutants, hence the aluminum content in sew-
age sludge can be high and consititute an abundant source of this element
for plants (ALVARENGA et al. 2017). Other trace elements present in sewage
sludge make up a small share in the chemical composition of this waste
(MILIK et al. 2017, P1 et al. 2018).

It seems reasonable to assume that the use of sewage sludge in cultiva-
tion of energy crops with high nutrient requirements can be an alternative to
mineral fertilizers enriched with microelements (Asik et al. 2015, Kor.opzIEJ
et al. 2016, OzpEMIR et al. 2018). Moreover, using sewage sludge, particularly
in large doses, causes soil acidification, and nutrients become more available
to plants (DEDE et al. 2015, WIECZOREK et al. 2017).

The aim of the research was to verify (under field experiment conditions)
which species takes up and utilizes trace elements (Al, Mn, Fe, Co and Mo)
from municipal sewage sludge more effectively. The phytoextraction potential
of the tested energy crops was assessed taking into account the amount of
yield, content, uptake, balance, as well as the utilization of these trace ele-
ments.

In research on the uptake and utilization of trace elements from organic
waste, it is important to choose an energy crop with great phytoextraction
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potential (KORZENIOWSKA, STANISEAWSKA-GLUBIAK 2018, OzpEMIR et al. 2018).
Choosing the species with respect to the most efficient use of microelements
and trace elements from sewage sludge can help in the management of mar-
ginal lands, which are low in nutrients, including trace elements (NaHM,
MoRHART 2018, SCHRODER et al. 2018).

MATERIAL AND METHODS

The study on the effect of increasing doses of municipal sewage sludge
on the use of trace elements by multiflora rose and Virginia fanpetals was
carried out in 2008-2013 in a municipal wastewater treatment plant in
Janéw Lubelski (50°43'17.7" N 22°22'08,0” E) located in south-eastern Poland.
This study is a continuation of the research on the extraction of heavy
metals from municipal sewage sludge by the aforementioned plant species
(ANTONKIEWICZ et al. 2017).

Soil and municipal sewage sludge

The soil on which the experiment was set up is classified as clay loam
(CL) — Table 1 (Polish Soil Classification 2011). The soil had slightly acidic
pH, low available phosphorus and potassium content, and very low magne-

Table 1

Selected physical and chemical properties of the soil before the experiment and the chemical
composition of municipal sewage sludge

Parameter —_— Content in the soil layer Content in
0-20 cm 20-40 cm sewage sludge
Fraction 2-0.05 mm 32 23 nd"
Fraction 0.05-0.002 mm (%) 39 45 nd
Fraction <0.002 mm 29 32 nd
pH,, 6.29 6.44 6.04
Organic matter (g kg DM) 14.5 14.1 594.0
Available phosphorus (P) 30.9 29.6 2.25
Available potassium (K) (mg kg DM) 91.3 60.6 Bdl™
Available magnesium (Mg) 27.6 24.6 0.28
Total aluminum (Al) 10256 nd 6458
Total manganese (Mn) 465 nd 750
Total iron (Fe) (mg kg' DM) 12588 nd 1200
Total cobalt (Co) 3.6 nd 10.3
Total molybdenum (Mo) 0.25 nd 7.2

* nd — not detected, ** Bdl — below detection level
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sium content. The content of Cr, Ni, Cu, Zn, Cd, and Pb in the soil did not
exceed the limit values set for the reclamation of municipal sewage sludge
(Regulation ... 2016, ANTONKIEWICZ et al. 2017). The surface layer of soil had
an average content of Al, Mn, Fe, Co and Mo in Polish soils (Pasieczna 2012,
KORZENIOWSKA, STANISEAWSKA-GLUBIAK 2015) — Table 1.

The municipal sewage sludge came from the municipal wastewater treat-
ment plant in Janéw Lubelski and this organic waste, catalogue number
19 08 05, was stabilized and sanitized before use. The municipal sewage
sludge was applied once in late autumn 2007 — it was mixed with a 20 cm
surface layer of soil. Due to the low potassium content in sewage sludge,
a single supplementary fertilization treatment with 100 kg K ha! in the form
of 40% potassium salt (KCI) was applied on each plot. No phosphorus fertili-
zation was used in the field experiment because the element content in the
municipal sewage sludge satisfied the energy plants’ demand for this compo-
nent. The determined content of Cr, Ni, Cu, Zn, Cd, Pb, and Hg in the muni-
cipal sewage sludge did not exceed the limit values for the reclamation
of this waste (Regulation ... 2015). No microbiological contamination was
detected in the sewage sludge used in the experiment.

Design and conditions of the experiment

A two-factor field experiment was set up using the randomized block
method on 14.4 m? plots, in three replicates. The first experimental factor
was a dose of municipal sewage sludge. The experimental design consisted
of 5 treatments: 1 — control, 2 — 10 Mg DM, 3 — 20 Mg DM, 4 — 40 Mg DM,
and 5 — 60 Mg DM of municipal sewage sludge per 1 ha. The second experi-
mental factor comprised two species of energy plants: the multiflora rose var.
Jatar (Rosa multiflora Thunb. ex Murr.) and Virginia fanpetals (Sida
hermaphrodita Rusby).

Woody cuttings (25 cm long) of multiflora rose and sections of roots
(8-12 cm long with several buds) of Virginia fanpetals were planted on 22 April
2008 at a spacing of 0.75 x 0.8 m and 0.75 x 0.4 m, respectively.

Determination of dry matter yields and micronutrient content
in the soil, sewage sludge and plants

Every year (2008-2013), the tested plants were collected in autumn,
at the turn of October and November. Every year, after harvest, the plant
material from each plot was dried at 70°C in a dryer with forced air circula-
tion; and then the amount of air-dry mass yield was determined.

