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Abstract: Composting enables the recycling of significant amounts of biodegradable waste, while
ensuring its disposal. The addition of fly ash increases the concentration of fertilizing substances in
the compost. Compost is a source of many nutrients for plants. The addition of fly ash might also
cause a slower release of these nutrients into an aqueous solution, meeting the fertilization needs of
plants over a longer period of time. Tests were carried out using sewage sludge (WWTP Piaseczno,
163,500 P.E.), straw as a structure-forming material and fly ash (WWTP Krakow, 780,000 P.E.). The
compost obtained in the research was analyzed in terms of environmental conditions specified in legal
regulations. The most favorable compost mass density (520 kg/L) and the amount of air supplied to
the process (5.0 L/(h-kg d.m.)) were determined. The addition of fly ash to the compost mass did
not significantly affect the temperature distribution obtained in the process. The increase in fly ash
content increased the pH of the compost mass and was associated with higher nitrogen losses. It was
found that the factor which may limit the possibility of using fly ash as a compost substrate is the
presence of higher concentrations of heavy metals, especially chromium. It was determined that the
maximum addition of fly ash to the compost mass was 154 kg d.m. g/ (ton d.-M.giraw-sludge)-

Keywords: composting; heavy metals; fly ash doses

1. Introduction

The most common organic fertilizer in Poland is manure. However, since 1990,
its production has decreased significantly, so the doses used today often turn out to be
insufficient. Therefore, other sources of organic substances that can be used as an alternative
fertilizer are sought. One of them is sewage sludge and the compost based on it.

Sewage sludge is formed at various stages of wastewater treatment. The amount is
about 1-3% of the volume of treated sewage. Unfortunately, sludge can pose a serious
threat to the environment if not managed properly. It contains many substances, e.g., heavy
metals and pathogenic organisms [1].

Activities aimed at the treatment of sewage sludge and its appropriate handling are
regulated in the relevant framework directive of the European Union [2]. The main purpose
of its processing is stabilization and volume reduction.

Sewage sludge management is a significant problem. The increase in the amount of
sludge produced is caused by the expansion of the sewage network, and thus, the increase
in the amount of wastewater and the use of in-depth removal of biogenic compounds, i.e.,
nitrogen and phosphorus, for their treatment.

Due to the potential harmful impact of sewage sludge on the environment, further
innovation in the combustion methods used for their treatment is forecast, especially
in highly urbanized areas [3]. So far, the management of municipal sewage sludge in
agglomerations has been carried out in few directions [4,5]. One of them involves the use of
thermal methods that lead to the drying and combustion of sewage sludge. Such solutions
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are used primarily in larger wastewater treatment plants (WW1DPs) serving large urban
agglomerations. In smaller objects, technologies are used to prepare the sewage sludge
for its agricultural use. The agricultural management of sludge is mainly based on the
use of sludge in agriculture and for purposes such as reclamation of landfills, composting,
use for growing plants not intended for consumption and production of fodder, as well
as its temporary storage at the WWTP. However, in this case, sewage sludge must meet
the requirements for the natural use of sewage sludge, which is regulated in Poland by the
Regulation of the Minister of the Environment of 6 February 2015 on Municipal Sewage
Sludge [6].

The management of sewage sludge in Europe in 2020 included processes such as [7,8]:
Approximately 30% used in agriculture;

Approximately 23% processed by incineration;

Approximately 16% used in landfill;

Approximately 22% used in compost;

Approximately 21% used in other ways (forestry, silviculture, melioration, etc.).

The increase in thermal methods of sewage sludge treatment leads to the formation
of significant amounts of fly ashes, which also need to be managed. Research is being
conducted on the use of fly ashes in concrete technology [9] and the recovery of valuable
components from it, e.g., phosphorus [10,11].

From 1 January 2016, regulations limit to landfill use any sewage sludge for which
the limit value of TOC < 5% of dry matter, LOI < 8% of dry matter, and the heat of
combustion < 6 MJ/kg of dry matter [12].

Sewage sludge can be a source of nutrients in the soil environment. For this reason,
it is justified to use it for agricultural purposes. Its use should be correct, taking into
consideration the safety of animals, plants, the soil environment and humans. It should not
impair the quality of the soils on which it is applied, nor the quality of agricultural products.

Municipal sewage sludge used as fertilizers after composting processes significantly
increases soil humus and is a valuable source of nutrients [13,14]. This method of manage-
ment can be as supplementary fertilization or by replacing other fertilization with natural
fertilizers. The presence of sewage sludge in the soil improves its physical and chemical
properties and ensures an increase in the fraction of organic matter [15]. The addition of
sewage sludge, which is characterized by a low concentration of heavy metals, can con-
tribute to the increase of biomass, and also positively affect the number of microorganisms
occurring in the soil [16], which are involved in the mineralization of organic nitrogen.

Composting is a method of biological aerobic treatment of organic waste, including
sewage sludge, the primary effect of which is obtaining a stable product. If the raw material
used in the composting process is of appropriate quality, the compost obtained, classified as
an organic fertilizer according to the applicable regulations, can be used in agriculture [17].
In the composting process, waste is disposed of in sanitary terms, and the main product is
compost, i.e., a stable, sanitary material, similar to humus, rich in organic substances and
not emitting unpleasant odors, which is obtained in the composting process of selectively
collected bio-waste, and meets environmental requirements [18].

Sewage sludge contains important nutrients such as nitrogen, phosphorus and potas-
sium. The improvement of the balance of organic matter in the soil improves the conditions
for plant growth. The use of sewage sludge in reclamation processes contributes to the
recovery of valuable elements such as nitrogen, phosphorus and other nutrients that are
important for plant growth [19]. However, the use of sewage sludge for fertilization and
reclamation is associated with certain limitations which are caused by, for example, the
presence of hazardous substances, pathogenic microorganisms and an undesirable smell.

Composts containing sewage sludge from municipal sewage may contain excessive
amounts of heavy metals, such as Cr, Pb, Cd, Cu, Ni, Hg and Zn, which are toxic in high
concentrations. In this case, the use of sewage sludge is not appropriate for agricultural
purposes and its use for the reclamation of degraded areas is significantly limited. Under
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such conditions, there is a risk that too many toxic elements may be leached into ground
and surface waters, creating a threat to the entire ecosystem [20].

Animal-based organic fertilizers and sewage sludge are characterized by a large
diversity in the content of basic mineral components, which are important in terms of
fertilization usefulness. Comparing sewage sludge to slurry (bovine and pig) or manure
(chicken, turkey and cattle) [21-30], the highest contents for N, P and Ca are found in
sewage sediments.

Sewage sludge is characterized by a higher content of nutrients (P,Os, K,O) [31-34].

It can therefore be concluded that sewage sludge is a good fertilizing material and a
promising source for composting, which might be used to increase yields. Sewage sludge is
rich in nutrients and can be considered as a valuable source of potassium and phosphorus
for crops.

It is possible to mix different wastes to obtain the optimal composition of the processed
mixture and to obtain compost material of the right quality. Mixing different types of
waste together to improve the conditions for conducting biological processes meets the
requirements of the Waste Act 2016 [35].

