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The Effect of Ash Silanization on the Selected Properties of Rigid Polyurethane Foam/Coal Fly
Ash Composites
Reprinted from: Energies 2022, 15, 2014, https://doi.org/10.3390/en15062014 . . . . . . . . . . . 152

vi



About the Editors

Robert Oleniacz

Dr. Robert Oleniacz is an assistant professor at AGH University of Krakow (formerly AGH

University of Science and Technology in Krakow, Poland). He began working there in 1993, initially

as a technician and later as an assistant in the Department of Environmental Management and

Protection, part of the Faculty of Mining Surveying and Environmental Engineering (now titled

Faculty of Geo-Data Science, Geodesy, and Environmental Engineering). He holds an MSc degree

(1994) and a PhD degree (2001) in Environmental Engineering from AGH University of Krakow.

Dr. Oleniacz has authored more than 180 research papers, including 80 articles published in

peer-reviewed journals and over 100 chapters in scientific monographs or papers in conference

proceedings. He has also delivered more than 40 presentations at scientific conferences. Dr. Oleniacz

has supervised three PhD dissertations as an assistant supervisor, 115 master’s theses, and nearly 230

engineering diploma projects. Moreover, he has completed over 90 research projects commissioned

by industry or public administration. His most recent project, which he led, involved assessing the

impact on air quality of a large-scale fire at a hazardous waste warehouse in western Poland. His

scientific research focuses on waste management and air quality protection, encompassing areas such

as evaluating the performance of selected waste management facilities (e.g., waste incineration plants,

mechanical–biological treatment plants, and refuse-derived fuel production lines), measuring air

pollutant emissions from hazardous waste incinerators, and assessing the air quality impact of waste

incineration/co-incineration plants as well as uncontrolled or open waste incineration processes.

Currently, a significant portion of his research activity involves identifying factors influencing

air pollution in specific regions and enhancing or applying practical measurement and modeling

methods for air quality impact assessment and management.

Katarzyna Grzesik

Katarzyna Grzesik is an associate professor at AGH University of Krakow, where she earned

both her undergraduate degree in Environmental Engineering and her PhD. In 2018, she received

her habilitation (postdoctoral degree). Her research interests focus on integrated municipal and

industrial waste management systems, circular economy practices, and environmental life cycle

assessment (LCA) of products and processes, with particular emphasis on applying LCA to

waste management systems and assessing the environmental impact of advanced bio-waste fuel

production. Additionally, she investigates waste fires and their environmental impacts. Professor

Grzesik has published almost 100 research papers, including nearly 50 articles in peer-reviewed

journals and 50 conference papers. She has also served as a reviewer for close to 50 articles in

scientific journals within the JCR database. As an experienced independent expert for the European

Commission, Professor Grzesik has participated in around 30 calls for Horizon 2020, Horizon Europe,

and Era Net programs. She was the coordinator of the national grant “Waste Fires – Identification

and Evaluation of Environmental and Climate Impacts”, served as a Work Package leader in an

international grant on rare earth element extraction from secondary sources, and contributed to

various international grants. Her professional experience includes the development of numerous

waste management plans for municipalities and the completion of many commissioned projects for

companies and institutions, such as ArcelorMittal and SGL Carbon. Professor Grzesik has supervised

one completed PhD dissertation and is currently supervising another.

vii





Preface

A well-planned waste management system can offer numerous benefits to both the environment

and the economy, with the advantages outweighing the incurred costs and remaining acceptable in

terms of potential negative environmental impacts. Therefore, making optimal decisions about the

system as a whole and its individual components is crucial. This requires the use of appropriate

environmental management tools and research methods to assess detailed solutions. Many of these

tools and methods have been developed and applied in the research papers presented in the Special

Issue entitled “Assessment and Analysis of Waste Treatment and Environmental Management”.

This Special Issue includes one editorial and eleven high-quality papers addressing diverse

aspects of waste management and environmental protection. The topics covered range from the

application of strategic environmental assessment to the development of national waste management

programs to multi-criteria decision analysis for chloride removal in street-washing and cleaning

processes. This Special Issue also examines the concept of synoptic risk assessment for landfills

and their impact on groundwater, as well as the use of hydrogeochemical modeling to address

challenges related to near-well zone colmatation in wastewater reuse after hydrocarbon extraction.

Additional research focuses on the biological drying of municipal solid waste, the composting of

sewage sludge, wastewater treatment and reuse in fish aquaculture, and the properties of fly ash

from waste incineration and coal combustion, with a focus on innovative management methods.

These studies contribute to the advancement of a circular economy and the zero-waste vision, aiming

to eliminate waste and environmental pollution while preserving value in the form of energy, labor,

and materials, thus conserving non-renewable raw materials. This Special Issue will be of interest

to a broad audience, including but not limited to the following readers: researchers, students, plant

operators, planners, and decision-makers involved in waste and sewage management.

Robert Oleniacz and Katarzyna Grzesik

Guest Editors
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Editorial

Assessment and Analysis of Waste Treatment and
Environmental Management
Robert Oleniacz * and Katarzyna Grzesik

Department of Environmental Management and Protection, Faculty of Geo-Data Science, Geodesy and
Environmental Engineering, AGH University of Krakow, Mickiewicza 30 Av., 30-059 Krakow, Poland;
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* Correspondence: oleniacz@agh.edu.pl

1. Introduction
The waste management sector plays a crucial role within the broader environmental

management system. This sector impacts the environment both directly and indirectly,
potentially causing adverse effects such as pollution of air, water, and soil. However, it
also offers significant environmental benefits when waste recycling and energy recovery
processes are conducted effectively. By implementing responsible waste management
practices, this sector could contribute to reducing pollution and conserving resources
through sustainable recycling and recovery initiatives [1–3]. Properly selected and managed
waste processing methods should deliver economic benefits at reasonable environmental
costs while also being socially acceptable. Achieving a balance between economic gains and
ecological responsibility is essential for sustainable waste management practices [4,5]. The
adoption of a circular economy enables the reuse of waste materials and the conservation
of essential raw materials—including critical resources and non-renewable fuels—while
also reducing the environmental impact across the entire product life cycle [6–8]. Focusing
on recycling and waste recovery can help us to realize the vision of a zero-waste system,
fostering changes within industrial systems, including manufacturing processes and the
integration of Industry 4.0 technologies [8–10].

Certain market conditions may render the recycling or recovery of some waste unprof-
itable. This can lead to wasted materials and energy, the potential for serious environmental
issues, and even the risk of failure or collapse within parts of the waste management system.
Examples include directing waste fractions that can be recycled organically or materially
to landfills or to incineration [11–14], improper storage or landfill of troublesome waste
leading to soil and water environment pollution, uncontrolled biogas generation and
greenhouse and odor gas emissions, or causing spontaneous combustion and fires in land-
fills [15–19]. This also includes the illegal disposal of flammable waste through deliberate
burning by arson [20–23], as well as the open burning of agricultural residues or municipal
solid waste [24–27] and the combustion of waste in residential furnaces [28–30].

The challenges encountered by waste management and environmental management
systems differ across regions, influenced by factors such as economic development, resi-
dents’ lifestyles and habits, and the effectiveness of local regulations, strategies, and legal
enforcement [31–35]. Various approaches are available for decision-making in this area,
ranging from basic to advanced methods. These include data-generation techniques (e.g.,
surveys), simple assessment methods (e.g., benchmarking), and more complex assess-
ment methods (e.g., multi-criteria decision-making) [36]. However, it remains essential
to conduct detailed studies on specific types of waste and sewage, as well as on the chal-
lenges associated with their processing, particularly regarding their environmental impact.

Energies 2025, 18, 138 https://doi.org/10.3390/en18010138
1



Energies 2025, 18, 138

Depending on the waste treatment technology and the degree of the systemic approach,
various methods can be used to assess waste management systems, including cost benefit,
cost effectiveness, mass balance, and material flow analysis [37,38]; energy, exergy, or
emergy analysis [37,39–41]; life cycle assessment [39,42–45]; and methods used directly in
risk, social, environmental impact, or strategic environmental assessments [46–50].

An invitation to publish research results in a Special Issue (SI) titled “Assessment
and Analysis of Waste Treatment and Environmental Management” was extended to
numerous scientists working in this area and related fields. The substantial response led to
the continuation of this topic in a subsequent SI [51–53]. A general review of the papers
published in the first SI is provided in Section 2.

2. General Review of the Papers Published in the Special Issue
The Special Issue published 11 research papers that present assessments and analyses

conducted by their authors in the field of waste management, focusing on various treatment
processes and the subsequent use of waste. These studies are also significant in the context
of environmental management and protection. While most of the research comprises case
studies, some offer a more comprehensive approach to the issue, with a case study serving
as an additional component. Below, the papers are grouped and broadly characterized,
highlighting the most important research findings and conclusions.

In paper [54], an exemplary application of the Strategic Environmental Assessment
(SEA) method was presented for the National Waste Management Program (NWMP) in
the Republic of Serbia, a country that aligns with EU regulations on waste management
and environmental protection. The program outlines strategic goals for improving the
waste management system and establishes the fundamental principles that all participants
in the system should follow to achieve these goals during the program’s validity period
(2022–2031). During the preparation stage for applying the SEA method, the authors
concluded that this method relies on qualitative assessment and techniques, where expert
assessment plays a crucial role, particularly, for assessing alternative scenarios. Based on the
results of the performed multicriteria evaluation (a semi-quantitative method), appropriate
actions were identified to mitigate potential negative effects during the implementation
of the NWMP. The paper’s conclusions emphasized that a clear matrix presentation is an
effective way to present the results of multicriteria evaluation, especially in SEA phases that
involve public participation. The findings can also serve as valuable data and guidelines for
employing other assessment methods, including those at a lower level of impact assessment
(e.g., Environmental Impact Assessment or Environmental Social Impact Assessment).