After microwave mineralization with aqua regia (HCI and HNO, 3:1, v/v),
the total content of the elements (Al, Mn, Fe, Co and Mo) was determined
in the air-dry soil samples, sewage sludge and plant material (OSTROWSKA
et al. 1991). After mineralization of the soil material, sewage sludge and
plant material, the content of the above mentioned elements was determined
using an ICP-OES spectrometer.
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Determination of soil’s enzymatic activity

Analyses of the soil also involved determinations pertaining to the activi-
ties of enzymes which play a key role in the stable mineralization of organic
matter and in supplying nutrients to the roots of energy crops. The activity
of the studied enzymes was determined using the following methods:
the activity of dehydrogenases with a TTC (triphenyl tetrazolium chloride)
substrate using the THALMANN’S method (1968); the activity of acid phospha-
tase and alkaline phosphatase using the TaBaTaBAI and BREMNER’S method
(1969); the activity of urease using the ZANTUA and BREMNER’'S method (1975);
the activity of protease using the Lapp and BUTLER’S method (1972).
The activity of dehydrogenases was given in cm® H,, necessary for reducing
TTC to TFP (triphenyl phormazan); of phosphatases — in mmols of p-nitro-
phenol (PNP) produced from sodium 4-nitrophenylphosphate; urease — in mg
N-NH,* generated from hydrolyzed urea; protease — in mg tyrosine developed
from sodium caseinate. The results of the analyses pertaining to the enzy-
matic activity of the soil were presented in the paper as means for the
6 years of studies, i.e. for the 2008-2013 period.

Analytical quality control

An optical emission spectrometer from Perkin Elmer Company, model
ICP-OES Optima 7300 DV, was used for the determination of trace elements
in plant and soil materials. Determinations in each of the analyzed samples
were carried out in three replications. The quantitative analysis mode was
used for the data acquisition of the samples. The scanning of each single
sample was repeated three times to gather reasonably good results. During
measurements, care was taken to avoid the memory effect and therefore
a wash-out time of 0.5 min was used. The accuracy of the analytical methods
was verified based on certified reference materials: CRM TAEA/V — 10 Hay
(International Atomic Energy Agency), CRM — CD281 — Rey Grass (Institute
for Reference Materials and Measurements), CRM023-050 — Trace Metals —
Sandy Loam 7 (RT Corporation).

Computations and statistical analysis

Due to the cultivation of various plant species and the variability of con-
ditions in individual years, the content of Al, Mn, Fe, Co and Mo in the total
plant yield is presented as the weighted average from 2008-2013. The trace
element uptake (U) was computed by multiplying the dry matter yield (Y)
and trace element content (C) according to the formula: U =Y - C. The ele-
ments’ balance (B) was computed as a difference between the amount
of elements introduced (I) with a sewage sludge dose and the amount of ele-
ment uptake (U) with the plant yield, according to the formula: B =1 - U.
The simplified balance computation did not include the supply of trace
elements from atmospheric precipitation, mineralization of organic matter,
and leaching of elements into the soil profile. The phytoremediation of trace
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elements presented in the balance constitutes the percentage of elements
take up by plants in relation to the amounts introduced into the soil with
municipal sewage sludge.

The statistical analysis of the results was carried out using the Microsoft
Office Excel 2003 spreadsheet and Statistica v. 10 PL package. The statisti-
cal evaluation of the variability of the results was carried out using a two-way
analysis of variance. The significance of differences between mean values
was verified based on the Tukey’s ¢-test at the significance level of a < 0.05.
The value of the Pearson’s linear correlation coefficient (r) was calculated
for some relations (parameters) at p < 0.05. The maximum 5% dispersion
of measurements in a chemical analysis was assumed in the study.

RESULTS

Plant yield

The dry mass yields of multiflora rose and Virginia fanpetals obtained
in individual years of the investigations were presented in an earlier publi-
cation (ANTONKIEWICZ et al. 2017).

Plant yielding was an important indicator of the plant’s response to the
sewage sludge applied. The average yield of energy crops obtained from
several years (2008-2013) ranged from 3.42 to 14.78 Mg DM ha' and depended
on a sewage sludge dose and plant species (Figure 1). Close correlations
between the dose of sewage sludge and the average yield of energy crops
(r = 0.771) were demonstrated in the field experiment.

During the multi-year research period, it was shown that a single appli-
cation of 10-60 Mg DM ha! of sewage sludge significantly increased plant
yields compared to the control. The application of the largest dose of sewage
sludge (60 Mg DM ha!) resulted in an increase in the average yield of multi-
flora rose and Virginia fanpetals by over 264% and 90%, respectively, in rela-
tion to the control (Figure 1). The study showed that multiflora rose respond-
ed to the application of sewage sludge with a higher yield increase compared
to Virginia fanpetals.

On the other hand, when comparing the yield of energy crops, one could
notice that the yield potential of Virginia fanpetals was greater than that
of the multiflora rose. The greatest difference in plant yielding was noted in
the control treatment, where neither mineral nor organic fertilization was
applied. The difference between the species in the control treatment was over
128%. Subsequent doses of sewage sludge decreased the differences in yields
between the tested species (for the highest dose of sewage sludge, the diffe-
rence between these species was over 18%). The study showed that the larg-
est yield-forming effect for multiflora rose and Virginia fanpetals was
achieved in the treatment where sewage sludge at a dose of 60 Mg ha' DM
was applied (Figure 1).
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Fig. 1. The average yield of the energy crops

