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ABSTRACT

Miscanthus yields well on raw subsoil where organic matter and KEYWORDS

Sewage sludge; loess-like
loam; elemental
accumulation

nutrients are supplied by sewage sludge; the yield is directly
dependent on the amount of sludge applied; the greatest productivity
(12.9t/ha) was achieved by adding 60t/ha of flocculated sludge.
Among the macronutrients, nitrogen is most actively absorbed, the
intensity of biomass accumulation of phosphorus and potassium is
much lower; other essential elements can be ranked as Fe — Zn —
Mn — Cu. Cobalt, nickel and cadmium do not accumulate in biomass
but chromium does. The introduction of sewage sludge affects the
thermal characteristics of the miscanthus biomass. The proportion of
incombustible residue increases when sludge is applied at high doses.
Application of 20t/ha flocculated sludge appears to be optimal for
ensuring environmental safety and suitability as a fuel.

Introduction

Soil is a complex system generating a number of interrelated functions and processes
related to the geology and ecology of a landscape [1]. Technosol groups young soils
developed from various man-made deposits including post-mining and dredged
sediments at the beginning of fertility formation [2—5]. Crops grown in such infertile soils
are usually limited by available nutrients. In the long term, biological reclamation is
possible by growing hay with a legume-grass mixture [6] but, recently, reclamation
assisted by application of some combination of wastes and industrial by-products has
received increasing attention [7]. The compost is more effective in loamy as opposed to
clayey materials [8]; on sandy soils, compost-biochar mixtures achieve a positive,
synergistic effect on soil organic-matter and nutrient levels, and water-storage capacity
[9].

The potential of marginal lands for second-generation bio-feedstock production has
also received attention in recent years [10]. Where the natural soil profile has been lost,
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exposing raw or contaminated soil parent material, the land may be used for fast-
growing feedstock for bioenergy and high-value bio-based products [11-14]. In
particular, miscanthus (Miscanthus x giganteus) can provide a variety of pellets,
bioethanol or biogas [15], even on polluted, depleted and heavy soils, erosion-prone
slopes, riparian buffer zones and groundwater protection areas [16—18].

Phytoremediation results show that miscanthus tolerates soil contamination with
heavy metals [19,20]; there are several coefficients, bioconcentration/uptake indices
that reflect nutrient and/or heavy metal migration from soil to plants [21,22].
Miscanthus rhizomes treated with growth-promoting bacteria accumulated minimal
concentrations of Cu and Pb in their above-ground biomass, and some Zn accumulation
in the leaves and stems was observed [23].

Miscanthus’s modest first-year yield is a limitation [24] but application of sewage
sludge quickly optimises plant nutrition [25]. Field experiments with reed canary grass
and miscanthus in Poland showed that uptake of macronutrients increased along with
increasing dose of sewage sludge in the range 10-20t/ha; uptake of heavy metals was
also higher at the higher dose of sludge [26]. Miscanthus recovers N, P and K from sludge
most effectively from lower rates of application [27] but intensive growth was reported
from applications up to 40t/ha [28]. Further experiments showed that the yield-forming
effects of sludge are comparable to mineral fertilisers [29]; the optimal fertiliser dose
was 160kgN/ha, regardless of nitrogen source [30], yielding 19.8t dry biomass/ha.
Miscanthus has a high calorific value and high cellulose content, comparable to wood
rather than a grass [31,32]. Increasing levels of nitrogen fertilisation up to 202kgN/ha
decreased the proportion of hemicellulose, acetyl groups, and ash [33] but increased
volatile matter, heating value, and cellulose content of the harvested biomass [34]. The
findings on plant composition and energy content indicated that sludge could be used
effectively in increasing combustible feedstock without harmful gas emissions [35].

The objective of this research was to study the effects of flocculated sewage sludge
on migration of macro- and microelements in a Technosol/miscanthus system and the
processes of decomposition of the main components of the biomass.

Materials and methods

The Nikopol manganese ore basin is made up of Neogene, Palaeogene, and Quaternary
sediments [36]. Post-Pliocene sediments are covered by a continuous layer of
microporous, calcareous loess and loess-like loams of Pleistocene age. Most of the
worked-out mineral deposits have their overburden replaced without stratification; i.e.
no topsoil is replaced during restoration.