In paper [55], an assessment of chloride removal strategies in street washing and
cleaning processes was conducted using multi-criteria decision analysis. The primary
objective of the research was to determine the amount of chlorides used in street sweeping
on an annual basis in a medium-sized city (approximately 55,000 inhabitants) and to identify
potential environmental risks associated with their impact on selected environmental
aspects. An additional goal was to assess the frequency of urban street cleaning, considering
both environmental and economic effects. The area from which street cleaning waste is
collected in the analyzed city spans approximately 150 km2, with the annual amount of
sweepings ranging from 300 to 1200 tons, depending on the severity of winter conditions.
The study found that the highest chloride concentrations in street cleaning waste occurred
during the winter months, with significant fluctuations based on the sampling location.
Maximum concentrations of 1200–1700 mg/dm3 were observed in waste from street and
sidewalk cleaning around sewer gullies. Large quantities of these sweepings deposited in
landfills can increase the salinity of landfill leachate, potentially delaying the decomposition
of organic matter, promoting biogas formation, and increasing the risk of groundwater
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salinization. This can also hinder biological processes in sewage treatment plants. The
multi-criteria analysis suggested that the most effective approach to street cleaning, and
consequently the best method for reducing chloride concentrations in the waste, would
involve both sweeping and daily washing.

Paper [56] presents a developed method for synoptic risk assessment based on a
conceptual model of landfill and the results of groundwater chemical monitoring, which
was tested on 69 landfills in Slovenia. The method proposed by the authors focuses
on estimating the relationship between key chemical parameters, incorporating various
conceptual models of landfills. The study recorded a wide range of field parameters,
including inorganic elements, microelements, and organic compounds, as well as volatile
organic compounds (VOCs), aromatic hydrocarbons (BTEX), triazine, and organochlorine
pesticides in groundwater. The research revealed that most landfills in Slovenia can
negatively impact groundwater quality, generally to a small or medium extent, though
in some cases the impact is significant. For example, the classification system used in the
study identified 24 landfills with a pronounced effect on groundwater quality, which may
also influence the chemical status of the groundwater body; these were classified in Priority
Class 1. Another 31 landfills were classified in Priority Class 2, while 14 were placed in
Priority Class 3. The conclusions of the paper highlight that the developed classification
system, based on synoptic risk assessment, is effective for evaluating the environmental
impact of landfills and can serve as a guideline for similar assessments in other regions of
the world.

The issues addressed in the next paper [57] focus on the management of wastewater
produced during hydrocarbon extraction processes. These waters are highly contami-
nated with a wide range of chemical compounds that can have detrimental effects on the
environment. The extraction and storage of water may also lead to the precipitation of
secondary sediments, which can cause problems when injecting subsequent water batches
with varying properties into absorbent layers. The paper describes innovative applications
of a specialized hydrogeochemical modeling system (PHREEQC) to identify issues related
to near-well zone clogging. It was found that changes in the solubility of various minerals,
depending on the chemical composition and physical–chemical parameters of the water
sample, can result in either precipitation or dissolution, with varying degrees of intensity.
A key factor influencing these changes is temperature, particularly when the temperature
of the water increases to the level of the reservoir. If the reservoir water is saturated with a
mineral at a low temperature, heating may cause sediment precipitation. The formation
of such sediments can reduce the permeability of reservoir rocks. The findings from this
research can also be applied to environmental management practices, aiming to minimize
contaminants released into the environment during oil and natural gas extraction.

Work [58] presents the results of municipal solid waste (MSW) treatment using the
biological drying process in a full-scale reactor (150 m3). Biodrying reduces moisture
content and volume while enhancing bulk density through the effective utilization of
biological heat. As a result, it can serve as one of the initial stages of waste processing
in mechanical–biological treatment (MBT) plants for the production of refuse-derived
fuel (RDF). During biodrying, organic matter undergoes partial decomposition by aerobic
microorganisms. The paper compares and discusses the effects of 14 days of operation in
the biodrying reactor, focusing on the daily variability in temperature both within the bed
and in the air above it, as well as the daily fluctuations in waste moisture, loss on ignition
(LOI), and net heating value (NHV) for MSW 0–80 mm fractions processed in the front,
middle, and back sections of the reactor, as well as average daily values for the entire reactor.
The study’s results showed that 14 days of biodrying led to a reduction in moisture and
LOI by up to 50% and 66%, respectively, and an increase in NHV by more than 45% (up to
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9.6 MJ/kg) compared to initial values. These findings can help biodrying reactor operators
optimize the drying process to produce RDFs with the highest NHV and lowest LOI. This
can be achieved by controlling the reactor’s ventilation rate and temperature within the
bed, thus speeding up moisture removal from the MSW. In MBT plants, the final products
are typically screened, allowing the removal of undersized fractions (e.g., 0–20 mm) that
mainly consist of ballast, further improving the calorific value of the produced RDF.

Biodegradable waste fractions that are unsuitable for alternative fuel production
can be subject to organic recycling through composting and used for soil fertilization or
the reclamation of degraded areas. However, not all such wastes are equally suitable
for this purpose due to the presence of toxic components. In paper [59], the results of
research on the composting process of sewage sludge are presented, focusing on the
transformation of chemical forms of two elements (Cu and Zn), which were found in
high concentrations in the studied waste. Specifically, the changes in the content of these
heavy metals in fractions separated through sequential extraction in compost samples
were compared and analyzed, particularly for composts with reduced supplementation
of barley straw (an additional source of organic carbon). The results indicated that the
direction of transformation of the analyzed metals depended on the amount of barley straw
added to the sewage sludge before the composting process. Reduced supplementation
positively influenced the allocation of the tested elements in organic (IV) and residual
(V) fractions, while decreasing the share of mobile heavy metal forms in the bioavailable
fractions, particularly ion-exchangeable (I) and carbonate (II) forms. This study also used
an artificial neural network (ANN) to develop a compost classification tool based on
Austrian standards, which considers only the I ÷ IV fractions as the labile, potentially
bioavailable portion of heavy metals bound in various chemical forms in compost. The
developed ANN tool can predict the compost class (and quality) based on factors such
as the C/N ratio, which is influenced by the proportion of the supplement providing
additional organic carbon.

Other innovative studies focus on optimizing processes used for wastewater treatment
and reuse in fish farming (aquaculture). Paper [60] presents the results of evaluating the
passive activation of selected biofilter beds in a recirculating aquaculture system used
for culturing cold-water salmonid fish (rainbow trout, Oncorhynchus mykiss). The study
compares changes in the concentrations of nitrogen, phosphorus, and carbon during this
process, considering the different shapes and specific surface areas of various plastic sub-
strates. Commercial media with varying specific surface areas were used as substrates: a
non-porous medium with a smooth surface (RK-Plast, 700 m2/m3), a hard porous medium
(Mutag-BioChip30, 5500 m2/m3), and a soft porous medium with activated carbon (Lev-
aPor, 2700 m2/m3). The experiments aimed to identify the most suitable biofilter bed
for the water treatment system at the O. mykiss breeding facility under construction. The
results showed that efficient nitrification occurred with all media variants, maintaining
nitrate nitrogen concentrations and reducing the toxic forms of ammonium and nitrite
nitrogen to levels safe for the cultured fish. The nitrification efficiency was influenced by
the specific surface area of the artificial media, with the highest efficiency recorded for the
LevaPor medium.

Another group of research papers published in the discussed Special Issue focused on
fly ash from the incineration of municipal solid waste [61,62] or from coal combustion [63,64].
These papers assessed the properties of this type of waste or the possibilities of its practical
use and evaluated the effects of its applications.

Fly ash from waste incineration is classified as hazardous waste. The direct disposal
of such waste in landfills can not only result in the loss of valuable substitute materials but
can also pose a potential risk of pollution to the aquatic environment due to the leaching
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of toxic components soluble in water. In paper [61], 12 fly ash samples from 9 municipal
solid waste incineration (MSWI) plants in southeast China (collected from various types of
grate furnaces and factory ash hoppers) were treated with chelating agents (dithioamine
polymer and agents primarily targeting heavy metals) and analyzed for the content of
polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) and heavy metals, using Chinese
national and eco-environmental standards. The results were compared to previous fly ash
data and Chinese landfill standards. To the best of the authors’ knowledge, this was the first
study to comprehensively analyze fly ash after treatment with chelating agents. The study
presented and discussed the distribution of 17 of the most toxic PCDD/F homologues and
10 groups of homologues, examining the relationships between PCDD/Fs homologues and
their toxicity. Additionally, for some samples, the distribution of several heavy metals in
the fly ash leachate was determined. The results indicated that the fly ash samples from
the MSWI plants were well below the national standard for dioxin emissions for waste to
be disposed of in landfills. The heavy metal content was generally lower than the levels
obtained using the national standard chelating agent, except for one type of fly ash.

Fly ash from waste incineration can be used, among other applications, in the produc-
tion of concrete as a partial substitute for cement or solidified in cement blocks for safe
storage or disposal via landfill. The most effective approach is to achieve the immobiliza-
tion of toxic components in the fly ash within the concrete, thereby enabling its use for
industrial purposes. This not only helps save energy but also limits CO2 emissions and
reduces the consumption of natural resources. Paper [62] explores the effect of various
amounts of fly ash on the mechanical properties of concrete made with Portland cement
CEM I, including compressive and bending strength, as well as the results of leaching tests
for contaminants from these concretes. The study found that a 4% fly ash content in the
concrete mix is the threshold at which the mechanical properties of cement mortars are
not negatively affected. Exceeding this limit caused a swelling effect during the binding
process. The leachability tests confirmed that chlorides and heavy metals from the fly ash
were almost completely immobilized by the C-S-H phase (with an immobilization degree
exceeding 99%), while the leachability of sulfates was limited to 96–97% compared to their
leachability from the fly ash itself.

An extensive review of the properties and the methods for utilizing fly ash from coal
combustion was presented in paper [63]. This study also includes original research on the
potential use of a mixture of this type of fly ash with Portland cement (in a 3:7 weight ratio)
as a low-cost material for the treatment of benzene-contaminated soil. The mixture was
tested at soil incorporation levels of 40%, 60%, and 80% by weight. The study analyzed
variations in the benzene levels emitted during the chemical solidification process of the
soil using the cement–fly ash mixture and evaluated the physical properties (compressive
strength and capillary water absorption) of the resulting monoliths. The research showed
that the mixture could reduce the volume of benzene released during the process by up
to 36% (during the first phase) when applied at an 80% weight ratio. Mechanical tests
confirmed a direct relationship between the compressive strength and the amount of
binding material (cement–fly ash mixture). An increase in the dosage also led to a reduction
in both capillary water imbibition and water absorption by immersion. In conclusion,
the authors stated that the cement–fly ash mixture can be considered an inexpensive and
effective material for treating soils contaminated with low levels of benzene (with a test
dose of 0.5 mL of benzene per 200 g of raw soil).