Content of trace elements in the plants

The research shows that increasing doses of sewage sludge had
a considerable effect on the increase in the content of elements in the tested
energy crops (Table 2). These results were also confirmed by a linear
correlation analysis, which showed close relationships between the dose
of sewage sludge and the content of trace elements in the tested plants
(r = 0.365-0.791). Regardless of a treatment (sewage sludge doses), Virginia
fanpetals had a higher content of Al, Mn, Co and Mo compared to multiflora
rose. Multiflora rose had a higher Fe content compared to Virginia fanpetals.
At the highest dose of sewage sludge (60 Mg ha! DM), the increase in the
content of Al, Mn, Co and Mo in Virginia fanpetals amounted to 26.9, 61.8,
43.5, 21.4%, respectively, in relation to the control. An increase in the Fe
content in the multiflora rose biomass in the treatment with the highest dose
of sewage sludge was more than 73% in relation to the control treatment
(Table 2). Analysis of the chemical composition of energy crops showed
the highest increase in the Fe content, followed by Mn, Co and Al,
and the lowest increase in the Mo content. The linear correlation analysis
also implicated close relationships between yield and content of trace
elements in the plant biomass (r = 0.405-0.956). The above correlation
confirms that sewage sludge constituted a potential source of trace elements
for the tested plants.
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Table 2
Weighted average content of trace elements in energy crops (mg kg DM)
Treatments Al Mn Fe Co Mo
Sludge dose (Mg DM ha?) Rosa multiflora
0 18.9 £0.4%**| 24.9£2.4 81.1+13.8 | 0.20+0.01 0.31+0.01
10 19.8 £0.4 28.2 +3.2 85.5 +6.8 0.21 +£0.01 0.32 +£0.01
20 21.0 +£0.3 34.6 +4.5 98.7+17.7 | 0.23+0.01 0.34 +£0.01
40 22.1+0.9 41.5 +1.7 102.7+13.8 | 0.25+0.01 0.36 +£0.01
60 23.7+1.0 44.2 +£0.9 140.9+13.4 | 0.27£0.01 0.37 +0.01
Mean 21.1 34.7 101.8 0.23 0.34
CV (%)* 8.7 23.2 24.2 11.8 7.0
Sludge dose (Mg DM ha?) Sida hermaphrodita
0 22.6 £1.8 38.8+1.2 65.8 +£8.8 0.23 £0.01 | 0.42+0.01
10 24.1 +£1.8 42.4 +3.0 74.2+7.6 | 0.26+0.01 | 0.45+0.02
20 25.1 +1.6 48.9 £2.0 83.3+£7.6 | 0.28+0.01 | 0.47+0.01
40 26.8 £0.9 54.7 £1.7 99.7+10.2 | 0.30+0.01 | 0.49=+0.01
60 28.7+0.8 62.8+3.1 | 106.1+10.1 | 0.33+0.01 | 0.51+0.01
Mean 25.5 49.5 85.8 0.28 0.47
CV (%)* 9.3 18.4 20.3 11.9 7.2
Sludge dose (Mg DM ha?) mean for a dose of sewage sludge
0 20.7 +2.2 31.8+7.8 73.5+13.3 | 0.22+0.02 | 0.36 +0.06
10 21.9 £2.5 35.3 £8.3 79.9+8.9 | 0.23+0.03 | 0.38+0.07
20 23.1+2.4 41.8 +8.4 91.0+14.5 | 0.26+0.03 | 0.40+0.07
40 24.5 £2.7 48.1 £7.4 101.2 +£11.0 | 0.27 +0.03 | 0.42 +0.07
60 26.2 +2.8 53.5+10.4 | 123.5+21.8 | 0.30+0.03 | 0.44 +0.08
LSD for dose** 0.67 1.96 8.66 0.004 0.008
LSD for species 1.06 3.09 13.70 0.007 0.013
LSD for interaction 1.49 4.38 19.37 0.009 0.018

* CV — variability coefficient, ** LSD — least significant differences, *** SD — standard deviation

Uptake of trace elements by plants

The increasing doses of sewage sludge raised the amount of elements
taken up by energy crops (Table 3). With respect to the quantity of absorbed
trace elements, it was established that Virginia fanpetals took up much
higher quantities of these elements compared to multiflora rose. The greatest
differences in the uptake of trace elements by the tested species was obser-
ved in the control treatments, whereas the smallest ones appeared in the
plants from the treatments with the highest doses of sewage sludge.
In the control treatment, the amounts of Al, Mn, Fe, Co and Mo taken up
by Virginia fanpetals were higher by over 171%, 255%, 84%, 187%, 219%,
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Table 3

Total uptake of trace elements by energy crops, as the sum of uptakes for the entire research
period from 2008 to 2013 (g ha™')

Treatments Al Mn | Fe | Co Mo
Sludge dose (Mg DM ha') Rosa multiflora
0 388 £10%** 510 +43 1657 £226 3.9+0.1 6.2 0.2
10 610 +20 869 +114 2634 +£230 6.5 +0.2 10.0 0.2
20 933 £17 1534 154 | 4368 +633 10.2 0.3 15.1+0.5
40 1346 £70 | 2526 £140 | 6251 +£934 15.0 £0.6 21.6 £0.6
60 1772 +68 3302 +69 | 10525 +969 | 20.3 +0.7 27.5 £0.4
Mean 1010 1748 5087 11.2 16.1
CV (%)* 51.3 61.6 64.8 54.7 49.8
Sludge dose (Mg DM ha') Sida hermaphrodita
0 1052 +£38 1812 £152 | 3053 £163 11.2 £0.3 19.7 £1.6
10 1577 +88 2777 +200 | 4862 +509 16.8 £0.2 29.2 +1.5
20 1863 +112 3629 £140 | 6187 +636 20.9 £0.3 34.8 £0.4
40 2144 £55 4375 +£125 7973 £798 24.1 +£0.2 39.0 £0.6
60 2546 +£18 5562 +£109 | 9396 +610 28.9 +1.2 45.1 £1.7
Mean 1836 3631 6294 20.4 33.6
CV (%)* 28.7 36.9 37.6 30.9 26.9
Sludge dose (Mg DM ha?) mean for a dose of sewage sludge
0 720 +365 1161 +720 | 2355 +785 7.5 +4.0 12.9+7.5
10 1094 +533 | 1823 £1055 | 3748 £1270 | 11.6 +5.6 19.6 £10.6
20 1398 515 | 2581 +£1155 | 5278 £1146 | 15.6+5.9 | 24.9+10.8
40 1745 £440 | 3451 £1020 | 7112 £1222 19.6 £5.0 30.3 £9.6
60 2159 +426 | 4432 £1240 | 9961 £952 24.6 +4.8 36.3 £9.7
LSD for dose** 45.3 100.1 482.6 0.40 0.72
LSD for species 71.5 158.3 763.0 0.63 1.13
LSD for interaction 101.2 223.8 1079.1 0.88 1.60

* CV — variability coefficient, ** LSD — least significant differences, *** SD — standard deviation

respectively, compared to the amounts taken up by multiflora rose.
At the highest dose of sewage sludge (60 Mg ha! DM), the amount of Al, Mn,
Co and Mo taken up by Virginia fanpetals was higher by over 43%, 68%,
42%, 63%, respectively, in relation to the amounts taken up by multiflora
rose. In the case of Fe, it was established that multiflora rose took up over
12% more of this element compared to the amounts taken up by Virginia

fanpetals.