The field experiment was established on phyto-meliorated loess-like loam, typical of
the soil parent material of the steppes, at the Pokrov Research and Educational Station
of Dnipro State Agrarian and Economic University at 47239’ N, 34208’ E, at an elevation
of 60 m. Unmodified sewage sludge (SS) and sludge treated with DAMET polymer
flocculant (SS+F) were used [37]. The polymer separates the solids by gravity and allows
complete drying of the residual cake in a few months. The biosolids were applied at the
outset of the experiment at 20, 40 and 60 tonnes of dry matter/ha and disked into the
top 10-12 cm of the soil in the autumn of 2019. Miscanthus rhizomes were planted at



14 800 plants/ha in the spring of 2020. The biomass yield was estimated by weighing in
the second year of the experiment.

One month after the sludge application, five soil samples were taken at a depth of 0—
20 cm in each experimental plot and mixed using the envelope method, air dried to a
constant weight, then passed through a 2 mm sieve to remove plant material and stones.
Soil organic carbon was determined by dichromate oxidation [38], easily hydrolysed N
following Cornfield [39]. Available phosphorus was estimated by extraction with sodium
bicarbonate [40,41], exchangeable K by flame emission spectrophotometry [42].
According to Alina Kabata-Pendias [43], estimations of available trace elements in soils
are based on extractions by various solutions: chelating agents (EDTA), buffered salts
(NH4OAC), neutral salts (CaCl,, MgCl,, Sr(NOs);, NH4sNOs), and other extractants (like
Coca Cola). We used ammonium-acetate buffer (pH 4.8) [21] shaken in closed flasks for
1 h and then filtered. Essential and toxic elements were determined by atomic
absorption spectrophotometry (AAS) with a Saturn 3 (Ukraine) instrument.

The samples of biomass were dried in open air, then at 105 °C, cooled in a desiccator
for 1 h and then weighed [23]. N was determined by Kjeldahl analysis [44]; total P
concentrations by acid digestion [45], potassium by flame photometry. Oven-dried plant
material was weighed into porcelain crucibles and ashed at 500°C in a muffle furnace.
Metal analyses were performed by AAS, the ash being taken up in a suitable volume of
2 M HCI, depending on the amount of the trace elements present and their sensitivity in
AAS [21]. Calibration was provided by national standard multi-component samples nos.
0243-2001, 0244 and 0246.

The modified bioconcentration factor (mBCF) was calculated as the ratio between
metal concentration in the plant and mobile metal concentration in the soil [22]. A
particular element uptake by the plants was calculated by multiplying its content and
the plant’s respective biomass [46]. The cited data represent the arithmetic means of
three replicates of each sample.

Thermal analysis of dry miscanthus biomass was performed with a MOM Q-1500D
Derivatograph-C (MOM, Budapest) following Paulik and others [47]. Differential mass
loss and heating effects were recorded, and the results were processed with the
software package supplied with the device. Samples of biomass were analysed
dynamically at a heating rate of 10°C/min in air. The results obtained were processed by
statistical methods at a significance level 95%.

Results and discussion

Table 1 presents the main physical-chemical parameters of the phytomeliorated loess-
like loam.

The content of easily hydrolysed nitrogen in the phytomeliorated substrate was well
below the optimum level of 100 mg/kg but the flocculated sludge increased it 23-70%.
Loess-like loam has a naturally high content of mobile phosphorus. The surface
application of sewage sludge contributed up to 3-5 times more. The natural content of
exchangeable potassium in loess-like loam is about average, and this was raised to the
highest values in the plots receiving 60t/ha of sludge. The alkaline reaction of the



phytomeliorated loess-like loam was somewhat ameliorated by addition of sewage

sludge.
Table 1. Characteristics of loess-like loam.