In the final paper discussed [64], fly ash from coal combustion was used as a filler
in composites of rigid polyurethane (PUR) foam. The research focused on the thermal,
mechanical, and flammability properties of these composites, which were produced with a
10% share of waste in the composite’s mass. The study considered three types of fly ash
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modifications: silanization with 1% and 2% silane concentration (in relation to the fly ash
mass), sieving to obtain a fraction with particles smaller than 75 µm, and a combination
of both processes, with an unmodified fly ash sample used as a reference. The results
showed that PUR materials filled with fly ash silanized with 1% and 2% silane exhibited the
best properties, including the lowest apparent densities, water absorption, and brittleness
values. PUR foam with fly ash modified with 1% silane solution also demonstrated good
flame-retardant properties. However, the best performance in terms of the lowest smoke
emission, including CO2 and CO, during combustion was observed in the foam containing
sifted fly ash. The authors concluded that the use of fly ash from coal combustion in the
production of PUR foam is an excellent solution for reducing the use of petrochemical
products in polyurethane materials manufacturing and offers an effective method for
waste disposal.

3. Summary and Future Directions
The research papers presented in this Special Issue address several key challenges

related to waste management. These studies adopt both systemic and detailed approaches
to planning and implementing waste management strategies. One of their primary goals
is to recognize and minimize the environmental impact of waste processes. The papers
introduce new assessment methods or enhance existing ones, which help to better identify
these impacts and guide optimal decision-making. Additionally, the experimental works
presented contribute to the development of waste processing and utilization technologies.
These innovations align with the principles of a circular economy, promoting raw material
and energy savings while simultaneously improving environmental protection.

It has been confirmed that the Strategic Environmental Assessment (SEA) is a valuable
tool for guiding the strategic planning process toward sustainable development goals, also
in the field of waste management, where it supports the implementation of sustainable
national waste management programs [54]. The established goals and indicators enable the
assessment of the complex implications of this type of program and its interactions with
the environment. Future research on the development and application of SEA should focus
on combining various qualitative-expert and quantitative methods, including the use of
semi-quantitative multi-criteria evaluation approaches [54].

One such method, replacing intuitive evaluations or expert opinions, is multicriteria
analysis. This approach allows for a quantitative, multifaceted, and objective evaluation of
alternative solutions, as demonstrated in the optimization of urban street cleaning scenarios
to minimize chloride levels in sweepings [55]. Thus, multicriteria analysis can be effectively
applied to complex decision-making tasks that involve multiple, often conflicting goals
and socio-economic interests.

Complex data collected during the monitoring of waste management facilities, such as
landfills, provide valuable insights that help permitting and regulatory authorities improve
operational programs and action plans in compliance with applicable legal regulations.
This can be achieved through the synoptic risk assessment method developed in [56],
which enables the classification of landfills based on their environmental impact and sets
priorities for necessary actions. Future research could focus on the statistical evaluation of
key parameters to track trends in environmental impacts and assess whether conditions
at individual landfills are improving, deteriorating, or stagnating. In addition to direct
measurements, the behavior of substances released into the environment can be evaluated
using modeling methods. For challenges related to water chemistry, mass and energy
transport, secondary mineral precipitation, or the exploitation of geothermal deposits,
specialized hydrogeochemical modeling systems such as PHREEQC or similar models
can be employed [57]. Simulations using these systems can help identify trends and
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factors influencing mineral solubility changes, which would be difficult to predict without
such modeling.

Important research methods in waste management systems include studies conducted
in real facilities or laboratory experimental stations. These studies may aim to assess the
effectiveness of current solutions, test new waste processing methods, or identify additional
environmental impacts. The results of such studies can provide valuable insights that help
operators optimize facility operations and assist decision-makers in selecting the most
effective waste management strategies. For example, the optimization of refuse-derived fuel
production in mechanical–biological treatment (MBT) plants can be achieved by adjusting
key parameters of the biological drying (biodrying) process, such as bed temperature,
and by screening the final products to maximize net heating value and minimize loss on
ignition [58].

The use of compost produced from a mixture of sewage sludge with minimal structural
material input (e.g., straw), which results in low initial C/N values, does not negatively
affect the rate of biochemical changes. Moreover, the risk of Cu and Zn release from
the waste can be effectively minimized by reducing the share of mobile heavy metal
fractions and increasing their proportion in stable fractions [59]. For water purification in
recirculating aquaculture systems that ensure the safety of high-nutrient fish cultures (e.g.,
certain species of salmonids), high-performance biofilters with passive bed activation can
be utilized [60]. However, further research is recommended to confirm the effectiveness of
this approach for different fish species and under varying technological conditions.

Fly ash from the incineration of municipal solid waste may contain harmful com-
ponents, such as toxic heavy metals, polychlorinated dibenzo-p-dioxins, dibenzofurans,
chlorides, sulfates, and others, which hinder its use or disposal in landfills [61,62]. One safe
method for managing such ash is its use as a partial replacement for cement in concrete
production. This not only immobilizes toxic components but also allows for the creation of
new products with minimal environmental risk. This approach is environmentally neutral,
economically viable, and aligns with the principles of the circular economy. To reduce the
leaching of harmful substances from concrete, the addition of nanosilica can be effective.
However, due to current cement standards, fly ash from municipal waste incineration
can only be used in small amounts (about 4%) for special, chemically resistant cements
that are not commercially available [61]. Further research is recommended to enhance the
properties of concrete made with this type of fly ash, such as studies on chemical degassing
of the ash to reduce its effects on swelling and cracking in cement mortars. Additionally,
exploring the effectiveness of immobilizing toxic components by incorporating fly ash into
geopolymer materials should also be considered.

The properties of fly ash from coal combustion are closely tied to the type of coal
burned and the combustion process. Due to its chemical composition, the potential use
of fly ash in agriculture is significantly limited. However, it can be utilized in the pro-
duction of building materials, such as cement, cellular concrete, lightweight aggregates,
ceramic tiles, or bricks, and as a sorbent material for removing metals and certain organic
contaminants [63]. One promising application is using fly ash as a low-cost adsorbent,
replacing materials like activated carbon, for adsorbing BTEX compounds and reducing
their migration in soils contaminated with petroleum products or chemicals. A mixture of
fly ash and Portland cement has been confirmed to be effective in the chemical solidification
of soils contaminated with low levels of benzene. However, factors such as temperature
conditions and the properties of the soil and fly ash can limit the effectiveness of this
process [63]. This method may be particularly useful in developing countries that lack
proper infrastructure for hazardous waste treatment. Another innovative application of fly
ash is in the manufacturing of polyurethane (PUR) materials, such as PUR foam, where
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it acts as an additive (filler) to reduce the amount of petrochemical products used. Cer-
tain modifications can even improve the properties of fly ash–PUR composites. However,
it is important to carefully select the material properties to be enhanced and adjust the
modification method accordingly [64].
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58. Latosińska, J.; Żygadło, M.; Dębicka, M. The Biological Drying of Municipal Waste in an Industrial Reactor—A Case Study.
Energies 2022, 15, 1039. [CrossRef]
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Abstract: Strategic Environmental Assessment (SEA) is one of the most important instruments for
directing the strategic planning process toward the sustainable development goals in various areas
of human activity. This also applies to the field of waste management. By applying SEA in waste
management planning, it is possible to see the benefits and consequences of the proposed changes
in space that will occur during the implementation of strategic planning concepts and based on
that make appropriate decisions respecting the capacity of the space where the planned activities
are implemented. The paper presents the application of SEA for the National Waste Management
Program with all its spatial, organizational, energy, environmental, and other solutions, and the
way they are included in the specific method of multicriteria evaluation in SEA. The specificity
of the methodological approach indicates the need for equal consideration of environmental and
socio-economic aspects of development and a clear presentation of the results obtained in order to
make optimal decisions in waste management planning at the national level. The National Waste
Management Program in Serbia, which legislation in the field of environmental protection and waste
management is harmonized with EU legislation and directives, was chosen for the case study. The
obtained results indicate the importance of an interdisciplinary approach in the evaluation of strategic
solutions in the field of waste management, which is achieved by specific choice of environmental
and socio-economic SEA goals and indicators as a basis for valorization of the proposed concept of
waste management.

Keywords: waste management; strategic environmental assessment; strategic planning; multicriteria
evaluation; decision making

1. Introduction

The term Strategic Environmental Assessment (SEA) was launched in 1989 in the UK,
with the concept itself derived from project-oriented environmental impact assessment
(EIA). The principles of SEA and EIA were the same [1]. Over time, the range of SEA
interpretations has begun to expand and was used for other types of assessments that differ
from those based on the principles of project EIA. Recent definitions describe the SEA less
rigorously, as “a systematic process for evaluating the environmental impact of a proposed
policy, plan or program to ensure that it is fully integrated and adequately addressed at
the earliest possible stage of decision-making, on an equal footing with economic and
social considerations” [2]. International financial institutions, such as the World Bank,
consider the SEA to be “a participatory approach to increasing the impact of social and
environmental issues on development planning, decision-making, and implementation
processes at the strategic level” [3].

A large number of authors have written about the role and importance of SEA in
policy-making in various spheres of social action and the role of this instrument in decision-
making since the early 1990s [4–7]. Additionally, the European Strategic Environmental
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Assessment Directive 2001/42/EC stipulates that the SEA is carried out for plans, programs,
and foundations in various areas, inter alia, the waste management area. By applying SEA
in waste management planning, it is now possible to see the consequences of proposed
planning solutions and changes in space, taking into account the needs of the space and
the environment users and defining adequate measures for protection and monitoring
of potentially endangered elements of the environment, with the inevitable involvement
of the public in all phases of the development and adoption of the SEA. In this context,
it is evident that SEA contributes to the decision-making process in waste management
planning [7–13].