The process of self-composting sewage sludge is ineffective due to excessively high
C/N and C/P ratios, high hydration of sewage sludge and its sticky or lumpy consistency
preventing or limiting the proper circulation of process gases in the bed. Therefore, before
composting, sewage sludge should be mixed with structural materials that are rich in
organic matter (allowing for the reduction of the C/N and C/P ratios, lower humidity
and improving the structure of the composted material). Wastes from the wood indus-
try (e.g., bark and sawdust) and agricultural production (e.g., straw) are often used as
structural material.

Particularly noteworthy are wastes generated after incineration of sewage sludge—fly ashes.

Fly ashes from biomass combustion can have different properties and can be disposed
of and used in different ways [36]. They are a valuable source of fertilizing ingredients
(mainly nitrogen and phosphorus) that can improve composted sludge, which, in view
of the increased content of mineral fertilizing ingredients in composts, makes them an
attractive product [37].

On the other hand, the addition of fly ash to compost is a source of heavy metals. It also
increases the pH of the compost mass, which results in higher nitrogen losses and immobiliza-
tion of microelements and a decrease in the number of beneficial microorganisms [38—42].

The presence of significant amounts of sewage sludge and the development of methods
for its drying and incineration became a premise for undertaking this research topic related
to the joint composting of sludge with fly ashes from sewage sludge combustion.

The aim of the research is to verify the thesis that the composting of sewage sludge
with the use of fly ashes from the sewage sludge combustion allows for the obtaining of a
high-quality fertilizer product. However, the limiting factor is the content of heavy metals
in these ashes.

2. Material and Methods

The aim of the research was to determine the effect of the addition of fly ash to compost
from sewage sludge combustion, using wheat straw as a structural material, on the quality
parameters of composts produced based on sewage sludge. Additionally, the fertilizing
and sanitary properties of the produced composts were determined.

Compost for the research was prepared on the basis of dehydrated sewage sludge
and fly ash from an incineration plant resulting from fluidization bed combustion—FBC
(efficiency 23,000 Mg d.m./yr.)—of sewage sludge from WWTP Krakow (780,000 P.E.,
capacity 328,000 m3/d). The structural material was wheat straw from a farm near Warsaw.
Sewage sludge used for the tests, which was collected from a municipal wastewater
treatment plant near Warsaw (WWTP Piaseczno, 163,500 P.E., capacity 24,000 m3/d), did
not contain industrial wastewater with increased concentrations of heavy metals.
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The efficiency of the composting process is significantly affected by the proper balance
of the components that make up the composted material. Hydration and the content of
organic and mineral dry matter in the substrates used for testing are listed in Table 1.
Finally, the sewage sludge, after stabilization processes, was selected for the study.

Table 1. Hydration and dry matter in substrates used for research. (Source: authors’ research.)

Hydration Dry Mass Dry Organic Mass Minimum Dry Mass
Component [%] [%] [% d.m.] [% d.m.]
(Aliae:;ggee) (Aliil:aggee) Range Range
Raw sludge * 91(3{ 9731 7'(2738)'6 76.9-78.8 21.2-23.1
Stabilized sludge ** 84'(78_78)8'0 12'(01_31)5'3 69.9-70.3 29.6-30.1
Wheat straw e o 92.4-93.6 6471

Note: * Sludge after mechanical thickening; ** Sludge after mechanical thickening, fermentation and dewatering.

After determining the appropriate weight proportions and then mixing, the substrates
were placed in rotating bioreactors (Figure 1) with a volume of 150 L. Rotation speed was
5 rpm. The bioreactors were thermally insulated and equipped with an aeration system.

Figure 1. View of the bioreactors used for research.

The aeration installation was powered by a compressor. On the air supply hose to the
bioreactors, rotameters were placed to measure the amount of flowing air. During the tests,
the temperature in the bed and its humidity were measured.

Fly ash dosage tests were carried out for composts obtained with different mass ratios
of substrates, specifically, 1:10:0, 1:10:0.5, 1:10:1, 1:10:1.5, and 1:10:2, in 3 replications. The
differences in the doses of fly ash were aimed at determining their effects on the temperature
in the obtained compost mass and the content of biogenic and fertilizing substances in
water extracts. No tests were conducted with higher ash doses due to the expected increase
in pH and large losses of nitrogen.

The tests were carried out at a compost mass density of 520 kg /L and aeration intensity
of 5.0 L/ (h-kg d.m.). The values were based on preliminary tests optimizing the weight
proportions of compost mass substrates and their density and aeration intensity.

Compost samples for testing were collected in accordance with the methodology con-
tained in the PN-R-04006:2000 standard. The test sample was obtained by combining and
thoroughly mixing 6 samples taken at the same time from different places of the compost
mass. Physical and chemical composition tests were carried out for the sewage sludge and
fly ashes and the compost and its water extracts (EN 12457-4:2002 [43]) in terms of: physical
properties (i.e., dry matter content [44], dry matter content organic acid [45], TOC [46],
and pH [46]), fertilizer indicators (i.e., TKN [47], N-NHy [46], N-NOs [48], N-NO; [48],
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total phosphorus [49], P-PO4 [50], potassium [51], magnesium [51,52], calcium [47,51],
chlorides [50], BODs [53], and COD [54]), and heavy metals (chromium, lead, copper, cad-
mium, nickel, zinc, and mercury) [51,52]. The analyses were outsourced to the accredited
laboratory Eurofins OBiKS Polska Sp. z 0. 0. Measurement uncertainty for sensory (e.g., pH
and temperature) tests was defined as the geometric mean range. Measurement uncertainty
for the rest of the tests was defined as expanded uncertainty, for which the coverage factor
was set at the level of k = 2, and the probability factor of the measurement result was equal
to 95%.

3. Results and Discussion
3.1. Influence of Fly Ash on the Composting Process

In the study, attempts were made to compost sewage sludge and a structure-forming
material in the form of wheat straw with the addition of fly ash from sewage sludge
combustion. In individual tests, the variable parameter was the amount of added ash
(Figure 2).

Variable ash content

temperature [°C]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

——1:10:0.0 ——1:10:0.5 1:10:1.0 —e—1:10:1.5 —e—1:10:2.0

Figure 2. Composting of stabilized sludge with straw and a variable amount of ash from
sewage sludge combustion at constant density (520 kg/m3) and amount of air supplied
(5.0 L/ (h-kg d.m.))—average of three replications.

The temperature distribution presented in Figure 2 indicates that the addition of ash
does not significantly affect the obtained temperatures in the bed. The composting process
proceeds properly, reaching the maximum temperature of the compost mass around the
6th day of the process. Then the temperature of the mass decreases, passing, at around the
12th day of the process, into the phase of compost maturation.