S5 SS+F
Control 20t/ha 40 t/ha 60 t/ha 20 t/ha 40 t/ha 60 t/ha
Humus (%) 1.19+0.03 1.71+0.06 1.86+0.08 1.96+0.08 1.60+0.07 1.66+0.06 2.14 £ 0.08
Dry matter (%) 96.6+2.1 96.7+19 969+26 96.8+25 97.2+18 97.2+19 97.0+2.1
Total carbon (%) 0.69+0.04 0.99+0.06 1.08+0.08 1.14+0.09 0.93+0.06 0.96+0.05 1.24+
0.09
Easily hydrolysed 65.1+1.8 80.0+2.3 909+25 103.8+3.1 80.2+2.3 92.2+2.7 111.0%+3.6

nitrogen (mg/kg)

Mobile phosphorus, 42.2+1.3 160.1+2.6 188.1+2.9 214.2+3.1 139.0+2.1 176.1+2.6 225.7+2.8
P20s (mg/kg)

Exchangeable 206.5+19 220.0+2.5 226.6+2.7 370.8+3.8 227.2+2.3 247.8+25 350.2+35
potassium,
K20 (mg/kg)

pH 8.35 8.3 8.2 8.1 8.25 8.1 8.0
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Figure 1. Effect of sewage sludge on the yield of above-ground miscanthus biomass.

Two-year-old miscanthus grown in the control loess-like loam yielded a dry, above-
ground biomass of 7.9t/ha. Application of sewage sludge, especially flocculated sludge,
contributed to higher yields (Figure 1). For instance, the application of flocculated
sewage sludge at 40t/ha yielded 11.9t/ha; 4.4% higher compared to adding unmodified
sludge at a rate of 60t/ha. The highest yield, 12.9t/ha, was achieved with the
introduction of flocculated sludge at 60t/ha.

Nitrogen accumulates intensively in the above-ground biomass of miscanthus. The
introduction of sewage sludge contributed to an increase in nitrogen accumulation in



the biomass. The greatest effect was exerted by the use of SS+F in all treatments in
comparison with SS (Figure 2).

Phosphorus and potassium accumulated in the biomass to a lesser extent. The
application of sewage sludge at a dose of 60t/ha had the greatest effect on the
concentration of phosphorus (Figure 3). With the accumulation of potassium, the use of
unmodified sewage sludge was more effective at doses of 20 and 40t/ha than flocculated

sewage sludge. At a dose of 60t/ha, both types of sludge had much the same effect.
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Figure 2. Nitrogen content in miscanthus biomass.
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Figure 3. Content of phosphorus and potassium in miscanthus biomass.



The introduction of flocculated sewage sludge increased the nitrogen uptake 4.1-6.3
times (Figure 4). The uptake of potassium ranged from 2.4 kg/ha in the control to 8.2
and 9.3 kg/ha in variants receiving sludge at a dose of 60t/ha, an increase in the uptake
of this element by 1.3-3.9 times, depending on the type and dose of sludge. The uptake
of phosphorus was the smallest; it amounted to 1.2 kg/ha in the control. The
introduction of
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Figure 4. NPK uptake with biomass of 2-year-old miscanthus.

a small dose of SS increased this indicator by 1.5-1.8 times; at a dose of 40t/ha, the
uptake increased by 2.5-2.6 times; and with SS at a dose of 60t/ha, uptake level
increased by 3.2— 4.8 times. Whereas the uptake of nitrogen and potassium was
increased to a greater extent by SS+F, the uptake of phosphorus responded more to the
application of simple SS.

The content of available to plants of trace elements, including toxic ones in loess-like
loam, was recorded in small amounts (Table 2).

The introduction of sewage sludge increased the content of iron and manganese by
43— 49%; the copper content increased by 6-26%; in all three cases with a more
pronounced effect from the introduction of a simple sewage sludge. In contrast, the
introduction of sewage sludge in rate of 20 and 40 t/ha led to an increase in the zinc
content in the range of 6-46% (SS+F) and 37—64% (SS); the dose of 60 t/ha increasing
the amount of zinc by 2.3— 2.9 times. The same dynamics were observed in the case of
cobalt. The use of sewage sludge contributed to an increase in the content of nickel and
lead in the substrate by 12-88%; nickel content was more in the SS+F trial and lead in
the SS treatment. The introduction of a simple sewage sludge led to a significant increase
in the content of chromium (3-9 times) and cadmium (3-5.5 times); whereas, using
flocculated sludge, this increase was 2—3.4 times. At the same time, the content of
chromium and cadmium was within the normal range, even with the introduction of
large doses of sewage sludge.