SEA represents a contribution to the evaluation of the key strategic planning solutions
at the national and/or regional strategic level of waste management [14]. The paper elabo-
rates on the implementation of the SEA for the National Waste Management Program in
the Republic of Serbia for the period 2022–2031 (NWMP). NWMP is the highest strategic
document at the national level in the field of waste management in Serbia. The results of
the SEA process provide support in making decisions on the eligibility conditions of the
NWMP in relation to environmental objectives. In the context of good decision making
for obtaining the sustainability of solutions defined in NWPM, consideration of various
aspects of possible impacts is based on a holistic approach that unequivocally points to the
application of multicriteria evaluation in the development of SEA for waste management
plans [15–23]. The SEA concept for NWMP was based on this specific and innovative
approach to a modern waste management system, which is elaborated below. The SEA
was implemented for the needs of the NWMP, which sets strategic goals for improving
the waste management system and the basic principles that should guide all waste man-
agement participants to achieve these goals in Serbia for the period from 2022 to 2031.
The implementation of this Program, in addition to reducing the harmful impact on the
environment and climate change, should enable the realization of preconditions for the use
of waste in the circular economy, development goals, and measures determined in a special
program. Additionally, special programs are being developed for the establishment of a
waste sludge management system from wastewater treatment plants and for the treatment
of animal waste. Management of agricultural, mining, and medical and pharmaceutical
waste is planned by sectoral planning documents. The vision resulting from the analysis
of the current situation and potential in the field of waste management is to minimize
the impact of waste on the environment and increase resource efficiency on the principles
of circular economy, which provides control of waste generation, waste utilization, and
incentives to invest and affirm economic opportunities. This vision can be achieved by
consistently applying principles based on reducing environmental pressures and ensur-
ing a better quality of life for citizens, maintaining a clear and sustainable development
perspective, and building a supportive environment for the establishment of a circular
economy model. Following the vision, the general and specific goals of waste management
have been determined and the measures and instruments, and activities necessary for
their realization, have been developed. The overall goal is to develop a sustainable waste
management system to conserve resources and reduce negative environmental impacts
and space degradation. This includes reducing the amount of generated waste, reducing
the amount of waste in landfills that can be reused as raw material, energy source, or in
some other way, reducing the share of biodegradable waste in municipal waste, reducing
the negative impact of landfilled waste on the environment, climate and human health,
and waste management according to the principles of the circular economy.

To achieve the general goal of the Program, special goals have been set:

• Improved municipal waste management system through increased recycling rate and
reduced waste disposal in the unsanitary landfills;

• Established system of sustainable management of hazardous and industrial waste;
• Increased rate of collection, reuse, and recycling of special waste streams and more

efficient usage of resources;
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• Strengthened capacity of institutions in the field of waste management and harmo-
nized regulations with EU regulations.

Along with the Law on Waste Management and the Regulation on Landfills, the
NWMP is the main strategic document for the establishment and implementation of waste
management systems in Serbia. The development of the SEA for NWMP was approached to
direct the planning process toward the goals of sustainable development, i.e., achieving the
goals defined in the SEA related to environmental protection and socio-economic aspects
of development. The obtained results were the basis for deciding on the sustainability of
the NWMP.

The originality of the scientific approach is reflected in the specific choice of SEA goals
and indicators in relation to which the procedure of multi-criteria evaluation of variant and
software solutions is carried out. An interdisciplinary approach is, therefore, realized in the
assessment of the anticipated changes in space and environment that are expected during
the implementation of the NWMP. In addition, applying this approach creates assumptions
that decision-makers have a clear insight into the expected results (positive impacts) and
implications/consequences (negative impacts) of the proposed changes, in relation to the
symbiosis of environmental and socio-economic aspects of development.

This paper is designed as follows: after the introductory part (Section 1), which
is a review of literature and research in the field of SEA implementation, presents the
methodological framework used in the SEA for NWMP (Section 2), and then summarizes
the process of evaluating software solutions in NWMP—case study (Section 3). After that,
in Section 4, the results of the conducted procedure are elaborated through a discussion,
and the advantages, problems, and proposed directions of further research in the field of
SEA application are given in the conclusion (Section 5).

2. Methodological Framework

Theoretical studies in the field of environmental and waste management planning [24–26]
aim to directly define appropriate waste management systems and waste planning methods.
The methodological frameworks used in the SEA process itself appear to be an important
tool for planning a sustainable waste management system [7]. However, the concept of
SEA methodologies, unlike the diverse precise software and highly operable tools used in
environmental engineering or other science-based fields, is rather vague [27]. By analyzing
the theoretical assumptions about the possibility of applying appropriate methodologies
and scientific methods in the SEA procedure [28–33], we can conclude that SEA relies on
qualitative consideration and techniques, and therefore expert assessment plays a more
important role. The methodological framework in the development of the SEA is therefore
based on a planning approach and the application of multicriteria evaluation of planned
strategic determinants in relation to the capacity of space as a basis for the valorization of
space for sustainable development. The procedure and methodological framework of the
SEA are presented in Figure 1.

As shown in Figure 1, the initial stage in the SEA process is to decide on the need
to develop and encompass the SEA, with the participation of the professional public and
relevant institutions. After this follows the analytical part of the SEA which includes
analysis of the plan document, i.e., planned concepts and strategic guidelines, and GIS
tools-based analysis of the current state of the environment [34], analysis of relations with
other planning documents and strategies, and identification of environmental problems.
Based on the analytical work, the objectives of the SEA and the related indicators are
determined, and the criteria for evaluation are defined. This is followed by an impact
assessment procedure wherein the first phase the impact of variants/scenarios is assessed
and then the most favorable variant is selected. Qualitative expert evaluation of variant
solutions by NWMP sectors is performed in relation to the SEA objectives and relevant
criteria. Then the process of multicriteria evaluation (semiquantitative method) begins,
which is the spotlight of this paper. Based on the results of the multicriteria evaluation,
actions are defined to limit the possible negative effects of NWMP in the process of its
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implementation. The SEA report summarizes all the results of the SEA (including opinions
obtained through the public participation process) and makes decisions based on the
non-adoption, necessary changes, or abandonment of the NWMP.
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3. Case Study: SEA for NWMP

The multicriteria evaluation of possible solutions, activities, and the NWMP conceived
solutions is the key phase in the development of the SEA. It is performed for all NWMP
strategic planning solutions concerning the defined SEA objectives and related indicators
and also in relation to the evaluation criteria.

3.1. SEA Goals and Indicators

A sensitive step in this phase is to define goals and indicators. Defining the SEA
objectives for the NWMP was conditioned by the results and predictions of the analytical
work, and it resulted in the definition of 16 specific SEA objectives and 21 related indicators
against which the sustainability of the solutions proposed within the NWMP was assessed.
The goals are set in relation to environmental receptors and cover all aspects of sustain-
able development. The selection of SEA objectives and relevant indicators (Table 1) is
harmonized with the Rulebook on the National List of Environmental Indicators [35]. The
selection of indicators listed in Table 1 is in line with the planned activities in the field of
implementation of the Program and its possible impacts on the quality of the environment,
and will be used to evaluate the solution.
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Table 1. Selection of SEA targets for relevant indicators in relation to environmental receptors.

SEA Area General Objectives of SEA Specific Objectives of SEA Indicators

AIR AND
CLIMATE CHANGE

Reduction of the air
pollutants levels

-To reduce emissions of
pollutants into the air
-Introduction of cleaner
technologies

-Reduction of air pollutants (%)
-Change in greenhouse gas emissions,
primarily CH4 and CO2 (%)
-Introduction of BAT and increase
of RES share in the balance (%)

WATER
Protection and
preservation of surface
and groundwater quality

-To reduce surface and
groundwater pollution to
levels that do not adversely
affect the quality
-To mitigate the negative impact
of waste on the hydrological
regime and water quality

-Serbian Water Quality Index
(SWQI) *
-Change of water regime
-Contaminated (untreated)
wastewater *
-Change of water quality class (%)

LAND
Protection and sustainable
use of forest and
agricultural land

-Protection of forest and
agricultural land
-To reduce soil degradation
-To minimize the area of land
contaminated with waste
management activities

-Change in forest land area (%)
-Change in agricultural land area (%)
-Area of land contaminated due to
waste management activities (ha)
-Area of land that has
been rehabilitated

NATURAL VALUES

Protection, conservation,
and improvement of
landscapes, natural
values and biodiversity,
and geodiversity

-Landscape protection
-Protection of natural values
and areas
-To preserve biodiversity
and geodiversity—avoid
irreversible losses

-Share of the recultivated in the total
area of degraded areas (%)
-Management of contaminated sites *
-Number of endangered species of
flora and fauna that may be affected
by waste management activities

CULTURAL AND
HISTORICAL
HERITAGE

Preserve protected
cultural assets

-Protection of cultural property,
preservation of historical
buildings and archaeological sites

-Number and importance of
protected immovable cultural assets
that may be affected by the activities
of the waste management sector

Improvement of the health
of the population

-To reduce the impact of waste on
the health of the population

-Frequency of diseases that can
be associated with inadequate
waste management
-Number of people affected by the
noise produced by a waste transport

Strengthening of the
institutional capacity

-To strengthen capacities for
waste management
-Developing awareness and
public participation

-Measures to strengthen the capacity
of the administration
-Number of participatory programs

SOCIO-ECONOMIC
DEVELOPMENT

Stimulation of the
economic development

-To stimulate the
economic development
-To promote local employment

-Local government revenues from
the waste management sector
-Reduction of the number of
unemployed as a result of
employment in the waste
management sector (%)

* definition, description of indicators, and calculation methodology are given in the Annex to the Rulebook on the
National List of Environmental Indicators (“Official Gazette of RS”, No. 37/11).

3.2. SEA Evaluation Criteria

Analyses of the possibilities of the implementation primarily of spatial, but also
problem perception of possible impacts, resulted in the decision for the SEA to form
5 groups of criteria with a total of 18 individual criteria.

The first group of criteria was defined for monitoring environmental trends in different
NWMP variants/scenarios. These are general criteria, adequate for this phase of the
evaluation. Criteria for evaluating NWMP variant solutions are shown in Table 2.
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Table 2. Criteria for evaluating variant solutions.

Label Trend

+ overall positive impact

− total negative impact

0 there is no direct influence or vague influence

The other 4 groups of criteria were used in the multi-criteria evaluation of planning
solutions, and they relate to the size (intensity) of the impact; spatial dimensions (spatial
dispersion) on which influence can be achieved; the likelihood that some estimated impact
will occur in reality; and frequency (duration) of impacts (Table 3).

Table 3. Criteria for assessing the impact of individual strategic decisions from the NWMP.