The pH for individual samples was 6.4-7.6, 6.8-7.9, 7.2-8.4, 7.5-8.9 and 7.9-9.4 for
ratios of 1:10:0, 1:10:0.5, 1:10:1, 1:10:1.5 and 1:10:2, respectively. The measured pH values
indicate that the higher the content of ash added to the compost mass in the analyzed
samples, the higher the pH value, which is related to the addition of increasing amounts of
alkaline ions (Ca?*, Mg2+, K*, Na™) to the compost. At the same time, an increase in the ash
content in the composted material results in a decrease in the humidity of the composted
bed, due to the much lower hydration of the ash compared to the other components of the
compost mass.

Figure 3 shows the view of the compost obtained after 15 days of the process for the
substrate ratio of 1:10:1.
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Figure 3. View of the compost after 15 days of composting (straw:sewage sludge:fly ash—1:10:1).

3.2. Organic, Biogenic and Fertilizing Substances

The main objective of the conducted research was to determine the effect of the fly ash
additive from the incineration of sewage sludge on the quality parameters of composts
produced on the basis of sewage sludge, with the use of wheat straw as a structural material.

The test results listed in Table 2 indicate a high content of organic substances in the
obtained composts. In all compost samples, the content of organic substances exceeds the
minimum value of 30% specified in the Regulation of the Minister of Agriculture and Rural
Development on the Implementation of Certain Provisions of the Act on Fertilizers and
Fertilization [55]. There is also a clear dependence, indicating that the share of organic
substances decreases with the increase in fly ash content in the compost.

Table 2. The content of organic substances in substrates and composts using straw as a structural material.

Compost—Weight Proportions:

S . .
Indicator Unit Sil‘:,;gg: Fly Ash Straw:Sewage Sludge:Fly Ash [55]
1:10:0 1:10:0.5 1:10:1 1:10:1.5 1:10:2
TOC mg/kg 342,600 <5000 306,400 252,900 267,800 151,400 246,000
d.m. 468,520 - 461,280 450,580 453,560 430,280 449,200
Dry mass % d.m 80.3 <0.5 74.1 54.8 47.3 35.2 36.0 above
loss o s +8.03 - +7.4 +5.5 +4.7 +3.5 +3.6 30% d.m.

Important parameters characterizing the possibility of agricultural (natural) use of
compost include the content levels of fertilizing substances. Among them, the following
parameters are distinguished: TKN, N-NHy, total phosphorus, potassium, calcium, magne-
sium and chlorides. The list of fertilizing substances in composts with different ash content,
as compared to the content in sewage sludge and fly ash, is shown in Figure 3. A signifi-
cantly higher concentration of fertilizing substances in the ash compared to sewage sludge
results in an increase of the concentrations in the obtained compost. It can be concluded
that the addition of fly ashes from sewage sludge incineration to compost is a source of
many nutrients for plants. At the same time, the release of fertilizing substances into the
solution in the case of fly ashes is comparable or even slower than in the case of sewage
sludge. This is a beneficial phenomenon, as it does not increase the level of eutrophication
of the environment. It affects the balanced satisfaction of the fertilization needs of plants in
the long term.

Nitrogen has an important role in the life cycle of the plant; it is a component of
structural compounds, energy carriers and compounds that regulate the metabolism of the
plant. It affects the growth rate and the amount of biomass produced by the plant. However,
it is relatively difficult to specify the directions of the transformations of this component in
the soil. This is due to the diversity of both the forms of the nitrogen compounds and the
processes occurring between them [56].

On the basis of Figure 4, it can be concluded that the content of total nitrogen in the
tested composts is significantly lower than the content in sewage sludge. This is due to
low nitrogen content in the fly ash and nitrogen losses during the composting process. The
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increase in the ash content in the compost mass does not significantly affect the content of
total nitrogen in the compost mass.

m Total Kjeldahl Nitrogen

m Total phosphorus
Potassium
Calcium
B Magnesium
‘|. Il || | I‘ || | |l

Sewage compost compost compost compost compost Fly ash
sludge 1:10:0 1:10:0.5 1:10:1 1:10:1.5 1:10:2

Figure 4. The content of fertilizing substances in compost (whey straw as a structural material),
sewage sludge and fly ash—average of three replications.

The form of ammonium nitrogen is well retained in the soil, is easily absorbed by
plants and facilitates the uptake of phosphorus and silicon. It is slowly and evenly absorbed
by plants, and also helps to build a strong root system [56]. The content of ammonium
nitrogen in the tested composts ranges from 0.32 to 0.95% d.m. As in the case of total
nitrogen, the content of ammonium nitrogen in the compost is clearly lower than the
content in the sewage sludge, and the dose of added ash does not significantly affect its
value in the compost.

In the case of declaring the total nitrogen in compost for all composts obtained, we
obtain values of total nitrogen significantly above the minimum value (0.3% m/m-—mass
of the component to the mass of the mixture) specified in the Regulation of the Minister of
Agriculture and Rural Development on the Implementation of Certain Provisions of the
Act on Fertilizers and Fertilization [55].

Phosphorus introduced into the soil is removed from it with the growth of plants or
because of erosion, surface runoff or leaching. According to the literature, it can only be
supplemented from external sources [57].

The presence of easily available phosphorus compounds in the soil determines the
development of the root system. Phosphorus even stimulates root growth. The deficiency
of this component, as well as many others, means that the nitrogen taken up by plants is
not fully used to create a crop. Phosphorus in a plant cell is found in, among other forms,
inorganic form as a fixed pool of metabolic phosphorus (Pi). It is currently used in the
processes of phosphorylation and ATP synthesis. It is a component of the high-energy
bond contained in the adenosine triphosphate (ATP) molecule, which is the basic source of
energy for all biochemical reactions taking place in the living organism.

The content of total phosphorus in the obtained composts is in most cases higher than
the content in sewage sludge. This is due to the high content of phosphorus in the fly ash.
In the case of declaring phosphorus in the compost, for all composts obtained, we obtain
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phosphorus values above the minimum value (0.2% m/m—weight of the component
converted to phosphorus pentoxide P05 to the weight of the mixture) specified in the
Regulation of the Minister of Agriculture and Rural Development on the Implementation
of Certain Provisions of the Act on Fertilizers and Fertilization [55].

Potassium is an element responsible for many processes, e.g., photosynthesis processes,
energy transformations, water management and osmotic processes, regulation of the daily
cycle of stomatal work, ion uptake from the soil and nitrogen management. The interaction
between nitrogen and potassium boils down to an increase in yields under the influence
of nitrogen fertilization, and thus to a greater uptake of potassium by plants. Potassium
deficiency drastically reduces nitrogen uptake, which, depending on the plant species,
affects the realization of its yield potential to varying degrees [58].

The obtained test results show that the potassium content in the compost is higher
than the content in the sewage sludge. The source of the higher potassium content in
composts is the addition of fly ash. In the case of declaring potassium in the compost,
for all composts obtained, we obtain potassium values above the minimum value (0.2%
m/m—mass of the component converted to potassium oxide K,O to the compost mass)
specified in the Regulation of the Minister of Agriculture and Rural Development on the
Implementation of Certain Provisions of the Act on Fertilizers and Fertilization [54].