When analyzing the dynamics of the increase in the quantities of trace
elements taken up by the plants, it was established that multiflora rose took
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up elements more intensively than Virginia fanpetals did. Compared to the
control, the increase in quantities of trace elements taken up by Virginia
fanpetals at the highest sewage sludge dose was as follows: 142% Al, 206%
Mn, 207% Fe, 158% Co and 129% Mo. Compared to the control, the increase
in quantities of the above elements taken up by multiflora rose was higher,
namely 356% Al, 548% Mn, 535% Fe, 420% Co and 346% Mo.

The linear correlation analysis showed close relationships between the
dose of sewage sludge and the uptake of trace elements by the plants
(r = 0.663-0.933). Then, significant relationships between yield and uptake
of trace elements by the plants were shown (r = 0.878-0.983). Close relation-
ships between the content and the uptake of trace elements by energy crops
were also demonstrated (r = 0.388-0.985).

Simplified balance and phytoremediation of trace elements

Calculating the balance of trace elements in the field experiment allowed
us to to assess the cycling of elements from the soil environment to plants.
In the control treatment, trace elements were not introduced to the soil
because sewage sludge was not applied (Table 4). The increasing doses
of sewage sludge (10-60 Mg ha'' DM) raised the amounts of trace elements in
the soil for the tested plants. The balance of elements in the control treat-
ment was negative, which was due to the lack of element supply with organ-
ic waste. In the treatments where the increasing doses of sewage sludge
(10-60 Mg ha' DM) were applied, the balance of elements was positive.
The presented balance data suggest that the amounts of trace elements taken
up by the plants were lower than the amounts introduced with sewage
sludge.

Phytoremediation is an important measure, providing a possibility of
recycling elements from sewage sludge by plants. Data from Table 4 suggest
that the highest phytoremediation of trace elements was observed in the
treatment with the lowest dose of sewage sludge (10 Mg ha'! DM),
and the lowest phytoremediation was recorded in the treatment with the
highest dose of sewage sludge (60 Mg ha' DM). Calculations indicate that
Virginia fanpetals recovered (utilized) Al, Mn, Fe, Co and Mo from sewage
sludge to a higher degree than multiflora rose did. At the lowest dose of sew-
age sludge (10 Mg ha! DM), the recovery of Al, Mn, Fe, Co and Mo by
Virginia fanpetals reached 2.4%, 37%, 41%, 16%, and 41%, respectively,
in relation to the quantities introduced with sewage sludge. The research
shows that Virginia fanpetals and multiflora rose recovered Fe and Mo to the
greatest extent, whereas the recovery of Al was the weakest. The percentage
phytoremediation of micronutrients from sewage sludge was determined
mostly by the volume of yield and quantities of elements taken up by the
plants, and also by the amounts of elements introduced with a dose of sew-
age sludge.



997

Table 4
Simplified balance of trace elements after six years of research
Introduced| Uptake | Balance | Recovery | Uptake | Balance | Recovery
Treatments (g ha) % (g ha) %
Rosa multiflora Sida hermaphrodita
Sludge dose Al
(Mg DM ha't)
0 0 388 -388 1052 -1052
10 64 580 610 63 970 0.9 1577 63 003 2.4
20 129 160 933 128 227 0.7 1863 127 297 1.4
40 258 320 1346 256 974 0.5 2144 256 176 0.8
60 387 480 1772 385 708 0.5 2546 384 934 0.7
ugedoe M
0 0 510 -510 1812 -1812
10 7500 869 6631 12 2777 4723 37
20 15000 1534 13 466 10 3629 11371 24
40 30 000 2526 27474 8 4375 25625 15
60 45 000 3302 41 698 5562 39 438 12
Sludge dose Fe
(Mg DM ha')
0 0 1657 -1657 3053 -3053
10 12 000 2634 9 366 22 4862 7138 41
20 24 000 4368 19 632 18 6187 17813 26
40 48 000 6251 41 749 13 7973 40027 17
60 72 000 10 525 61475 15 9396 62604 13
Sludge dose Co
(Mg DM ha)
0 0 3,9 -4 11.2 -11
10 103 6,5 96 6 16.8 86 16
20 205 10,2 195 5 20.9 184 10
40 410 15,0 395 4 24.1 386 6
60 615 20,3 595 3 28.9 586
i, e
0 0 6.2 -6 19.7 -20
10 72 10.0 62 14 29.2 42 41
20 143 15.1 128 11 34.8 108 24
40 286 21.6 264 8 39.0 247 14
60 429 27.5 401 45.1 384 11
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Soil enzymatic activity

An earlier paper, concerning phytoextraction of heavy metals, describes
a significant effect of the increasing doses of sewage sludge on soil microor-
ganisms and their enzymatic activity — Table 5 (ANTONKIEWICZ et al. 2017).