Kind of the Impact The Spatial Dimension of
the Impact Probability of the Impact Frequency of Impact

Very favorable (+3)
Favorable (+2)

Positive (+1)
Neutral (0)

Negative (−1)
Unfavorable (−2)

Very negative (−3)

National (N)
Regional (R)

Municipal (M)
Local (L)

Quite sure (Q)
Likely (Lk)

Possible (Ps)
Unlikely (U)

Temporary (T)
Long-term (Lt)

The significance of the identified impacts for achieving these goals is evaluated based
on the criteria for estimating the size and spatial scale of the impact of planning solutions
on the SEA goals. The NWMP’s strategically important impacts are those that have strong
or greater (positive or negative) effects at the national, regional, or municipal level (bolded
criteria in Table 2).

3.3. Multicriteria Evaluation in SEA for NWMP

The phase of evaluation of plan variants and selection of the most favorable variant
was the phase that preceded the semiquantitative method of multicriteria evaluation of
individual solutions in the NWMP. This is the phase of monitoring in which environmental
trends may arise as a consequence (negative trends) or as a result (positive trends) of the
implementation of strategic solutions. Identification of positive and negative impacts of
NWMP variants is performed by matrices in which variant solutions are crossed by NWMP
sectors in relation to SEA objectives, and according to the criteria from Table 2 (Table 4). In
this specific case, the SEA for NWMP processed the following variant solutions:

• variant A—reference scenario (“business as usual”) which implies the continuation of
the application of existing practices in waste management

• variant B—a scenario with the application of NWMP and all anticipated propositions

After assessing the impact of plan variants and predicting possible and positive trends
in the environment that imply variant solutions of the plan, a decision was made on the
selection of the most favorable variant solutions. The selection of the most favorable vari-
ant solutions represent the first significant contribution of SEA in the process of waste
management planning, because in this phase the variants of the plan that may imply signif-
icant negative impacts on the environment and socio-economic aspects of development
are eliminated.

After selecting the most favorable variant solutions, the selection of key and priority
planning solutions is made, which will be included in the process of multicriteria evaluation
(Table 5).
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Table 4. Illustrative overview of the matrix for assessing the impact of variant solutions of the plan in
relation to the objectives of the SEA for NWMP.

SEA GoalsArea of
Development Variants Development Scenario

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A

The establishment of a waste
management system is not integral but
partial and partially realized, which is
not in line with modern principles and
good practices. Problems are not solved
systemically, which leads to several
problems in the functioning of the
system, and problems in the
environment become more pronounced.
Due to inadequate pre-treatment of
waste at the regional level, increasing
amounts of waste are generated, which
are disposed of inadequately in local
landfills. The dynamics of the (un)
implemented proposition of the existing
Strategy led to the fact that instead of
building unique regional waste
management centers with the necessary
infrastructure, there are still a large
number of local landfills which, due to
their functioning, have negative
impacts on environmental quality. All
this implies problems in the
environment and institutional
organization, and waste is not used
properly as a resource that is neither
economically nor environmentally
acceptable.

− − − − − − − − − − 0 − 0 0 0 0
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B

Introduction of primary waste
separation, reduction of waste
production, an increase of waste
recycling rate. Establishment of an
integrated network of waste
management facilities. Reduction of
biodegradable waste disposed of in
landfills. Establishment of a system for
collecting special waste streams.
Closure and remediation of existing
local landfills and ban on disposal of
untreated waste at the landfill.
Extending the scope of the waste
collection service. All these activities
will contribute to all aspects of
environmental protection. Changes in
the way of financing the waste
management system, establishing a
market in waste management, and
institutional and organizational
strengthening of this area, altogether
will achieve multiple positive effects on
the environment and socio-economic
aspects of development in the waste
management sector.

+ + + + + + + + + + + + + + + +
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Table 4. Cont.
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6. Reduction of biodegradable waste in landfills with monitoring of the success of taken measures 
7. Biowaste composting 
8. Construction of a waste energy production plant in Belgrade 

9. 
Construction and fully functional and infrastructural equipment of regional sanitary landfills for non-hazardous 
waste 

10. Construction of regional hazardous waste warehouses 
11 Closure and remediation of existing landfills and reclamation sites 
12. Establishment of mobile facilities for treatment of construction and demolition mineral waste 
13. Construction of a national facility for Physico-chemical treatment of hazardous waste 
14. Establishing capacities for incineration of organic industrial and medical waste at the national level 
15. Construction of a landfill/cassette for hazardous waste disposal 
16. Construction of large plants for biological treatment of bio-waste separated at the place of origin 
17. Construction of advanced RDF plants for mixed municipal households waste 

18. 
Waste management organization, including the division of responsibilities between the public and private sec-
tors in the field of waste management 
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22. Providing treatment for environmentally friendly waste in Serbia 
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Table 5. Solutions in NWMP covered by the multicriteria evaluation.

Num. NWMP Program Solutions

1. Reduction of waste production and increase of waste recycling rate following the EU directives

2. Establishment of an integrated network of municipal waste management facilities

3. Extension of waste collection coverage up to 100%

4. Establishment of a network of transfer (transshipment) stations

5. Establishment of a network of recycling yards

6. Reduction of biodegradable waste in landfills with monitoring of the success of taken measures

7. Biowaste composting

8. Construction of a waste energy production plant in Belgrade

9. Construction and fully functional and infrastructural equipment of regional sanitary landfills for non-hazardous waste

10. Construction of regional hazardous waste warehouses

11 Closure and remediation of existing landfills and reclamation sites

12. Establishment of mobile facilities for treatment of construction and demolition mineral waste

13. Construction of a national facility for Physico-chemical treatment of hazardous waste

14. Establishing capacities for incineration of organic industrial and medical waste at the national level

15. Construction of a landfill/cassette for hazardous waste disposal

16. Construction of large plants for biological treatment of bio-waste separated at the place of origin

17. Construction of advanced RDF plants for mixed municipal households waste

18. Waste management organization, including the division of responsibilities between the public and private sectors in the
field of waste management

19. Improving the institutional set-up for waste collection (inspection, training, establishment of regional companies,
improvement of information system and reporting)

20. Financing the waste management measures

21. Conducting information campaigns on waste management for citizens

22. Providing treatment for environmentally friendly waste in Serbia

23. Strengthening the environmental inspection

24. Measures to conduct public awareness campaigns and inform the general public or target groups of stakeholders

25. Contaminated sites management

26. Measures and instruments for the implementation of the Program

In this phase, and according to the similar principle as in the phase of the evaluation
of variant solutions, matrices were formed as well (Tables 6 and 7). In them, all planning
solutions shown in Table 5 intersect with the objectives of the SEA and are evaluated based
on the first two groups of criteria from Table 3—significance/size of the impact and spatial
scale/dispersion of the impact. Matrices were formed only for the first two groups of
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criteria because they were sufficient to identify strategically significant impacts, which is
elaborated in point 3.2.

After the multicriteria evaluation of planning solutions, based on the results presented
in the matrices (Tables 6 and 7), the identification of strategically significant impacts of
planning solutions was approached by synthesizing the key impacts of the plan on the
defined SEA objectives (Table 8).

Table 6. Illustrative presentation of the assessment of the importance of the impact of the NWMP
program solutions.

SEA Goals
Solution in NWMP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Reduction of waste production and
increase of waste recycling rate in
accordance with EU directives

+1 0 +1 +1 +1 +1 +2 +2 +2 +1 0 0 0 0 +2 +1

Construction of regional hazardous
waste warehouses −3 0 −3 0 0 −3 −2 0 0 −3 0 −2 +3 0 0 +1

Measures and instruments for the
implementation of the Program +2 0 +2 +2 +2 +2 +2 +1 +1 +1 +1 0 +2 0 0 0

Table 7. Illustrative presentation of the spatial scale assessment of the NWMP program solutions.

SEA Goals
Solution in NWMP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Reduction of waste production and
increase of waste recycling rate in
accordance with EU directives

N N N N N N N N N L L

Construction of regional hazardous
waste warehouses L R L L L L N L

Measures and instruments for the
implementation of the Program N L L L L L L L L L N

Table 8. Illustrative presentation of the identification of strategically significant impacts of the NWMP
program solutions.

Identification of the Impact Rank
Solution in NWMP

SEA Goal Impact Rank *
Explanation

7 N + 2/Lk/Lt

8 N + 2/Lk/Lt

Reduction of waste production
and increase of waste recycling
rate in accordance with EU
directives

9 N + 2/Lk/Lt

Greater, positive, long-term effects of national
importance are expected in: the treatment of waste as
a resource; reducing uncontrolled landfilling, i.e.,
reducing the amount of waste disposed of, meeting
national, regional and local targets in the waste
management sector, minimizing inadequate waste
management, meeting national recycling targets,
increasing investment in waste management system
elements.

1 L − 3/Ps/T

3 R − 3/Ps/T

6 L − 3/Ps/T

10 L − 3/Ps/T

13 N + 3/Q/Lt

Construction of regional
hazardous waste warehouses

15 N + 2/Ps/Lt

Strong negative impacts on basic environmental
factors are possible in the case of hazardous waste
ending up in the environment during transport or
storage. There are some strong long-term positive
effects of a national character in the context of
strengthening the hazardous waste management
capacity, which has not been adequately addressed at
a national level so far.
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Table 8. Cont.

Identification of the Impact Rank
Solution in NWMP

SEA Goal Impact Rank *
Explanation

1 N + 2/Lk/Lt

Measures and instruments for the
implementation of the Program

13 N + 2/Q/Lt

Measures and instruments for the implementation of
the Program, which are structured through general
waste management measures; hazardous waste
management measures; construction and demolition
waste management measures; and measures for the
management of special waste streams, will have a
greater positive impact on environmental factors and
strengthening of the organizational, financial, and
institutional capacity for waste management at the
national level.

* Determining the rank of impact according to the criteria in Table 3.

The presentation of identified strategically significant impacts is tabular as in Table 8,
where, in addition to determining the rank of impacts (column 3), an explanation of the
impacts is given.

This completes the multicriteria evaluation process, which is the basis for defining
appropriate measures to limit negative impacts, guidelines for impact assessments at lower
hierarchical levels, and monitoring programs, which are also an integral part of the SEA
process and SEA study. All of the above is the basis for making appropriate decisions about
the NWMP.