For plants, calcium is a macroelement, i.e., it is present in an amount of more than 0.1
to 5% of dry mass. Therefore, it is one of the most important elements for plants, which, in
the case of agriculture, often determines the quality and size of crops. Calcium has both
a structural role and the function of a universal information transmitter. In the plant, it
is very poorly reutilized, which means that the symptoms of its deficiency are observed
in the form of the curling of the edges of young leaves or a weakening of the root system,
which is then covered with mucus. It is also a key component that regulates the functions
of the plasma membrane. Calcium deficiency causes severe damage to plants, up to the
atrophy of membranes. It also takes part in controlling the activity of many key metabolic
enzymes. The above information shows that calcium is of both structural and physiological
importance for plants [59].

The obtained test results show that in most cases the calcium content in the compost is
higher than the content in the sewage sludge. The addition of fly ash contributes to higher
calcium content in composts.

Magnesium is an important plant nutrient, one which is necessary for the construction
of, among other substances, chlorophyll. Magnesium deficiency in plants affects their
negative growth and yield. This component participates in the process of photosynthesis
and is an activator of many biochemical and enzymatic processes. In addition, it participates
in the synthesis of proteins and fats and has a positive effect on the accumulation of sugar in
the root. Importantly, magnesium reduces the susceptibility of plants to diseases, especially
to tassel, and at the same time stimulates the yield-forming effect of nitrogen [60,61].

The obtained test results show that in most cases the magnesium content in the
compost is higher than the content in the sewage sludge. The addition of fly ash contributes
to higher magnesium content in composts.

The ratio of carbon to nitrogen (C/N) in the tested compost samples ranged from
1:23 =+ 32, with an average value of 1:29.

3.3. Heavy Metals in Compost

Restoring to the soil the components contained in sewage sludge is right not only
from the economic point of view, but also for maintaining or restoring ecological balance.
Often, the organic and mineral composition of sewage sludge is comparable to the soil’s
organic substance, called humus, which makes it possible to use it in nature [62]. However,
in addition to checking the content of nutrients and fertilizing substances in the sewage
sludge, it is also extremely important to test for the presence of heavy metals in it.

The toxic effect of heavy metals consists in causing disturbances in the enzymatic
system of living organisms, which in turn leads to changes during biochemical and physio-
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logical processes. In extreme cases, these processes cause the death of cells and tissues by
reducing the permeability of cell membranes and limiting the rate of photosynthesis [63].

Heavy metals are present in various amounts and forms in sewage sludge and fly
ashes. Their mobility depends on the fraction of the solid matrix, but may vary depending
on the pH of the soil on which they are applied. Heavy metals are generally toxic to plant,
animal and human organisms. They can reach the level of phytotoxicity, and thus cause
inhibition of plant growth. In addition, fertilization of soils with sewage sludge with a high
level of heavy metals may also cause a decrease in its enzymatic activity [64].

Table 3 shows the concentrations of heavy metals in the composts, sewage sludge
and fly ashes used for the tests. Analyzing the presented data, the content of heavy
metals (except mercury) in the fly ash is significantly higher than their content in the
sewage sludge. The addition of fly ashes to the composted material may therefore result in
higher concentrations of metals in the compost. At the same time, studies of heavy metal
concentrations in water extracts showed a lower mobility of the metals contained in the
ashes. This phenomenon is beneficial from the point of view of environmental impact.

Table 3. Comparison of the results of tests of the content of heavy metals in compost and their
permissible content specified in the Polish Regulations.

Compost—Weight Proportions:

Indicator Unit Ssi‘:’;gg: Fly Ash Straw:Sewage Sludge:Fly Ash 161 (551
1:10:0 1:10:0.5 1:10:1 1:10:1.5 1:10:2
. mg/kg 324 412 35.0 142.0 203.0 251.0 282.0
Chromium dm. 149 162 1525 1213 £30.4 £37.6 1423 500.0 1000
Chromium 0.01 0.024
(water extract) mg/L <0.003 +0.002 +0.004 <0.003 <0.003
mg/k 30.0 107 272 582 64.9 762 81.5
Lead dm. +3.0 +11 +2.7 +5.8 +6.49 176 +82 7500 1400
(Wat;e:iract) mg/L <0.01 <0.01 <0.01 <0.01 <0.01
. mg/k 0.817 3.93 0.243 2.060 147 1.50 246
Cadmium dm. +0.123 +0.39 +0.0364 +0.309 +0.22 +0.225 +0.369 200 50
(w(aj?i“e‘)‘(‘tlr‘;‘d) mg/L 0.021 <0.0005 <0.0005 <0.0005 <0.0005
mg/kg 299.0 598 259.0 447.0 488.0 519.0 544.0 i
Copper dm. +449 +60 +38.9 +67.1 +4838 +779 +81.2 1000.0
Copper 0.214 0.384 0.242 0.254
(water extract) mg/L 0.946 +£0.043 +0.077 40048 +£0.051
) mg/k 19.3 126 15.2 59.7 62.5 73.0 943
Nickel dm. 29 +13 +23 +89 +9.38 +10.9 +14.1 300.0 600
Nickel 0.01 0.104 0.04 0.052
(water extract) mg/L 0.149 +£0.002 40021 40008 +0.01
mg/kg 0.33 0.09 0.210 0.380 0.220 0.190 0.200
Mercury dm. +0.066 +0.02 +0.042 40076 10,044 +0.038 +0.040 160 20
(Walz’éff;‘tgct)) mg/L <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Zink mg/kg 825.0 3159 828.0 1595.0 2010.0 2255.0 2346.0 2500.0 i
dm. +124 +474 +124 1239 +302 1338 1352 :
Zink me/L 108 0.591 0.404 0.388 0.36
(water extract) g : +0.118 +0.081 +0.078 +0.072

Relating the concentrations of heavy metals in the obtained composts to the limit val-
ues set for the use of municipal sewage sludge in agriculture and for the reclamation of land
for agricultural purposes provided in the Regulation of the Minister of the Environment on
Municipal Sewage Sludge [7], it can be stated that there are no violations.

Comparing the concentrations of heavy metals in the obtained composts to the limit
values given in the Regulation of the Minister of Agriculture and Rural Development on
the Implementation of Certain Provisions of the Act on Fertilizers and Fertilization [55],
there are noticeable exceedances for two metals, i.e., chromium and nickel. In the light of
the applicable regulations, it can be concluded that the concentration of these two metals in
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the fly ash is a factor limiting the amount of fly ash that can be added to the compost mass.
Figure 5 shows the concentration of chromium and nickel in the substrates and samples of
the resulting compost.
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Figure 5. Chromium and nickel concentrations in substrates and composts using straw as a structural
material—average of three replications.

3.4. Water Extracts from Compost Mass

A negative impact on the natural environment may be caused primarily by excessive
loads of pollutants getting through into surface and underground waters. They cause
deterioration of the quality of these waters.