Table 5
Soil enzymatic activity (average from 2008-2013)
Dehydrogenases|  Urease | Protease |y AL 4t S
Treatments v v Vit activity activity
. 1 (mg . (mmol (mmol
(cm?® H,kg' d?) |(mg N-NH,"kg*h™)| of t¥r0§1ne PNP kg h")[PNP kg h")
kg'h?)
(Sl\l/klgd]g)?\/?%tl) Rosa multiflora
0 4.7 +£0.4%** 7.9+0.9 10.2+0.9 | 23.1+0.9 17.3 £1.9
10 4.8 +0.1 9.7 +0.7 10.8+0.8 | 24.2+0.3 17.6 £1.9
20 5.6 +0.5 11.7+1.2 16.4+1.2 | 35.1+2.7 | 22.2+2.0
40 8.4+0.9 16.7 £1.0 24.442.2 | 72.2+1.7 | 51.7+4.4
60 17.0+0.4 24.1£1.0 32.5+0.8 | 69.4+2.6 | 43.3+2.9
Mean 8.1 14.0 18.9 44.8 30.4
CV (%)* 59.8 43.4 47.1 50.1 49.3
(Sl\l/}lgd%elv}k}):l) Sida hermaphrodita
0 4.3 +0.2 7.5+0.5 10.5+0.7 | 26.3+3.3 18.1 £1.8
10 5.4 +0.5 9.3+1.3 13.1+0.8 | 31.8+1.5 20.6 £1.4
20 7.6+1.3 12.1+0.4 17.5£1.2 | 43.4+6.7 28.4 +£4.0
40 11.7 +0.8 16.3 £1.1 27.0+4.2 | 98.24+21.2 | 66.6 +15.5
60 16.9+0.9 22.2 £1.7 32.6£2.4 | 95.7+22.5 | 63.0 £15.7
Mean 9.2 13.5 20.2 59.1 39.3
CV (%)* 52.6 41.1 44.0 58.7 59.6
(Sl\l&lgd]g)elv;l;sa:i) mean for dose of the sewage sludge
0 4.5+0.3 7.7+0.7 10.4 +£0.7 | 24.7+2.8 17.7+1.7
10 5.1+0.4 9.5+0.9 12.0+1.5 | 28.0+4.3 19.1 £2.2
20 6.6 £1.4 11.9 £0.8 17.0 £1.2 39.2 £6.5 25.3+4.4
40 10.0 £2.0 16.5 +1.0 25.7+3.3 | 85.24+19.6 | 59.1 +13.0
60 16.9 +0.6 23.2+1.6 32.6+1.6 | 82.5+20.3 | 53.1+14.8
LSD for dose** 0.52 0.80 1.40 7.74 5.64
LSD for species 0.82 1.26 2.22 12.23 8.92
LSD for interaction 1.16 1.79 3.14 17.30 12.62

* CV — variability coefficient, ** LSD — least significant differences, *** SD — standard deviation
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Application of increasing doses of sewage sludge to soil enhanced the bio-
availability of trace elements and biogens, not only to plants, but also to soil
microorganisms. The activity of the tested soil enzymes increased significantly
(progressively) with the increasing sewage sludge doses, which was associa-
ted with the amount of carbon substrates available for microorganisms and
enzymes. At the highest sewage sludge dose applied in the cultivation of
multiflora rose, there was an over 3.6-, 3.0-, 3.1-, 3.0-, and 2.5-fold increase
in dehydrogenase, urease, protease, acid phosphatase, and alkaline phospha-
tase, respectively, compared with the control. In turn, the soil enzymatic ac-
tivity in Virginia fanpetals was over 3.9-, 2.9-, 3.1-, 3.6-, and 3.4-fold higher
than in the control. The investigations demonstrated that, at the highest
sewage sludge dose, dehydrogenase activity attained the highest increase
and alkaline phosphatase activity was characterised by the lowest increase,
irrespective of the plant species. The field experiment showed that Virginia
fanpetals had a stronger stimulating effect on dehydrogenase, protease,
and acid and alkaline phosphatase activity than multiflora rose. In turn,
multiflora rose stimulated urease activity more than Virginia fanpetals did.
The research revealed close correlations between soil enzymatic activity
and trace elements’ content in plants (r = 0.436-0.798), and elements’ uptake
by plants (r = 0.606-0.923). These correlations prove that soil enzymatic
activity stimulates the uptake of trace elements from sewage sludge by
energy crops.

DISCUSSION

Management of municipal sewage sludge, especially on marginal lands
or municipal waste landfills, is an alternative form of recycling of this waste
(NaaM, MorHART 2018). Municipal sewage sludge contains many valuable
microelements and trace elements, which can be recovered through its appli-
cation to soil, under plants with great yield-forming potential and high nutri-
tive demands (WIERZBOWSKA et al. 2016, ANTONKIEWICZ et al. 2018).

Yield

Our research showed a significant effect of sewage sludge on the increase
in the amount of yield of the Virginia fanpetals and multiflora rose. Other
research confirms that municipal sewage sludge increases plant yield and
efficiency of energy crop biomass (KoropzikJ et al. 2016, ANTONKIEWICZ et al.
2018, OzpEMIR et al. 2018).

Content of trace elements

Our research showed that the applied municipal sewage sludge (aerobi-
cally stabilized) constitutes an available source of micronutrients for plants
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with high demand for microelements and trace elements. Our research
showed that the content of Al, Mn, Co and Mo was higher in Virginia fan-
petals than in multiflora rose. Compared to Virginia fanpetals, multiflora
rose had a greater capacity to accumulate Fe. Other studies indicate
that multiflora rose is a plant which contains substantial quantities of iron
(Havasnr 1998, KowaLczyK-Jusko 2016). Research conducted by Asik et al.
(2015) showed that application of sewage sludge to soil increases the avail-
ability of elements to plants. An increase in the trace elemental content
in energy crops results primarily from acidification of the soil environment
and mineralization of organic matter (KALEMBASA, SymaNowicz 2009,
DEDE et al. 2015, WIECZOREK et al. 2017).

In addition, an increase in the content of trace elements in plants is due
to the high uptake by the root system of plants, follwoed by their transloca-
tion of these elements to aerial parts (Rutkowska et al. 2014, SCHRODER et al.
2018).