4. Results and Discussion

The NWMP is a strategic framework for the implementation of waste management
policies and measures at the national level. The possible implications that may arise
in the environment as a result of the implementation of the NWMP and the significant
participation of the public in the decision-making process unequivocally indicates the need
for careful consideration of this aspect when designing waste management policy. The
nature of the planned activities and possible impacts, on the one hand, and the significant
spatial coverage of the NWMP, on the other, is the reason for the significant public interest
in waste management plans. In this context, the role of environmental impact assessment
is especially important. In the earliest phase of waste management policy development,
it has the function of a control instrument directing the entire strategic planning process
towards sustainability goals. It is the SEA that meets these specific requirements.

NWMP is specific since it conceives a substantially changed waste management
system compared to the existing one, which was assessed in the SEA as unsustainable
and environmentally unacceptable (variant A—business as usual). By applying the SEA
process and multicriteria evaluation of variant and strategic solutions in the NWMP, all
participants in the process of developing and adopting the SEA were able to see all space
and environment-related key trends expected during the implementation of the NWMP.

Identification of the negative impacts of NWMP individual planning solutions, such
as, e.g., NWMP program solution “Construction of regional hazardous waste warehouses”
(Tables 6–8) and other solutions not presented in this paper, provides a basis for defining
appropriate measures for environmental protection and monitoring, as well as for defining
guidelines for impact assessments (SEA or EIA) at the lower hierarchical levels.

The motive for the analysis presented in this paper was to approach the concept of
the application of the semi-quantitative method of multicriteria evaluation in SEA for
NWMP. This would increase subjectivity in designing optimal solutions and conclusions in
SEA and thus reduce the usual methodological shortcoming of the SEA—subjectivity of
expert knowledge-dependent process and experiences. This, on the one hand, was partially
achieved by forming the first group of criteria from Table 3, and, on the other hand, it
gave a clearer idea of the directions of further research in the field of SEA methodology
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development. Further research referred to in the conclusion of this paper would achieve a
significant methodological step forward in the development and implementation of SEA,
which has just begun with this paper and the conclusions presented at its end. In the SEA
for NWMP, it was relatively easy to suggest to decision-makers which solution is most
favorable for NWMP implementation and which program solutions cause implications in
space and the environment. This was achieved by a methodologically sound approach, a
clear way of presenting the results that enabled extensive public participation in the critical
phases of the SEA, and the use of the semi-quantitative method in impact assessment as an
appropriate approach for a strategic document such as the NWMP. Although susceptibility
to political decisions is inevitable and almost always threatens professional decisions, in
this case, the SEA’s propositions to the NWMP unequivocally refers to decisions that are
in the interest of environmental protection, so decision-making was fully in line with
SEA recommendations.

5. Conclusions

The specificity and advantages of the presented SEA approach are reflected in the
identification of objectives and indicators of SEA, which is based on the analysis of the
complex symbiosis of environmental quality, strategic frameworks defined in various
strategic and planning documents, and NWMP. The objectives and indicators obtained by
this approach represent a good basis for assessing the complex implications of NWMP in
space and the environment and the possible interactions of different sectoral commitments
on the elements of sustainable development. A clear matrix presentation of the obtained
results is particularly suitable for presenting the results of the multicriteria evaluation,
which is especially important in the SEA phases with the participation of the public.
However, at the level of strategic planning and management, it is not necessary, and due to
the lack of appropriate inputs, it is often not possible to use different mathematical methods,
such as ARAS—Additive Ratio Assessment [36], AERMOD [37], or AHP—Analytical
Hierarchy Process [38], or a holistic and inclusive approach that brings together different
actors and disciplines for a successful transition to a circular economy [39]. The results of
the assessment in the SEA represent the basis for establishing adequate guidelines when
applying these methods and some other methods at a lower hierarchical level of impact
assessment, i.e., when developing EIA—Environmental Impact Assessment and ESIA
(Environmental Social Impact Assessment) [40]. Therefore, this shortcoming should be
understood conditionally, but it should not be neglected in the process of drafting the SEA
and making appropriate decisions. It is especially important to increase objectivity in the
SEA process by using the above mentioned and other software packages and mathematical
methods whenever the specifics of strategic documents allow it. In this context, further
research in the development and application of SEA should be directed towards combining
qualitative-expert-subjective methods with compatible and applicable quantitative methods
(based primarily on GIS tools, but without excluding different software models for so-called
‘partial’ assessment of individual elements of the environment in the SEA process). In
other words, the future of the SEA should be sought in the application of semi-quantitative
methods of multicriteria evaluation. When it comes to public participation in the SEA
process, attention should be paid to challenges arising in specific circumstances, such as
those present during the period and conditions of the COVID-19 pandemic [41].
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13. Josimović, B. Planiranje Prostora u Sistemu Upravljanja Životnom Sredinom [Spatial Planning in the System of Environmental Protection];
IAUS: Belgrade, Serbia, 2008; Available online: http://raumplan.iaus.ac.rs/handle/123456789/544 (accessed on 1 June 2022).
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28. Krunić, N.; Josimović, B.; Gajić, A.; Nenković-Riznić, M. Territorial analysis as support to the strategic environmental assessment
process for agro-waste management planning. Spatium 2019, 42, 16–22. [CrossRef]

29. Sheate, W.; Richardson, J.; Aschemann, R.; Palerm, J.; Steen, U. SEA and Integration of the Environment into Strategic Decision-
Making. (Main Report); Imperial College Consultants Ltd: London, UK, 2001; Volume 1, Available online: https://ec.europa.eu/
environment/archives/eia/sea-studies-and-reports/pdf/sea_integration_main.pdf (accessed on 1 June 2022).

30. Marsden, S. Strategic environmental assessment: An international overview. In Strategic Environmental Assessment in Australasia;
Marsden, S., Dovers, S., Eds.; The Federation Press: Sydney, Australia, 2002; pp. 1–23.
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Abstract: Waste from street cleaning is usually of a fine fraction below 10 mm and varies greatly
in both quantity and composition. It may be composed of chlorides, especially for that resulting
during winter due to the use of street de-icing agents. Chlorides can cause the salinization of surface
water and groundwater, and the salinization of soils, which in turn lead to the deterioration of water
purity and a decrease in biodiversity of aquatic organisms, changes in microbiological structure, and
increases in toxicity of metals. Therefore, it is very important to determine the level of salinity in
stored waste and its impact on the environment. The present study was conducted in a city of about
55,000 inhabitants. The highest chloride concentrations were observed after winter in waste from
street and sidewalk cleaning around the sewer gullies, amounting to 1468 mg/dm3. The lowest
chloride concentration in this waste occurred in summer and amounted to 35 mg/dm3. The multi-
criteria analysis indicated that the most beneficial form of street cleaning and, thus, of reductions
in chloride concentration in the waste from street cleaning, would be sweeping and daily washing.
The objective of this research was to determine the amount of chlorides in sweepings on an annual
basis in order to determine the potential risks associated with their impact on select aspects of the
environment and to evaluate the frequency of necessary cleaning for city streets, considering the
effects. The methodology used was a multi-criteria evaluation, which as a decision analysis, allowed
us to determine the frequency of cleaning and washing of streets, in such a way that an ecological
effect is achieved with simultaneous economic efficiency.

Keywords: street pollution; street cleaning; waste; chloride content; decision analysis; multi-criteria analysis

1. Introduction

According to the World Bank’s report on the future of solid waste management, the
world generates about 2.01 billion tons of solid waste annually and 33% (663 million
tons) is not managed in an environmentally safe manner. According to research by the
International Solid Waste Association (ISWA), 70% of municipal waste worldwide becomes
landfill without treatment. By 2050, the amount of waste in the world will increase by 70%,
reaching 3.40 billion tons of solid waste generated annually.

Waste management should be carried out according to the following hierarchy: pre-
vention at the source, preparation for reuse, recycling and reuse of usable materials, other
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recovery methods including incineration, and final disposal of treatment residues. There
is a wide variety of waste streams in large metropolitan areas, and this diversity creates
the need for mass reduction and the need to dispose of all streams, regardless of their
nature. Building and managing comprehensive systems would allow for a solution for
waste management to be found, and by managing them, emissions to the environment
can be reduced while recovering the raw material fraction and following the “polluter
pays” principle. The basis for the creation of an objective function in the research on the
optimization of regional waste management is the economic efficiency index for a complex
system, which is extremely important because of the necessity to establish fees for waste
management in accordance with the “polluter pays” principle. It is also important to
reconcile the ecological and economic balance in such a way that the activities carried out
balance both issues.