Table 4 lists the BOD5 and COD concentrations for water extracts from the used
substrates and the obtained composts. The test results show that the content of BODs
and COD in water extracts from composts is lower than in water extract from sewage
sludge. The concentrations of these indicators in water extracts from fly ash are trace,
below the determination threshold. The concentration of COD is on average several times
higher than BODs, which proves that the solution is dominated by organic substances that
are not susceptible, or not very susceptible, to biochemical decomposition. The observed
concentrations of BODs and COD are significantly lower than in animal fertilizers, where
the BODs of pig manure is 4890 mg O, /L and the COD is 13,080 mg O, /L [54].

Table 4 summarizes the concentrations of biogenic indicators in water extracts. The
obtained test results show that the concentration of total nitrogen in water extracts from
composts is lower than in the water extract from sewage sludge. The TKN content in water
extracts decreases with the increase of the fly ash content in the compost. This indicates
a decrease in the availability of nitrogen for plants. This confirms scientific reports that
an increase in the pH of the compost mass may affect the losses and immobilization of
nitrogen [40,42,65]. The concentrations of nitrate and nitrite nitrogen in water extracts from
the analyzed samples showed insignificant values.
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The content of total phosphorus and phosphates in water extracts from compost are
lower than in the water extract from sewage sludge. This is probably because phosphorus
compounds are leached slower from fly ash than from sewage sludge. The increase in the
content of fly ash in the compost reduces the concentration of total phosphorus in the water
extract. The reason for this situation is the increase in pH, which limits the leaching of
phosphorus from the compost mass.

The potassium content ranged from 121 to 520 mg K/L. In most of the samples, this
value was lower than that of the water extract from sewage sludge. An increase in the
content of fly ash in the compost reduces the concentration of potassium in the water
extract. This is the same situation as in the case of other biogenic indicators.

The obtained concentrations were compared with typical concentrations of selected
substances in irrigation water (according to the Food and Agriculture Organization of the
United Nations (FAO)). The concentration of biogenic substances (P-PO4, potassium) in
water extracts from composts is many times higher than in typical irrigation water specified
by the FAO [66].

Table 4. Nutrient concentrations, BOD5 and COD in water extracts from selected substrates (sewage
sludge and fly ash) and composts (structural material—straw).

Compost—Weight Proportions:

Indicator Unit szlfwgge Fly Ash Straw:Sewage Sludge:Fly Ash [e6]
udge
1:10:0 1:10:1 1:10:2 Usual Range
BODs mg O, /L 120 <2 120 130 32
COD mg O, /L 1450 <5 1450 1280 540 -
2.07 314
TKN mg/L 973 4021 40.007 267 201 -
N-NO3 mg/L <0.89 32381 <0.89 <0.89 <0.89 10
N-NO, mg/L 5.5 <0.02 0.26 0.32 0.13 -
7.12 >65 29 411
Total phosphorus mg/L 7.32 o7 015 10.076 10128 -
18.4
P-POy mg/L 103 1184 62.2 14.7 6.0 2
. 542
Potassium mg/L 287 4108 520 166 121 2
3.5. The Sanitary Condition of the Obtained Compost
As part of the examination of the sanitary condition of the compost, the presence
of Salmonella sp. in 100 g and the number of live eggs of intestinal parasites Ascaris sp.,
Trichuris sp. and Toxocara sp. were determined (Table 5). The results of the research show
that the composts obtained are safe in terms of sanitary conditions. Indicator microorgan-
isms specified in legal regulations were not isolated in all tested samples.
Table 5. Test results of sanitary indicators in sewage sludge, fly ash and compost (structural material—straw).
Compost—Weight Proportions: 6] (551
Indicator SS?ch;ggee Fly Ash Straw:Sewage Sludge:Fly Ash
1:10:0 1:10:0.5 1:10:1 1:10:1.5 1:10:2
Sali:olr(l)eolugsp. not found not found not found not found not found not found not found not found not found
Asfg’ig °p-in 0 0 0 0 0 0 0 0 0
Ti;i‘:l’:;gsr;p' 0 0 0 0 0 0 0 0 0
Toxocara sp. 0 0 0 0 0 0 0 0 0

in kg d.m.
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In the tests carried out, a high temperature of the compost of 67 °C was obtained. It
can therefore be assumed that it will be sufficient to remove parasite eggs in the event
of their occurrence [67]. According to Mininni et al. [5] composting is the best way to
remove pathogens.

3.6. Model of Sewage Sludge Composting Process with Ash Addition

From the point of view of the impact of the obtained composts on the environment,
the limiting factor is the content of heavy metals. Fly ash is a source of many fertilizing
ingredients, but at the same time, it can contain high concentrations of heavy metals.
Based on the results, heavy metals that may have the greatest impact on the breach of the
environmental requirements according to the Regulation on the Implementation of Certain
Provisions of the Act on Fertilizers and Fertilization [55] are chrome and nickel. Therefore,
the characteristics of changes in the concentrations of chromium and nickel in the compost
depending on the added dose of fly ashes refining the compost mass were determined; the
models of changes in the concentrations of these metals are presented in Figure 6.

AN 2
X(o s
ot 7
g
et
7,
s
,/’ max concentration of Cr
L7 Polish reg. Dz.U. 2008.119.765
Cd
7 1
s +26.
,/’ max concentration of Ni YN-\=78.67-6_X —_———

Polish reg. Dz.U. 2008.119.765 e - -

- -~
- -
- -~
-—
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Dose of fly ash [kg d.m. g, /(kg d.m.g .. cudge)]

Figure 6. Models of the effect of fly ash dose on the concentration of chromium and nickel in the dry
mass of compost (structural material—straw).

The determined characteristics of concentration changes made it possible to determine
the equations for increasing the concentration of a given heavy metal in the compost and to
determine the maximum doses for which the values of its concentration in the compost
will not be exceeded (Figure 6). For chromium, the relationship between the concentration
and the dose of added fly ash was defined as:

Yo, = 316.38-x + 51.4

For nickel, the relationship between the concentration and the dose of added fly ash

was defined as:
Yyi = 78.626-x + 26.17

where:
x—Ash dose [kg d.m.,¢n / (kg d-M.straw+siudge)]-
Yc,—Chromium concentration [mg Cr/ (kg d.m.compost)]-
Yni—Nickel concentration [mg Ni/ (kg d.m.compost)]-
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Therefore, the maximum doses of ash added to the compost mass, not exceeding the
maximum concentrations of heavy metals provided for in the Regulation on the Implemen-
tation of Certain Provisions of the Act on Fertilizers and Fertilization [55] should be:

For chromium with straw as a structural material:

—0.154 kg d'm'ash/(kg d'm'straw+sludge) =154 kg d.m.,qn/(ton d'm'straw+sludge)'

For nickel with straw as a structural material:

—0.430 kg d~m~ash/(kg d~m~straw+sludge) =430 kg d.m.,qn/(ton d-m-straw+sludge)-

4. Conclusions

It is possible to use fly ashes from sewage sludge combustion for compost mass as an
additive for improving compost.

The maximum temperature of the compost mass was around 67 °C at the 6th day of
the process.