Table 2. Available trace elements, average content in loess-like loam, mg/kg (N = 3).



SS SS+F

Elements Control 20t/ha 40t/ha 60t/ha 20t/ha 40t/ha 60t/ha
Fe 11.55+0.6 12.8+0.7 15.6%0.7 16.2+09 11.8+0.6 142106 159*0.7
Mn 353+1.1 355+1.2 375114 529+17 37.8+13 384+13 51.8+16
Cu 1.22+0.09 1.44+0.1 1.47+0.12 1.54+0.12 1.29+0.1 1.36%0.13 1.40%0.11
Zn 29+0.12 4.0+0.30 4.7810.36 858+0.43 3.1+0.26 4.25+0.35 6.9+0.38
Co 0.25+0.03 0.28+0.04 0.34+0.04 0.53+0.05 0.29+0.03 0.35+0.03 0.45+0.04
Ni 0.56 +0.06 0.63+0.07 0.78+0.07 0.91+0.08 0.57+0.06 0.82+0.08 1.03+0.09
Cr 0.1+0.01 0.34+0.02 0.76 £0.04 0.92+0.05 0.12+0.01 0.20+0.02 0.31+0.02
Pb 1.41+0.09 1.65+0.12 1.95+0.14 2.66+0.16 1.66+0.10 1.99+0.11 2.19+0.15
Cd 0.05+0.01 0.17+0.02 0.25+0.04 0.28+0.04 0.11+0.02 0.13+0.02 0.17 +£0.02




The increase in trace element concentration on application of sludge should be taken
into account if it is used on soils contaminated with these metals. Among the minor
essential elements, the highest content in the miscanthus biomass was for iron and
manganese. Both increased under the application of sludge, according to the rate of
application (Figure 5). Sewage sludge had a greater effect on iron content than SS+F,
whereas the effect of both types of sludge on manganese was much the same.

The content of zinc and, especially, copper in the above-ground biomass was
significantly lower than iron and manganese (Figure 6) but sludge application led to an
increase in the content of both elements. Zinc increased by 2.8 and 3.2 times in the SS
+F60 and SS60 treatments, respectively. The application of SS at doses of 40 and 60t/ha
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Figure 5. Content of iron and manganese in miscanthus above-ground biomass.
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had a significant effect on copper, which increased by 2.4-3.7 times. The increase was
only 1.2-1.8 times with the same doses of SS+F.

The intensity of accumulation of minor essential elements can be arranged in order:
Fe (MBCF =5.1-11.8) = Zn (mBCF = 4.7-6.3) > Mn (mBCF = 1.5-2.8) - Cu (mBCF =1.0—-
2.1).

Depending on the type of sewage sludge and application dose, the uptake of iron per
hectare varied within 0.4-1.9 kg, manganese 0.4-1.5 kg, zinc 0.1-0.55 kg. Uptake of
copper was very small, within 10 g/ha (control) to 70/ha (SS60) (Figures 7 and 8).

Among the heavy metals, the highest values in the above-ground biomass were noted
for lead and chromium (Figure 9). The application of sewage sludge contributed to an
increase in the content of heavy metals in biomass by 1.1-2.3 times for cobalt, nickel
and cadmium, by 1.1-1.8 times for chromium, and by 1.2-2.6 times for lead. Chromium
is
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Figure 7. Uptake of iron and manganese by above-ground biomass of 2-year-old miscanthus.
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8. Uptake of zinc and copper in miscanthus above ground biomass.
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Figure 9. Content of heavy metals in above-ground miscanthus biomass.

actively absorbed; its mBCF values varied from 2.0 to 4.9, depending on the treatment,
whereas for lead, cobalt, nickel and cadmium they did not exceed 0.5-0.9. Simple
sewage sludge had a greater effect than flocculated sludge.

The uptake of heavy metals by the miscanthus biomass over two years is small (Figure
10): the highest values were for lead (15.2—-17.6 g/ha) and chromium (10.4— 10.7 g/ha)
in the SS60 and SS+F60 trials. The uptake of cadmium was the smallest and did not
exceed 0.6-2.0 g/ha. The uptake of chromium increased by 1.4-2.6 times, the

Figure
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uptake of cadmium and nickel by 1.4-3.2 times, cobalt by 1.5-6.3 times, depending on
the type of SS and the dose of application.