2. Chlorides and Their Impact on the Environment

One of the municipal waste streams is street sweepings generated during street clean-
ing and washing processes. What is interesting is both their quantity as well as their
composition and variability in characteristics over the course of the year, which have a
significant impact on the quality of the natural environment as they may affect the quality
of the soil, water, and municipal infrastructure (roads, sidewalks, sewers, cars, etc.). Ac-
cording to the European Waste Catalogue [1], street cleaning waste, classified as “20 03
03–street-cleaning residues”, is treated as one of the municipal waste streams that should be
collected and disposed of in a comprehensive system. This waste may constitute 10–15% of
the mass of municipal waste. However, the amount of suspended solids washed out during
street cleaning and washing processes, which also has a significant impact on the quantity
and quality of waste, has not been taken into account in previous studies. According to re-
search [2,3], the amount of suspended solids represents 7–75% of the solid waste in relation
to the amount of sweepings collected on particular days, only during sweeping. In general,
the most commonly studied phenomenon reported in the literature is the impact of street
cleaning on air quality and secondary emissions. They do not present conclusive results.
Some studies conducted in this regard have registered an increase in PM10 (Particulate
matter) levels [4,5] and an increase in the proportion of mineral components in particulate
matter especially in the PM10 fraction [6]. On the other hand, it has been proven that only
street sweeping may have periodical adverse effects on the removal of pollutants from
the air; Vaze and Chiew [7] found that there were more fine dust particles in the air after
street sweeping compared with before sweeping. In addition to studying street cleaning by
sweeping alone, street washing and its effects on ambient air quality have also been studied.
Some studies have shown that the effectiveness of street washing (without sweeping) is
more related to the wetting effect than to the effective removal of particulate matter. On
paved roads, the effect of street washing on air quality has been studied in Germany and
Scandinavian countries [4,5,7]. The results showed that the effectiveness depends strongly
on the local situation (location, meteorology, and road quality). Results presenting the
effectiveness of street sweeping and washing are also presented in Reference [8], where the
concentration of suspended particulate matter was controlled. References [9,10] describe
the evaluation of the effectiveness of mechanical sweeping and street washing with water
to reduce PM10 concentrations in ambient air. A significant number of publications de-
scribe the negative effects of the composition of sweepings deposited on city streets and
in urban areas on the environment of these areas. Reference [11] analyzed dust collected
from streets and soil from cities with high, medium, and low population densities and
in a non-urbanized area. That study concluded that high population density increases
the salinity of sweepings and soil but has no effect on the concentration of metals in soil.
Reference [12] presented the results of a study on the identification of contaminants found
in street dust from London (UK), New York (USA), Halifax (Canada), Christchurch (New
Zealand), and Kingston (Jamaica). The pollutants identified were divided into two groups:
of soil origin and from other sources, including tire wear, car emissions, and salt use. That
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study showed that the concentrations of most elements increase with a decrease in dust
particle size. The salinity of the sweepings consequently increases the salinity of wastewa-
ter, either from street cleaning or runoff during precipitation, and the increased chloride
content interferes with the dephosphatation and deflocculation process [13]. Due to a
lack of management technology, this waste is deposited in landfills [14–17], consequently
causing salinization of the landfill leachate [18,19]. De-icing agents are common road-safety
maintenance materials during winter. According to the Polish law [20], the following can
be used to maintain roads in winter: NaCl, CaCl2, and MgCl2. In addition, sand is used
for road maintenance during winter in Poland to improve grip. On average, more than
500 thousand tons of sodium chloride is applied to roads in Poland [21]. For comparison,
a country such as Sweden, where snowfalls are significantly higher, does not exceed the
consumption of road salt above the level of 300 thousand tons per year. In the United
States, on the other hand, 20 million tons of road salt is used annually. As the snow and
ice melt, the salt is washed away and, together with precipitation or street cleaning water,
it ends up in the ground, groundwater and surface water, polluting them. The greatest
chloride leaching occurs during storms and downpours. It affects entire ecosystems. A
heavy influx of chloride ions disrupts the ability of freshwater organisms to regulate fluid
flow [22]. Changes in the salinity of a pond or lake can also affect the way water mixes
with the change of seasons, leading to the formation of salt pockets near the bottom and
biological dead zones. Increased salinity in water bodies can lead to decreased biodiversity
of aquatic organisms, changes in microbial structure, and increased metal toxicity [23].
Increased chloride concentrations also contribute to groundwater salinity [24]. According
to the Polish law, concentrations in groundwater for quality class I waters must not exceed
60 mg/dm3, those for class II must not exceed 150 mg/dm3, and those for class III must
not exceed 250 mg/dm3 [25]. For surface water, the chlorides concentration for class I must
not exceed 5 mg/dm3, while those for class II must not exceed 8.2 mg/dm3, and there are
no standards for other classes [26]. When road salt runs off the road, it can destroy soil,
trees, and vegetation or limit their growth [27] up to 100 m from where the salt is spread. In
addition, it corrodes sewage infrastructure and erodes road surfaces [28]. Roadside roads
can also turn into artificial licks, attractive to animals such as deer and elk, increasing the
risk of accidents [29–31].

In this article, an assessment of the chloride removal strategy from the environment
in washing and cleaning processes is made based on a decision analysis (multi-criteria).
Multi-criteria decision models have been used since the 1980s as an environmental impact
assessment tool in environmental engineering [32–46]. The objective of the research pre-
sented was to determine the amount of chlorides in the sweepings on an annual basis in
order to determine the potential risks associated with their impact on select aspects of the
environment and to evaluate the frequency of cleaning urban streets, taking into account
environmental and economic effects.

The methodology used is a multi-criteria evaluation, which as a decision analysis,
allows use to determine the frequency of cleaning and washing of streets, in such a way as
that an ecological effect is achieved with simultaneous economic efficiency.

3. Proposed Research Methodology

The scientific objective of the proposed methodology was to use a multi-criteria
assessment to assess the degree of street pollution and to determine the optimal solution
from the perspective of economic and ecological aspects.

The utilitarian/practical goal was to create a decision-making tool for waste manage-
ment processes, taking into account environmental issues.

In the proposed research approach, a research methodology that allows us to de-
termine the amount of chlorides in street cleaning waste and to determine the potential
environmental risks associated with their presence is presented. In terms of the works
undertaken, we propose the following:

• a selection of test times and places, and a selection of sampling locations;
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• laboratory testing of the samples, processing of the test results, and conclusions from
the analytical tests; and

• a decision analysis and a selection of the system of treatments and removal of chlorides
from the environment according to the following scheme: development of treatment
options taking into account environmental quality studies with costs, proposal of
conditions and limitations to the decision analysis, and identification of the most
beneficial scenario taking into account environmental and economic factors.

The necessary condition for finding the solution is a set of well-designed criteria that
can be used for the evaluation of different options. The criteria taken into account should
represent diverse goals that sometimes are even contradictory, e.g., a solution that is the
cheapest and, at the same time, the most reliable. Thus, the options analyzed should be
defined in detail, and the final selection is always a compromise based on the relative
weights assigned to individual criteria. For the multi-criteria analysis, the compromise
programming method was used, using the concept of organizing individual variants of
technology modernization according to their distance from an established ideal point X′(x1

′,
x2
′, . . . , xm

′), all xm
′ coordinates of which are equal to the maximum value of the adopted

normalization scale. The utility of sn strategy with regard to all criteria can be expressed
as follows:

U(sn) =
M

∑
m=1

wm · (r′nm − x∗m); m = 1, . . . , M (1)

where
U(sn)—sn strategy utility function;
n—number of strategies;
m—number of criteria;
Wm—the weight of each criterion, assumed by the decision-maker;
r′nm—standardized evaluation criterion; and
x*m—mth nadir coordinate, which is the most unfavorable strategy.
The search for the most favorable strategy is carried out according to the following

rule:
sj ⇔ U(sj) = maxU(sn); n = 1, . . . , N (2)

where
sj—the most advantageous technological variant sought.
The applied method leads to a complete ordering of the elements of the decision area

and finding the most environmentally beneficial solution.

4. Description and Results of Analytical Research

The research was conducted in a medium-sized city with a population of about
55,000 inhabitants. The area from which street cleaning waste was removed is about
140 km2, while the area of the sidewalks is about 450 thousand m2. The amount of sweep-
ings collected annually ranges from 300 to 1200 tons per year, depending on the severity of
winter in a given year. The ratio in which sand is mixed with NaCl during winter is 50:50;
at temperatures below 20 ◦C, CaCl2 is also used at a ratio of 50:50 with sand. Sidewalks are
only gritted with sand, without salt. After collection, this waste is deposited in a landfill
for non-inert and hazardous waste. The fee for depositing this waste is EUR 65 per ton.

Samples for the research were taken during two periods of increased street and
sidewalk cleaning, that is, the end of summer—August/September—and the end of winter—
March. Sampling for laboratory tests (solid waste and street washing wastewater samples)
were taken directly from the waste container of the street and sidewalk cleaning truck
according to the standards [47,48].

The maximum amount of street cleaning waste collected was 270 kg/km, while the
minimum was 200 kg/km. The content of organic parts was 9% and the content of mineral
parts was 91%, which are shown in Figure 1.
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Figure 1. Maximum and minimum amounts of street cleaning waste collected, divided into organic
and mineral components.

The maximum collected suspended solids from street cleaning was 26 mg/dm3, while
the minimum was 12 mg/dm3. The organic content of the suspended solids was 17% and
the mineral content was 83%, which are shown in Figure 2.
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Figure 2. Maximum and minimum amounts of collected suspended solids, divided into organic and
mineral components.

Due to the possibility of salt accumulation in different areas of roads, we proposed
to take samples not only from streets but also from wastewater and gullies. The samples
labeled Street 1 and Sidewalk are solid samples. Samples for the research were taken from
this waste by dissolving about 200 g of waste in distilled water and then filtering it, and a
representative sample was obtained for testing. On the other hand, samples from Street 2
from around the gullies and samples from Street 3 (streets washing) were taken in semi-
liquid form and filtered, and a representative sample was obtained for testing. For each
sampling location—Street 1, Street 2, Street 3, and Sidewalk—30 representative samples
were obtained and analyzed for chloride content. The chloride contents of wastewater and
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street sweepings were determined using the standard: PN-ISO 9297:1994 [49]. The results
for the chloride content in 30 samples for each site are presented in Table 1 and Figure 3.

Table 1. Chloride content in individual street and sidewalk cleaning samples after summer and winter.

Site

Chloride Content in Street
Cleaning Wastewater (mg/dm3)

after Summer

Chloride Content in Street
Cleaning Wastewater (mg/dm3)

after Winter

Minimum
Value

Maximum
Value

Minimum
Value

Maximum
Value

Street 1 29.3 41.4 321.6 399.8

Street 2 (gullies) 45.6 71.9 1201.4 1732.8

Street 3
(washing) 38.3 49.3 436.3 468.5

Sidewalk 25.8 46.2 45.9 59.2

Energies 2022, 15, x FOR PEER REVIEW 6 of 11 
 

 

representative sample was obtained for testing. On the other hand, samples from Street 2 
from around the gullies and samples from Street 3 (streets washing) were taken in semi-
liquid form and filtered, and a representative sample was obtained for testing. For each 
sampling location—Street 1, Street 2, Street 3, and Sidewalk—30 representative samples 
were obtained and analyzed for chloride content. The chloride contents of wastewater and 
street sweepings were determined using the standard: PN-ISO 9297:1994 [49]. The results 
for the chloride content in 30 samples for each site are presented in Table 1 and Figure 3. 

Table 1. Chloride content in individual street and sidewalk cleaning samples after summer and 
winter. 

Site 
Chloride Content in Street Cleaning 
Wastewater (mg/dm3) after Summer 

Chloride Content in Street Cleaning 
Wastewater (mg/dm3) after Winter 

Minimum Value Maximum Value Minimum Value Maximum Value 
Street 1 29.3 41.4 321.6 399.8 

Street 2 (gullies) 45.6 71.9 1201.4 1732.8 
Street 3 (washing) 38.3 49.3 436.3 468.5 

Sidewalk 25.8 46.2 45.9 59.2 

 
Figure 3. Comparison of chloride content (mg/dm3) on select streets in cleaning sweepings collected 
after summer and winter (average values). 
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ter” and “after summer” periods. This is understandable given the nature of the periods 
in which the study was conducted. In the samples collected for testing in the “after sum-
mer” period, the highest average chloride concentration of about 60 mg/dm3 was obtained 
in the Street 2 samples collected from the vicinity of sewer gullies. This was followed by 
an average concentration of about 44 mg/dm3 obtained in the Street 3 samples collected 
from street washing. Similar average concentrations were obtained in the Street 1 samples, 
approximately 35 mg/dm3, and in the Sidewalk samples, approximately 36 mg/dm3.  