Fly ash has an alkaline reaction, and its addition increases the pH of the composted
material. In the tested range of ash addition, no significant negative effect on the efficiency
of the process was observed. The high pH of the composted material may inhibit the effec-
tiveness of biochemical processes, which would result in the extension of the composting
time and a limit to the maximum temperatures obtained in the compost mass.

The addition of fly ash affects the growth of fertilizing substances in the compost, in
particular, calcium and phosphorus.

Microbiological tests did not show the presence of indicator microorganisms in the
tested compost masses.

The increase of fly ash in the compost reduces the concentration of nutrient indicators
in the water extract, due to the reduction of their leaching from the compost mass.

However, comparing the concentrations of heavy metals in the obtained composts
to the limit values set out in the regulations for organic and organic-mineral fertilizers,
their use is limited mainly due to the presence of two heavy metals, chromium and nickel.
According to the current regulations, it can be concluded that the concentration of these two
heavy metals in the fly ash is a factor determining the amount of fly ash in the compost mass.
The most favorable weight proportions of substrates, as limited by higher concentrations
of chromium in the fly ash, are as follows:

Whey straw : Sewage sludge: Fly ash

410kg d.m. : 590 kg d.m. : 154 kg d.m.

Fly ashes can be used to obtain the declared content of fertilizing substances in compost
produced from sewage sludge. Each time, chemical analyzes of substrates should be
performed in order to properly balance them in the compost mass.

Author Contributions: Conceptualization, M.M., PW. and ].C.; methodology, M.M., PW. and ].C.;
validation, M.M., PW. and ].C.; formal analysis, M.M., PW. and ].C.; investigation, M.M., PW. and
J.C.; resources, M.M., PW. and ]J.C.; data curation, M.M., PW. and J.C.; writing—original draft
preparation, M.M., PW. and J.C.; writing—review and editing, M.M., PW. and ].C.; visualization,
M.M.; supervision, M.M., PW. and ].C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Gholipour, S.; Ghalhari, M.R.; Nikaeen, M.; Rabbani, D.; Pakzad, P.; Miranzadeh, M.B. Occurrence of viruses in sewage sludge: A
systematic review. Sci. Total Environ. 2022, 824, 153886. [CrossRef]
2. EU Council. Council Directive 91/271/EEC of 21 May 1991 concerning urban wastewater treatment. J. Eur. Commun. 1991, 34, 40.


https://doi.org/10.1016/j.scitotenv.2022.153886

Water 2023, 15, 2247 14 of 16

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bagheri, M.; Bauer, T.; Burgman, L.E.; Wetterlund, E. Fifty years of sewage sludge management research: Mapping researchers’
motivations and concerns. J. Environ. Manag. 2023, 325, 116412. [CrossRef] [PubMed]

Bianchini, A.; Bonfiglioli, L.; Pellegrini, M.; Saccani, C. Sewage sludge management in Europe: A critical analysis of data quality.
Int. . Environ. Waste Manag. 2016, 18, 226-238. [CrossRef]

Mininni, G.; Blanch, A.R.; Lucena, F.; Berselli, S. EU policy on sewage sludge utilization and perspectives on new approaches of
sludge management. Environ. Sci. Pollut. Res. 2015, 22, 7361-7374. [CrossRef]

Journal of Laws (2015.257). Regulation of the Minister of the Environment of 6 February 2015 on Municipal Sewage Sludge
(Journal of Laws of 2015, Item 257). Available online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20150000257
(accessed on 10 April 2023).

Eurostat Statistics Explained. Water Statistics. 2022. Available online: https://ec.europa.eu/eurostat/statistics-explained /index.
php?title=Water_statistics#Wastewater_treatment_and_disposal (accessed on 11 April 2023).

Environment. Statistics Poland, Warsaw. 2019. Available online: https://stat.gov.pl/ (accessed on 11 April 2023).

Rutkowska, G.; Wichowski, P.; Fronczyk, J.; Franus, M.; Chalecki, M. Use of fly ashes from municipal sewage sludge combustion
in production of ash concretes. Constr. Build Mater. 2018, 188, 874-883. [CrossRef]

Wzorek, Z. Recovery of phosphorus compounds from thermally treated waste and their use as a substitute for natural phosphorus
raw materials. In Chemical Engineering and Technology Series. Monograph 356; Publishing House of the Cracow University of
Technology: Cracow, Poland, 2008.

Kasprzyk, M.; Gajewska, M.; Molendowska, S. Possibilities of phosphorus recovery from effluents, sewage sludge and ashes
from sewage sludge thermal processing. Ecol. Eng. 2017, 18, 65-78.

Journal of Laws (2015.1277). Regulation of the Minister of Economy of 16 July 2015 on the Admission of Waste to Landfills
(Journal of Laws of 2015, Item 1277). Available online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20150001277
(accessed on 10 April 2023).

Sroda, K.; Kijo-Kleczkowska, A.; Otwinowski, H. Methods of disposal of sewage sludge. Arch. . Waste Manage. Environ. Prot.
2013, 15, 33-49.

Rosik-Dulewska, C. Fundamentals of Waste Management; PWN: Warsaw, Poland, 2008.

Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU application of old and new methods—A review. Renew. Sustain.
Energy Rev. 2008, 12, 116-140. [CrossRef]

Singh, R.P; Singh, P.; Ibrahim, M.H.; Hashim, R. Land application of sewage sludge: Physicochemical and microbial response.
Rev. Environ. Contam. Toxicol. 2011, 214, 41-61. [PubMed]

Sidetko, R.; Szymanski, K. Application of dynamic bioreactorin composting process of sewage sludge. Eng. Prot. Environ. 2008,
11, 331-343.

Saveyn, H.; Eder, P. End-of-Waste Criteria for Biodegradable Waste Subjected to Biological Treatment (Compost and Digestate): Technical
Proposals; EUR 26425; Publications Office of the European Union: Luxembourg, 2013; JRC87124.

Kacprzak, M.; Grobelak, A.; Grosser, A.; Prasad, M.N.V. Efficacay of Biosolids in Assisted Phyto-stabilization of Metalliferous
Acidic Sandy Soils with Five Grass Species. Int. |. Phytoremediation 2014, 16, 593-608. [CrossRef] [PubMed]

Bolan, N.; Kunhikrishnan, A.; Thangarajan, R.; Kumpiene, J.; Park, J.; Makino, T.; Kirkham, M.B.; Scheckel, K. Remediation of
heavy metal(loid)s contaminated solis—To mobilize or to immobilize? |. Hazard. Mater. 2014, 266, 141-166. [CrossRef] [PubMed]
Ylivainio, K.; Lehti, A.; Jermakka, J.; Wikberg, H.; Turtola, E. Predicting relative agronomic efficiency of phosphorus-rich organic
residues. Sci. Total Environ. 2021, 773, 145618. [CrossRef]

Almeida, R.F; Queiroz, .D.S.; Mikhael, ].E.R.; Oliveira, R.C.; Borges, E.N. Enriched animal manure as a source of phosphorus in
sustainable agriculture. Int. J. Recycl. Org. Waste Agric. 2019, 8, 203-210. [CrossRef]