Currently, it is increasingly common to recommend sewage sludge ther-
mal processing to biochar, owing to the stability of organic compounds in the
latter (REN et al. 2018). In terms of using microelements and trace elements
from sewage sludge, thermal processing of sewage sludge is unfavourable
because, as shown in the research conducted by P1 et al. (2018), thermal

processing of sewage sludge decreases availability of microelements to plants
(P1 et al. 2018).

Uptake of trace elements

A significant effect of sewage sludge on the uptake of trace elements by
the energy crops was observed. Intensive uptake of trace elements from soil
and sewage sludge by energy crops results primarily from these plants’ high
nutrient requirements and great yield-forming potential (MoNTI et al. 2008,
OzpeEMIR et al. 2018). A study conducted by OzbpeEMIR et al. (2018) confirms
that a supply of trace elements with sewage sludge will allow to remove
them from soil during consecutive harvests of the biomass of energy crops,
including Miscanthus.

Our research showed that, in quantitative terms, Virginia fanpetals took
up more trace elements than multiflora rose did. These results are supported
by WiERrzBowsSKA et al. (2015, 2016), who showed that Virginia fanpetals,
apart from heavy metals, takes up significant quantities of microelements
and trace elements from sewage sludge. Another study also confirms that,
compared to other energy crops, Virginia fanpetals has great yield-forming
potential and absorbs intensively not only heavy metals but also microele-
ments and trace elements (Borkowska, Moras 2012, Krzywy-GAWRONSKA
2012).

WiErzBOWSKA et al. (2016) demonstrated that the uptake of trace ele-
ments (Fe, Mn, Al) from sewage sludge depends on soil conditions, including
pH and mineralization of organic matter, because these elements occur in an
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oxide form or are bound to organic matter. Other research demonstrated that
aluminum and iron oxides (occurring, for example, in sewage sludge biochar)
are capable of stabilizing and binding trace elements, and thereby limiting
the availability of these nutrients to plants (SHEN et al. 2018).

Balance

The highest permissible content of substances posing an environmental
risk to group IV lands (i.e. industrial areas) is 50 for Co and 30 for Mo.
The content of Co and Mo in the soil on which the experiment was set
up was below the threshold values for industrial soils (Regulation ... 2016).
The determined content of Co and Mo in the municipal sewage sludge was
1.86 and 27.8 times higher, respectively, compared to the content in the soil.
Also, the Mn content in the sewage sludge was over 61-fold higher compared
to the content in the soil. The Al and Fe content in the soil was over 58 and
949% higher compared to the content in the sewage sludge. The research
showed that municipal sewage sludge was the main source of trace elements,
especially Mo and Co, for plants. The remaining elements (Al, Fe and Mn)
might have been taken up from the soil and sewage sludge, which is con-
firmed in the study by WIiERzBowSKA et al. (2016).

Application of sewage sludge in energy crop cultivation makes it possible
to use nutrients from sewage sludge, and it is an alternative method of mini-
mizing the amount of disposed organic waste (ANTONKIEWICZ et al. 2018,
OzDEMIR et al. 2018).

Both ours and other authors’ studies indicate that cultivation of energy
crops with great yielding potential and with substantial ‘strength’ of element
phytoextraction must last from ten to twenty or even tens of years so as to
recover nutrients introduced with sewage sludge in their entirety
(ANTONKIEWICZ et al. 2017, 2018, KORZENIOWSKA, STANISLAWSKA-GLUBIAK 2018).
Of the tested species, Virginia fanpetals turned out to be more efficient
in recovering trace elements from sewage sludge compared to multiflora rose.
Studies by Krzywy-GawRroNskaA (2012) and WIERZBOWSKA et al. (2016) confirm
that Virginia fanpetals has great phytoextraction potential. A study by
KocoN and Jurca (2017) showed that, compared to Virginia fanpetals,
miscanthus was more efficient at phytoextraction of elements from heavy
metal contaminated soils.

Enzymatic activity

Our research indicates that increasing doses of sewage sludge increased
the enzymatic activity. This research finding is confirmed by other authors
who state that sewage sludge applied to soil increase soil enzymatic activity
(KaLEMBASA, Symanowicz 2012). In their research, Symanowicz et al. (2014)
showed that soil enriched with nutrients is characterized by higher enzymatic
activity. Our research revealed significant correlations between soil enzymatic
activity and trace elements content and uptake by energy crops. This strict
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relationship is confirmed by other researchers who point to a significant
effect of elements on soil fertility (LiseTskil et al. 2015, BARTKOWIAK et al.
2017).

Studies by BarTkOowIAK et al. (2017) and P1 et al. (2018) indicate that
even thermal processing of sewage sludge was not toxic to soil bacteria.
In their studies, the former authors even observed some stimulation of enzy-
matic activity in thermally treated sewage sludge (P1 et al. 2018).

This research points to significant relationships between trace elements
in sewage sludge and their uptake by the plants, which were stimulated
by soil enzymatic activity.

CONCLUSIONS

1. It was determined that, in terms of volumes of yield, Virginia fan-
petals had a greater yielding potential than multiflora rose.

2. Virginia fanpetals had a higher content of Al, Mn, Co and Mo com-
pared to multiflora rose. Multiflora rose had a higher Fe content compared
to Virginia fanpetals.

3. Concerning amounts of nutrients taken up by the plants, it was found
that Virginia fanpetals took up more of the studied trace elements compared
to multiflora rose.

4. It was shown that of the two tested species Virginia fanpetals recovered
more trace elements than multiflora rose did. At the lowest dose of sewage
sludge, Virginia fanpetals recovered more trace elements compared to multi-
flora rose and the difference was: Al — 1.5%, Mn — 25%, Fe — 19%, Co — 10%,
Mo — 27%.

5. Based on the volume of yields, the content and uptake of micro-
nutrients, Virginia fanpetals can be regarded as a more ‘efficient’ plant for
phytoremediation of these nutrients from sewage sludge than multiflora rose.

Conflict of interests

The authors declare that there is no conflict of interests regarding the publi-
cation of this paper.