Thermogravimetric analysis

Thermal decomposition of miscanthus biomass proceeds in the temperature range of
40-580°C in four stages (Table 3). The first stage of evaporation of water and
decomposition of volatile components takes place at relatively low temperatures of 45—
150°C with a weight loss of 11.1%. One degradation peak at 80°C with a maximum weight
loss rate of 6.5%/min was observed in this range.

Decomposition of the main components of biomass (hemicellulose, cellulose and
lignin) occurs in the second to fourth stages. Decomposition of hemicellulose took place
at 170-280°C. The rate of decomposition is much higher than at the previous stage, peak
degradation was observed at a temperature of 260°C, and the weight loss was 14.9%. In
the phase of cellulose decomposition (280-390°C), peak destruction was at 320°C, the
maximum rate was 28.2%/min, and the weight loss at this stage was also the largest -
38.3%. Cleavage of lignin took place during the last two periods, relatively slowly without
pronounced peaks. The formation of an incombustible residue occurs at the last stage;
an inconspicuous peak was observed at 440°C. A total of 33.9% of the mass was lost at
this stage. The proportion of non-combustible residue was 1.8%.

The introduction of sewage sludge changes the thermal characteristics of the
biomass. In the experiment with SS, the duration of thermolysis is reduced, the rates of
process

Table 3. Main parameters of miscanthus biomass thermal destruction.

Trial Stage Interval,°C  Peak,°C  Maximum rate, %/min Mass loss, %  Share of residual mass,
%

Control | 40-150 80 6.5 11.1

Il 150-280 260 18.5 14.9

1] 280-390 320 28.2 38.3

v 390-580 440 8.2 339 1.8
SS20 | 70-180 130 6.4 10.0

Il 180-270 240 24.4 27.3

1 270-380 300 334 37.7

v 380-540 420 7.6 24.1 0.9
SS40 | 60-170 130 6.4 10.1

Il 170-270 270 17.9 27.3



1 270-380 310 25.1 36.1

\Y 380-520 425 7.7 25.0 1.2
SS60 | 60-180 130 5.8 10.0

I 180-260 255 19.2 22.8

1 260-390 300 28.9 38.6

I\ 390-520 420 8.0 27.7 0.9
SS+F20 | 70-180 100 5.8 9.0

I 180-260 220 17.1 29.0

I} 260-380 300 25.6 35.9

\Y 380-500 420 7.2 25.1 1.0
SS+F40 | 50-180 130 5.1 6.6

I 180-270 240 15.8 26.7

I} 270-380 300 235 39.2

\Y 380-550 425 6.9 245 3.0
SS+F60 | 60-160 100 4.4 10.2

I 160-270 260 14.3 29.1

I} 270-390 300 22.1 35.4

\Y 390-520 420 6.5 21.5 3.8

change, and the degradation peaks shift; in all experimental variants, the decomposition
peak of volatile components (the first stage) was shifted to higher temperatures. At the
same time, the rate of processes did not differ much from the control values (Figure 11).
In the SS20 and SS60 treatments, the rate of decomposition of hemicellulose and
cellulose was significantly higher than in the control; the degradation peaks shifted to
lower temperatures. The second and third stages in the SS40 treatment were the closest
to the control indicators.

The thermal effects in the test samples were more pronounced in the temperature
range of 300—420°C than in the control (Figure 12). The introduction of SS contributed
to a more complete combustion of biomass; the share of residual mass decreased by
33-50%.

Flocculated sludge also affected the thermal performance of the biomass. At the first
stage, the destruction peaks again shifted to higher temperatures (Figure 13). At the
stage of hemicellulose decomposition, the peak shift to lower temperatures
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Figure 13. DTG curves of miscanthus biomass thermal destruction.

was noted only in the SS+F20 trial. The decomposition of cellulose in the test samples
was similar to the control, but the rates were somewhat lower. There were no special
differences between the experimental and control samples at the last stage of thermal
destruction. Biomass combustion was more complete only in the SS+F20 trial.