Qaswar, M; Yiren, L,; Jing, H.; Kaillou, L.; Mudasir, M.; Zhenzhen, L.; Hongqian, H.; Xianjin, L.; Jianhua, J.; Ahmed, W.; et al. Soil
nutrients and heavy metal availability under long-term combined application of swine manure and synthetic fertilizers in acidic
paddy soil. J. Soil Sediment 2020, 20, 2093-2106. [CrossRef]

Yadav, A.; Gupta, R.; Garg, V.K. Organic manure production from cow dung and biogas plant slurry by vermicomposting under
field conditions. Int. J. Recycl. Org. Waste Agric. 2013, 2, 21. [CrossRef]

Risberg, K.; Cederlund, H.; Pell, M.; Arthurson, V.; Schntirer, A. Comparative characterization of digestate versus pig slurry and
cow manure—Chemical composition and effects on soil microbial activity. Waste Manag. 2017, 61, 529-538. [CrossRef]

de Melo, T.R,; Figueired, A.; Machado, W.; Filho, ].T. Changes on soil structural stability after in nature and composted chicken
manure application. Int. ]. Recycl. Org. Waste Agric. 2019, 8, 333-338. [CrossRef]

Ravindran, B.; Mupambwa, H.A; Silwana, S.; Mnkeni, PN.S. Assessment of nutrient quality, heavy metals and phytotoxic
properties of chicken manure on selected commercial vegetable crops. Heliyon 2017, 3, €00493. [CrossRef]

Pagliari, PH. Variety and Solubility of Phosphorus Forms in Animal Manure and Their Effects on Soil Test Phosphorus. In Applied
Manure and Nutrient Chemistry for Sustainable Agriculture and Environment; He, Z., Zhang, H., Eds.; Springer: Dordrecht, The
Netherlands, 2014; pp. 141-161.

Antonkiewicz, J.; Poplawska, A.; Kotodziej, B.; Ciarkowska, K.; Gambus, E; Bryk, M.; Babula, J. Application of ash and municipal
sewage sludge as macronutrient sources in sustainable plant biomass production. J. Environ. Manag. 2020, 264, 110450. [CrossRef]
Santana, ].M.; Fraga, S.V.B.; Zanatta, M.C.K.; Martins, M.R.; Pires, M.S.G. Characterization of organic compounds and drugs in
sewage sludge aiming for agricultural recycling. Heliyon 2021, 7, e06771. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jenvman.2022.116412
https://www.ncbi.nlm.nih.gov/pubmed/36274309
https://doi.org/10.1504/IJEWM.2016.080795
https://doi.org/10.1007/s11356-014-3132-0
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20150000257
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Water_statistics#Wastewater_treatment_and_disposal
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Water_statistics#Wastewater_treatment_and_disposal
https://stat.gov.pl/
https://doi.org/10.1016/j.conbuildmat.2018.08.167
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20150001277
https://doi.org/10.1016/j.rser.2006.05.014
https://www.ncbi.nlm.nih.gov/pubmed/21913124
https://doi.org/10.1080/15226514.2013.798625
https://www.ncbi.nlm.nih.gov/pubmed/24912245
https://doi.org/10.1016/j.jhazmat.2013.12.018
https://www.ncbi.nlm.nih.gov/pubmed/24394669
https://doi.org/10.1016/j.scitotenv.2021.145618
https://doi.org/10.1007/s40093-019-00291-x
https://doi.org/10.1007/s11368-020-02576-5
https://doi.org/10.1186/2251-7715-2-21
https://doi.org/10.1016/j.wasman.2016.12.016
https://doi.org/10.1007/s40093-019-0250-1
https://doi.org/10.1016/j.heliyon.2017.e00493
https://doi.org/10.1016/j.jenvman.2020.110450
https://doi.org/10.1016/j.heliyon.2021.e06771
https://www.ncbi.nlm.nih.gov/pubmed/33912724

Water 2023, 15, 2247 150f 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

Song, C.; Shan, S.; Miiller, K.; Wu, S.; Niazi, N.K,; Xu, S.; Shen, Y.; Rinklebe, J.; Liu, D.; Wang, H. Characterization of pig
manure-derived hydrochars for their potential application as fertilizer. Environ. Sci. Pollut. Res. 2018, 25, 25772-25779. [CrossRef]
Zhu, FX,; Yao, Z.Y.L.; Wang, S.J.; Du, R.G.; Wang, W.P,; Chen, X.Y.; Hong, C.L.; Qi, B.; Xue, Z.Y.; Yang, H.Q. Housefly maggot-
treated composting as sustainable option for pig manure management. Waste Manag. 2015, 35, 62-67. [CrossRef]

Wang, H.P; Zhang, Q.; Li, Y,; Ren, L.H.; Li, FL.; Luo, T.; Weng, B.Q.; Wang, Q.Y. Effects of pyrolysis temperature on yield and
physicochemical characteristics of biochar from animal manures. |. Agro-Environ. Sci. 2015, 34, 2208-2214.

Shiba, N.C.; Ntuli, F. Extraction and precipitation of phosphorus from sewage sludge. Waste Manag. 2017, 60, 191-200. [CrossRef]
[PubMed]

Journal of Laws (2016.1987). Announcement of the Marshal of the Sejm of the Republic of Poland of 7 November 2016 on the
Announcement of the Consolidated Text of the Act on Waste (Consolidated Text: Journal of Laws of 2016, Item 1987, as Amended).
Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20160001987 (accessed on 10 April 2023).
Alterary, S.S.; Marei, N.H. Fly ash properties, characterization, and applications: A review. . King Saud Univ. Sci. 2021, 33, 101536.
[CrossRef]

Roy, M.; Roychowdhury, R.; Mukherjee, P. Remediation on fly ash dumpsitesthrou bioenergy crop plantation and generation: A
review. Pedosphere 2018, 28, 561-580. [CrossRef]

Sushil, S.; Batra, V.S. Analysis of fly ash heavy metal content and disposal in three thermal power plants in India. Fuel 2006, 85,
2676-2679. [CrossRef]

Tang, Y.; Pan, J.; Li, B.; Zhao, S.; Zhang, L. Residual and ecological risk assessment of heavy metals in fly ash from co-combustion
of excess sludge and coal. Sci. Rep. 2021, 11, 2499. [CrossRef]

Shan, G.; Li, W,; Gao, Y.; Tan, W.; Xi, B. Additives for reducing nitrogen loss during composting: A review. . Clean. Prod. 2021,
307,127308. [CrossRef]

Odzijewicz, ].I.; Wotejko, E.; Wydro, U.; Wasil, M.; Jabtoriska-Trypué, A. Utilization of Ashes from Biomass Combustion. Energies
2022, 15, 9653. [CrossRef]

Hao, X.; Benke, M.B. Nitrogen Transformation and Losses during Composting and Mitigation Strategies. Dyn. Soil Dyn. Plant
2008, 2, 10-18.