REFERENCES

ALVARENGA E., Ocaarp A.F., VRALE L. 2017. Effect of anaerobic digestion and liming on plant
availability of phosphorus in iron- and aluminium-precipitated sewage sludge from prima-
ry wastewater treatment plants. Water Sci. Technol., 75(7): 1743-1752. DOI: 10.2166/
wst.2017.056

AntonkiEWICZ J., Koropzies B., BieLINskA E. 2017. Phytoextraction of heavy metals from munici-
pal sewage sludge by Rosa multiflora and Sida hermaphrodita. Int. J. Phytoremediat.,
19(4): 309-318. DOI: 10.1080/15226514.2016.1225283



1003

ANTONKIEWICZ J., Koropnzies B., BigLiNska E., Witkowicz R., TaBor S. 2018. Using Jerusalem arti-
choke to extract heavy metals from municipal sewage sludge amended soil. Pol. J. Environ.
Stud., 27(2): 513-527. DOI: 10.15244/pjoes/75200

Asik B.B., Avypinare C., Katrar A.V., Sagean F.O.T. 2015. Effect of the application of various
wastewater sludges on the properties of sandy soil. Environ. Monit. Assess., 187(2): 30.
DOI: 10.1007/s10661-015-4300-5

Bartkowiak A., DABKOWSKA-NASKRET H., LEMANOWICZ J., SIWIK-ZIOMEK A. 2017. Assessment of physico-
chemical and biochemical factors of urban street dust. Environ. Prot. Eng., 43(3): 155-164.
DOI: 10.5277/epe170310

Borrkowska H., Moras R. 2012. Two extremely different crops, Salix and Sida, as sources of rene-
wable bioenergy. Biomass Bioenerg., 36: 234-240. DOI: 10.1016/j.biombioe.2011.10.025

DEebpE G., OzpEMIR S., DEpE O.H., ALtunDAG H., DUNDAR M.S., KiziLocLu F.T. 2015. Effects of sewage
sludge on nutrient availability for kiwi fruits under high pH soil conditions. Fresen.
Environ. Bull., 24: 1762-1766.

GWOREK B., ZakrzEWSKA M., STEPIEN W., KyENska M., WRzoSEK dJ. 2018. Dioxins in composts
produced from municipal and industrial sewage sludges. Przem. Chem., 97(4): 604-608.
DOI: 10.15199/62.2018.4.19

Havasui 1. 1998. The effects of organic amendments on soil property and productivity of greenho-
use-grown ‘Bridal Pink’ roses. J. JPN Soc. Hortic. Sci., 67(2): 249-260. DOI: 10.2503/jj-
shs.67.249

KaLEmBASA S., Symanowicz B. 2009. The changes of molybdenum and cobalt contents in biomass
of goat’s rue (Galega orientalis Lam.). Fresen. Environ.Bull., 18(7): 1150-1153.

KaLEmBASA S., Symanowicz B. 2012. Enzymatic activity of soil after applying various waste
organic materials, ash, and mineral fertilizers. Pol. J. Environ. Stud., 21(6): 1635-1641.

KocoX A, Jurca B. 2017. The evaluation of growth and phytoextraction potential of Miscanthus
x giganteus and Sida hermaphrodita on soil contaminated simultaneously with Cd, Cu, Ni,
Pb, and Zn. Environ. Sci. Pollut. R., 24(5): 4990-5000. DOI: 10.1007/s11356-016-8241-5

Koropzies B., StacHYRA M., ANTONKIEWICZ J., BIELINSKA E., WiSNiEwsKT J. 2016. The effect of har-
vest frequency on yielding and quality of energy raw material of reed canary grass grown on
municipal sewage sludge. Biomass Bioenerg., 85: 363-370. DOI: 10.1016/j.biom-
bioe.2015.12.025

KORZENIOWSKA ., STANISLAWSKA-GLUBIAK E. 2015. Comparison of 1 M HCI and Mehlich 3 for
assessment of the micronutrient status of Polish soils in the context of winter wheat nutri-
tional demands. Comm. Soil Sci. Plant Anal., 46(10): 1263-1277. DOI: 10.1080/00103624.
2015.1033537

KORZENIOWSKA ., STANISLAWSKA-GLUBIAK E. 2018. Phytoremediation potential of Phalaris arundi-
nacea, Salix viminalis and Zea mays for nickel-contaminated soils. Int. J. Environ. Sci. Te.,
DOI: 10.1007/s13762-018-1823-7

KowaLczyk-JUsko A. 2016. Energy properties of multiflora rose and environmental benefits from
the combustion of its biomass. J. Ecol. Eng., 17(5): 216-220. DOI: 10.12911/22998993/65797

Krzywy-GAWRONSKA E. 2012. The effect of industrial wastes and municipal sewage sludge com-
post on the quality of Virginia fanpetals (Sida hermaphrodita Rusby) biomass. Part 2. He-
avy metals content, their uptake dynamics and bioaccumulation. Pol. J. Chem. Tech., 14(3):
8-14. DOI: 10.2478/v10026-012-0078-1

Lapp J.N., ButLEr J.H.A. 1972. Short-term assays of soil proteolytic enzyme activities using pro-
teins and dipeptide derivatives as substrates. Soil Biol. Biochem., 4(1): 19-30. DOI: 10.1016/
/0038-0717(72)90038-7

LeE C.G., Auvarez P.J.J., Kim H.G., JEonG S., Lk S., Lee K.B., Lee S.H., Caor J.W. 2018a. Phos-

phorous recovery from sewage sludge using calcium silicate hydrates. Chemosphere, 193:
1087-1093. DOI: 10.1016/j.chemosphere.2017.11.129



1004

Lee L.H., Wu T.Y., Snak K.P.Y., Lim S.I.., Na K.Y., NeuyEN M.N., Teon W.H. 2018b. Sustain-
able approach to biotransform industrial sludge into organic fertilizer via vermicomposting:
A mini-review. J. Chem. Technol. Biotechnol., 93(4): 925-935. DOI: 10.1002/jctb.5490