The thermal effects of exothermic reactions of the SS+F20 trial in the temperature
range of 220-400°C were more pronounced than in the control and other experimental
samples (Figure 14). In the range from 420°C to 500°C, thermal effects in all experimental
samples were less noticeable.
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Figure 14. Thermal effects of miscanthus biomass thermolysis.

Discussion

At present, only 25% of sewage is treated to a level that meets current hygiene standards
[48,49].

There are various flocculants for removing suspended and dissolved solids, colloids
and organic matter from the wastewater [50-52]. The content of total carbon and total
nitrogen in the sewage sludge treated with DAMET polymer increased by 1.5 times. At
the same time, the share of total phosphorus decreased by half, but the amount of total
potassium remained at the same level. The mass fraction of manganese decreased to
one-third, copper to half, zinc more than 1.5 times. The levels of cobalt, nickel, lead,
chromium and cadmium in the two samples are very low.

The introduction of sewage sludge increased miscanthus biomass productivity in
proportion to the rates of application (from 20 to 60 tonnes/ha), comparable to similar
field experiments in Poland on clay loam soil where rates of 10, 20, 40 and 60 tonnes/ha
were applied over 6 years [27]. The Polish experiments indicated that the proportional



effect of SS was greatest at the 20 tonnes/ha and the highest heavy metals (Cr, Ni, Pb,
Cd and Zn) uptake was also under the 20t/ha dose, excluding Cu. These and other similar
researches show the adaptive potential of miscanthus [53-55]. In our case, the heavy
metals uptake by miscanthus increased in proportion to the application of sludge. It
appears that the buffer capacity of our loess-like loam was inferior to the absorption
capacity of these elements by clay loam in the experiment of our Polish colleagues. It
was also demonstrated that miscanthus growth depended more on the silt content of
the soil rather than trace elements in the sludge [56].

Intensive accumulation of heavy metals in the biomass of energy plants fertilised by
sewage sludge soil can create new environmental issues [57]. The prospect of decreasing
heavy metal uptake from contaminated soil was shown in a pot experiment using 3%
biochar [58], but the ash from combustion of miscanthus pellets might nevertheless
qualify as environmentally hazardous waste [26]. That is why we have paid attention to
the share of incombustible residue after combustion of miscanthus biomass taken in the
trials.

Conclusions

e The introduction of sewage sludge increases the yield of biomass and content of
nitrogen, phosphorus and potassium in the soil and in crops. The application of
flocculated sludge (SS+F) had a greater effect on the accumulation of nitrogen
compared to the simple sewage sludge (SS); nitrogen uptake increased by 4.1-6.3
times. In contrast, sludge had a greater effect than flocculated sludge on the
accumulation of phosphorus and potassium.

e The maximum uptake of minor essential elements by the miscanthus biomass over
2 years was 1.9 kg/ha for iron, 1.5 kg/ha for manganese, 0.55 kg/ha for zinc, and
0.07 kg/ha for copper. The intensity of accumulation of minor essential elements
can be arranged in order: Fe (mBCF =5.1-11.8) - Zn (mBCF = 4.7-6.3) > Mn (mBCF
= 1.5-2.8) > Cu (MBCF = 1.0-2.1).

e The modified bioconcentration factors for lead, cobalt, nickel and cadmium do not
exceed 0.5-0.9, whereas chromium is actively absorbed (mBCF = 2-4.9). The uptake
of heavy metals by miscanthus biomass over 2 years was small: the highest values
were of lead (15.2-17.6 g/ha) and chromium (10.4-10.7 g/ha) in the SS60 and SS60
+F trials. The uptake of cadmium was the smallest and did not exceed 0.6-2.0 g/ha.

e The introduction of sewage sludge affects the thermal characteristics of miscanthus
biomass; the effect of SS is more pronounced than the effect of SS+F. There is a
reduction in the duration of the thermolysis, an increase or decrease in the rates of
processes, a shift of degradation peaks towards lower or higher temperature areas.
In addition, all SS variants and SS+F20 contribute to a more complete combustion
of biomass, whereas SS+F at doses of 40 and 60t/ha increases the share of
incombustible residue.
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