EN 12457-4:2002 (PN-EN 12457-4:2006); Characterisation of Waste—Leaching—Compliance Test for Leaching of Granular Waste
Materials and Sludges—Part 4: One Stage Batch Test at a Liquid to Solid Ratio of 10 1/kg for Materials with Particle Size below
10 mm (without or with Size Reduction). Polish Committee for Standardization: Warsaw, Poland, 2006.

EN 15934:2012-02 (PN-EN 15934:2013-02); Sludge, Treated Biowaste, Soil and Waste—Calculation of Dry Matter Fraction after
Determination of Dry Residue or Water Content. Polish Committee for Standardization: Warsaw, Poland, 2019.

EN 15935:2021-01 (PN-EN 15935:2022-01); Soil, Waste, Treated Biowaste and Sludge—Determination of Loss on Ignition. Polish
Committee for Standardization: Warsaw, Poland, 2022.

PN-Z-15011-3:2001; Municipal Waste Compost—Determination of: pH, Organic Matter, Organic Carbon, Nitrogen, Phosphorus
and Potassium. Polish Committee for Standardization: Warsaw, Poland, 2001.

EN 13342:2000 (PN-EN 13342:2002); Characteristics of Sewage Sludge—Determination of Kjeldahl Nitrogen. Polish Committee
for Standardization: Warsaw, Poland, 2002.

EN ISO 13395:1996 (PN-EN ISO 13395:2001); Water Quality—Determination of Nitrite and Nitrate Nitrogen and Their Sum by
Flow Analysis (CFA and FIA) with Spectrometric Detection. Polish Committee for Standardization: Warsaw, Poland, 2001.

EN ISO 6878:2004 (PN-EN ISO 6878:2006); Water Quality—Determination of Phosphorus—Spectrometric Method with Ammo-
nium Molybdate. Polish Committee for Standardization: Warsaw, Poland, 2006.

ISO 10304-1:2007 (PN-EN ISO 10304-1:2009); Water Quality—Determination of Dissolved Anions by Ion Chromatography—
Part 1: Determination of Bromides, Chlorides, Fluorides, Nitrates, Nitrites, Phosphates and Sulfates. Polish Committee for
Standardization: Warsaw, Poland, 2009.

ENISO 11885:2010 (PN-EN ISO 11885:2009); Water Quality—Determination of Selected Elements by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). Polish Committee for Standardization: Warsaw, Poland, 2009.

EN 13657:2004 (PN-EN 13657:2006); Waste Characterization—Processing for Further Determination of the Aqua Regia Soluble
Elements. Polish Committee for Standardization: Warsaw, Poland, 2006.

EN ISO 5815-1:2019 (PN-EN ISO 5815-1:2019-12); Water Quality—Determination of Biochemical Oxygen Demand After n Days
(BODn)—Part 1: Dilution Method with Addition of Seed Material and Allylthiourea. Polish Committee for Standardization:
Warsaw, Poland, 2019.

ISO 15705:2002 (PN-EN ISO 15705:2005); Water Quality—Determination of Chemical Oxygen Demand Index (SP-COD)—Miniaturized
Method Using Sealed Tubes. Polish Committee for Standardization: Warsaw, Poland, 2005.

Journal of Laws (2008.119.765). Regulation of the Minister of Agriculture and Rural Development of 18 June 2008 on the
Implementation of Certain Provisions of the Act on Fertilizers and Fertilization (Journal of Laws of 2008, No. 119, Item 765, as
Amended). Available online: https:/ /isap.sejm.gov.pl/isap.nsf/ByYear.xsp?type=WDU&year=2008&vol=119 (accessed on 10
April 2023).

Grzebisz, W. Fertilization of Cultivated Plants. Part II; General Agricultural and Forestry Publishing House: Warsaw, Poland, 2015.
Sapek, B. Soil phosphorus accumulation and release—Sources, processes, causes. Water Environ. Rural. Areas 2014, 14, 77-100.


https://doi.org/10.1007/s11356-017-0301-y
https://doi.org/10.1016/j.wasman.2014.10.005
https://doi.org/10.1016/j.wasman.2016.07.031
https://www.ncbi.nlm.nih.gov/pubmed/27481032
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20160001987
https://doi.org/10.1016/j.jksus.2021.101536
https://doi.org/10.1016/S1002-0160(18)60033-5
https://doi.org/10.1016/j.fuel.2006.04.031
https://doi.org/10.1038/s41598-021-81812-5
https://doi.org/10.1016/j.jclepro.2021.127308
https://doi.org/10.3390/en15249653
https://isap.sejm.gov.pl/isap.nsf/ByYear.xsp?type=WDU&year=2008&vol=119

Water 2023, 15, 2247 16 of 16

58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

Nesterenko, E.O.; Krasnoperova, O.E.; Isayenkov, S.V. Erratum to: Potassium Transport Systems and Their Role in Stress Response,
Plant Growth, and Development. Cytol. Genet. 2021, 55, 205. [CrossRef]

Winska-Krysiak, M. Calcium transporters in plants. Acta Agrophys. 2006, 7, 751-762.

Huber, D.M; Jones, J.B. The role of magnesium in plant disease. Plant Soil 2013, 368, 73-85. [CrossRef]

Shaul, O. Magnesium transport and function in plants: The tip of the iceberg. Biometals 2002, 15, 307-321. [CrossRef]

Bien\, J.; Wystalska, K. Sewage Sludge—Theory and Practice; Publishing House of the Czestochowa University of Technology:
Warsaw, Poland, 2011. (In Polish)

Filipek-Mazur, B. Environmental Aspects of the Use of Fertilizers and Plant Protection Products in Agriculture; Publishing House of the
University of Agriculture in Cracow: Cracow, Poland, 2011.

Kucharski, ].; Wyszkowska, J.; Nowak, G.; Harms, H. Activity of enzymes in soil treated with sewage sludge. Pol. J. Soil Sci. 2000,
33, 29-36.

Ma, T. Effect of Processing Conditions on Nitrogen Loss of Sewage Sludge Composting. Compost. Sci. Util. 2020, 28, 117-128.
[CrossRef]

Ayers, R.S.; Westcot, D.W. Water Quality for Agriculture; FAO Irrigation and drainage paper 29 (rev. 1); FAO: Rome, Italy, 1994.
Budzinska, K.; Szejniuk, B.; Jurek, A. Inactivation of Ascaris suum Eggs During the Process of Sewage Sludge Composting in
Piles. Annu. Set Environ. Prot. 2016, 18, 258-272.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3103/S009545272102016X
https://doi.org/10.1007/s11104-012-1476-0
https://doi.org/10.1023/A:1016091118585
https://doi.org/10.1080/1065657X.2021.1949410

	Introduction 
	Material and Methods 
	Results and Discussion 
	Influence of Fly Ash on the Composting Process 
	Organic, Biogenic and Fertilizing Substances 
	Heavy Metals in Compost 
	Water Extracts from Compost Mass 
	The Sanitary Condition of the Obtained Compost 
	Model of Sewage Sludge Composting Process with Ash Addition 

	Conclusions 
	References