Liserskil F., StoLBa VF., MariaNINa O. 2015. Indicators of agricultural soil genesis under vary-
ing conditions of land use, Steppe Crimea. Geoderma, 239: 304-316. DOI: 10.1016/j.geoder-
ma.2014.11.006

Miuik J., Pasera R., Lacnowicz M., CHALAMOKSKI M. 2017. The concentration of trace elements in
sewage sludge from wastewater treatment plant in Gniewino. J. Ecol. Eng., 18(5): 118-124.
DOI: 10.12911/22998993/74628

Monrr A., D1 Virainio N., VENTURI G. 2008. Mineral composition and ash content of six major en-
ergy crops. Biomass Bioenerg., 32: 216-223. DOI: 10.1016/j.biombioe.2007.09.012

Naum M., MorHART C. 2018. Virginia mallow (Sida hermaphrodita (L.) Rusby) as perennial
multipurpose crop: biomass yields, energetic valorization, utilization potentials, and manage-
ment perspectives. GCB Bioenergy, 10(6): 393-404. DOI: https://doi.org/10.1111/gcbb.12501

OSTROWSKA A., GAWLINSKI S., SzZCZUBIALKA Z. 1991. Methods of analysis and assessment of soil
and plant properties. A Catalgoue. Publisher: Institute of Environmental Protection —
National Research Institute, Warsaw, pp 334.

OzpeMIR S., DEbE O.H., INaN M., Turr S.M. 2018. Effects of sewage sludge on energy content and
combustion emissions of energy crops. Int. J. Agric. Biol., 20(7): 1575-1580. DOI: 10.17957/
/1JAB/15.0671

PasieczNa A. 2012. Molybdenum and tin in soils of Poland. Biul. Panstw. Inst. Geolog., 450: 75-82.
(in Polish)
P1 H., SHARRATT B., ScHILLINGER W.F., BarY A., CocGEr C. 2018. Chemical composition of wind-

blown dust emitted from agricultural soils amended with biosolids. Aeolian Res., 32: 102-115.
DOI: 10.1016/j.ae0lia.2018.02.001

Polish Soil Classification. 2011. Soil Sci. Ann., 62(3): 1-193. http://www.ptg.sggw.pl

Regulation of the Minister of the Natural Environment on municipal sewage sludge dated 6 Fe-
bruary 2015. Journal of Laws of Poland, Item 257. http://isap.sejm.gov.pl/DetailsServlet?id=
WDU20150000257 (in Polish)

Regulation of the Minister of the Natural Environment on how to conduct land surface pollution
assessment dated 1 September 2016. Journal of Laws of Poland, Item 1395. http://isap.sejm.
gov.pl/DetailsServlet?1id=WDU20160001395 (in Polish)

REN N., Tanc Y.Y., Lt M. 2018. Mineral additive enhanced carbon retention and stabilization
in sewage sludge-derived biochar. Proc. Saf. Environ. Protect., 115: 70-78. DOI: 10.1016/.
psep.2017.11.006

Rurkowska B., Szunc W., Sosurskr T., StepiEN W. 2014. Soil micronutrient availability to crops
affected by long-term inorganic and organic fertilizer applications. Plant Soil Environ.,
60(5): 198-203. DOI: 10.17221/914/2013-PSE

Suen T.T., Tanc Y.Y., Lu X.Y., MENc Z. 2018. Mechanisms of copper stabilization by mineral
constituents in sewage sludge biochar. J. Clean. Prod., 193: 185-193. DOI: 10.1016/j.jcle-
pro.2018.05.071

ScHRODER P., BECKERS B., DANIELS S., GNADINGER F., MaEsTRI E., MARMIROLI N., MENCH M., MiLLAN R.,
OBERMEIER M.M., OusTrRIERE N., PERssoN T., PoscHENRIEDER C., RINEAU F., Rutkowska B.,
Scumip T., SzuLc W., WitTeRs N., S&Bo A. 2018. Intensify production, transform biomass
to energy and novel goods and protect soils in Europe - A vision how to mobilize marginal
lands. Sci. Total Environ., 616-617: 1101-1123. DOI: 10.1016/j.scitotenv.2017.10.209

Symanowicz B., KaLeBasa S., SKorurka W., NiEDBALA M. 2014. The changes of enzymatic activity
of soil under eastern galega (Galega orientalis Lam.) after NPKCa fertilization. Plant Soil
Environ., 60(3): 123-128. DOI: 10.17221/905/2013-PSE

TaBataBar M.A., BREMNER J.M. 1969. Use of p-nitrophenyl phosphate for assay of soil phospha-
tase activity. Soil Biol. Biochem., 1(4): 301-307. DOI: 10.1016/0038-0717(69)90012-1



1005

THALMANN A. 1968. Zur methodik der bestimmung der Dehydrogenaseaktivit~tt im Boden mittels
Triphenyltetrazoliumchlorid (TTC). Landwirtsch Forsch, 21: 249-258.

WiECZoREK dJ., GamBus F., Czecu T., ANToNKIEWICZ J. 2017. Yielding and content of selected micro-
elements in maize fertilized with various organic materials. J. Ecol. Eng., 18(4): 219-223.
DOI: 10.12911/22998993/74276

WIERZBOWSKA d., SIENKIEWICZ S., STERNIK P., Busse M.K. 2015. Using ash from incineration
of municipal sewage sludge to fertilize Virginia fanpetals. Ecol. Chem. Eng. A, 22(4): 497-507.
DOI: 10.2428/ecea.2015.22(4)40

WIERZBOWSKA d., SIENKIEWICZ S., KRZEBIETKE S., STERNIK P. 2016. Content of selected heavy metals
in soil and in Virginia mallow (Sida hermaphrodita) fertilised with sewage sludge.
J. Elem., 21(1): 247-258. DOI: 10.5601/jelem.2015.20.3.975

ZANTUA M.I., BREMNER J.M. 1975. Comparison of methods of assaying urease activity in soils.
Soil Biol. Biochem., 7(4-5): 291-295. DOI: 10.1016/0038-0717(75)90069-3