During the post-winter season, the average chloride concentrations peaked at ap-
proximately 1468 mg/dm3 in the Street 2 samples collected from around sewer gullies. In 
the Street 3 samples (street washing), the average chloride concentration was approxi-
mately 422 mg/dm3. In the Street 1 samples, the average chloride concentration was ap-
proximately 362 mg/dm3. The lowest chloride concentration from this period was ob-
tained in the Sidewalk samples, about 53 mg/dm3 on average.  
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Figure 3. Comparison of chloride content (mg/dm3) on select streets in cleaning sweepings collected
after summer and winter (average values).

The study showed significant differences in the amount of chloride in the “after winter”
and “after summer” periods. This is understandable given the nature of the periods in
which the study was conducted. In the samples collected for testing in the “after summer”
period, the highest average chloride concentration of about 60 mg/dm3 was obtained in
the Street 2 samples collected from the vicinity of sewer gullies. This was followed by
an average concentration of about 44 mg/dm3 obtained in the Street 3 samples collected
from street washing. Similar average concentrations were obtained in the Street 1 samples,
approximately 35 mg/dm3, and in the Sidewalk samples, approximately 36 mg/dm3.

During the post-winter season, the average chloride concentrations peaked at approxi-
mately 1468 mg/dm3 in the Street 2 samples collected from around sewer gullies. In the
Street 3 samples (street washing), the average chloride concentration was approximately
422 mg/dm3. In the Street 1 samples, the average chloride concentration was approxi-
mately 362 mg/dm3. The lowest chloride concentration from this period was obtained in
the Sidewalk samples, about 53 mg/dm3 on average.

From the results obtained in these two seasons, a correlation in the concentration
levels is observed at the respective sampling sites. The highest chloride concentrations are
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found in samples collected near gullies and the lowest chloride concentrations are found in
samples collected from sidewalks.

The low chloride concentrations on the sidewalks are due to a ban on salt gritting the
sidewalks. The high concentration of chlorides at sewer gullies is due to runoff into the
sewer system and the accumulation of street runoff along with sweepings near the gullies.
This high average concentration of chlorides present in street cleaning residues is due to
the long, snowy, and cold winter, during which roads were abundantly gritted with sand
and salt.

5. Results of Decision Analysis Using Multi-Criteria Analysis

The decision problem was formulated when the evaluation criteria were established
and their values were expressed in the form of a finite set of numbers (measurable values),
which are the result of evaluating the different variants of the proposed chloride removal
system from an urbanized area, against the selected criteria. The presented strategies de-
scribed by measurable criteria constitute a decision matrix (Table 2).The values of emissions
to the environment as a result of the maintenance process in the study area are presented in
the columns of Table 2. Among the studied strategies, the following were proposed:

Table 2. Decision matrix for evaluating the adopted scenarios for the system of chloride removal
from the environment.

Criteria Unit
Sweeping Sweeping +

Washing 1 Day
Sweeping +

Washing 2 Days
Sweeping +

Washing 5 Days

Scen1 Scen2 Scen3 Scen4

waste amount kg/km 200 200 250 270

amount of wastewater
from street cleaning l/km 0 25 50 75

reduction in suspended
solids on subsequent

cleaning days
0 30 45 67

costs euro/km 3 5 7.5 10

chloride content
reduction 0 56 78 90

Scen1—proposing street cleaning only by sweeping followed by 1 week off;
Scen2—proposing street cleaning by sweeping and washing on 1 day followed by

1 week off;
Scen3—proposing street cleaning by sweeping and washing on the following 2 days,

followed by 1 week off; and
Scen4—proposing street cleaning by sweeping and washing on the following 5 days,

followed by 1 week off.
Among the criteria for evaluating the presented scenarios, the following were suggested:

1. Amount of waste collected cumulatively in consecutive days of cleaning measured in
kg/technological km;

2. Amount of wastewater from street cleaning, cumulatively over successive days of
street cleaning, measured in l/technological km;

3. Reduction in suspended solids calculated as the result of the difference between the
first (on the first day) and the last street washing (on the last day);

4. Costs of each consecutive street cleaning activity, including equipment maintenance
costs, water and fuel consumption, employee costs, and environmental emissions fees,
that were estimated on the basis of actual measurements; and

5. Reduction in chloride content calculated as the difference in chloride content between
the first and last days of cleaning and washing.
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The matrix defined in this way became the formulated decision problem to be solved,
in which the compromise programming method expressed by formulas (1) and (2) was
used. The results and final ordering of the individual maintenance strategies, with a
particular emphasis on chloride removal, are presented in Table 3, ranking them from most
to least favorable. The ranking depends additionally on the adopted weights of each group
of criteria or individual criteria. In Table 3, the first column presents the weights of the
criteria proposed by the authors of this research. In most cases, these weights were given
to individual criteria described in Table 3. Thus, in the first row of Table 3, all criteria were
given a weight of 1, while in the second row, the first criterion was given a weight of 2,
while the remaining criteria were given weights of 1. In the last two rows of Table 3, only
the criterion assessing the costs of individual solutions received a lower weight than the
remaining ones.

Table 3. Multi-criteria analysis results ranking maintenance and chloride removal scenarios.

Validity of the Criteria
Ranking of Scenarios

α = 1 α = 2 α = ∞

1:1:1:1:1 Scen2→Scen3→Scen4→Scen1 Scen2→Scen3→Scen4→Scen1 Scen2↔Scen3→Scen1↔Scen4

2:1:1:1:1 Scen3→Scen2→Scen4→Scen1 Scen2→Scen3→Scen4→Scen1 Scen2↔Scen3→Scen1↔Scen4

10:1:1:1:1 Scen4→Scen3→Scen2→Scen1 Scen3→Scen4→Scen2→Scen1 Scen2↔Scen3→Scen1↔Scen4

1:2:1:1:1 Scen2→Scen1→Scen3→Scen4 Scen2→Scen1→Scen3→Scen4 Scen2↔Scen3→Scen1

1:10:1:1:1 Scen1→Scen2→Scen3→Scen4 Scen1→Scen2→Scen3→Scen4 Scen2↔Scen3→Scen1

1:1:2:1:1 Scen4→Scen3→Scen2→Scen1 Scen3→Scen2→Scen4→Scen1 Scen2↔Scen3→Scen4

1:1:10:1:1 Scen4→Scen3→Scen2→Scen1 Scen4→Scen3→Scen2→Scen1 Scen2↔Scen3→Scen4

1:1:1:2:1 Scen2→Scen1→Scen3→Scen4 Scen2→Scen1→Scen3→Scen4 Scen2↔Scen3→Scen1

1:1:1:10:1 Scen1→Scen2→Scen3→Scen4 Scen1→Scen2→Scen3→Scen4 Scen2↔Scen3→Scen1

1:1:1:1:2 Scen3→Scen4→Scen2→Scen1 Scen3→Scen2→Scen4→Scen1 Scen2↔Scen3→Scen4

1:1:1:1:10 Scen4→Scen3→Scen2→Scen1 Scen4→Scen3→Scen2→Scen1 Scen2↔Scen3→Scen4

2:2:2:1:2 Scen4→Scen3→Scen2→Scen1 Scen2→Scen3→Scen4→Scen1 Scen2↔Scen3

10:10:10:1:10 Scen4→Scen3→Scen2→Scen1 Scen3→Scen2→Scen4→Scen1 Scen2↔Scen3

Summarizing the results of the analysis, the following should be noted:

• It is possible to select a cleaning scenario for a selected area using a decision analysis,
proposing environmental and economic criteria for evaluation.

• According to the results of the calculations presented in Table 3, it can be seen that the
most frequently selected scenario is Scen2 with sweeping and one-day street washing.

• Scen4, sweeping and washing the street in a 5-day system, is selected as the most
advantageous eight times (including two times while the weight of the cost criterion
was reduced in relation to environmental criteria), which allows us to conclude that
costs should be taken into account and calculated in the selection and analysis of
cleaning strategies each time.

• Scen1 (sweeping only) and Scen4 (where the cleaning and washing process is the
longest 5-day process) are selected as the least favorable in a significant number of
cases; therefore, it can be said that, by balancing the economic and ecological effects, a
scenario that allows for an observance of the principles of sustainable development
is selected.

• This method gives the possibility of additional weighting of the criteria by using the
α exponent in formula (2). This exponent allows for additional weighting of each
deviation from the ideal point in proportion to their value. The larger the value of α is,
the greater the importance of large deviations of the strategy from the ideal point. For
α = ∞, scenario 2 is always selected as the most favorable.
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6. Conclusions

1. The results of this research carried out in a medium city show how much chloride
is present in sweepings. The diversification of sampling locations allowed us to
determine where pollutants accumulate. These differences are very significant and
amount to almost 1050 mg/dm3 in the period after winter between the place of
sampling near the sewage gully and the roadway. Such a high concentration of
chlorides in the sweepings deposited in the landfill in large quantities can cause an
increase in the salinity of the landfill leachate, which in turn affects the prolonged
decomposition of matter, the formation of biogas, and the possibility of salinization of
groundwater and impede biological processes in sewage-treatment plants.

2. The selection of a cleaning strategy with a particular emphasis on chloride reduction
in this region is a difficult decision task that must take into account various, often
conflicting goals and objectives, and socioeconomic interests. The measuring criteria
defined allowed us to establish a quantitative and objectified evaluation of the per-
formance of such a system. The proposed methodology provides the possibility of
a quantitative; multifaceted; and at the same time, objectified evaluation of scenario
solutions, replacing intuitive evaluations or those requiring expert opinions used so
far. In the proposed example, Scen2, which includes sweeping and one-time street
cleaning in a 1-day system, was selected as the most beneficial.

3. The proposed methodology allows us to evaluate the system on an ongoing basis in
accordance with the requirements of environmental management even if the objective
or conditions in the region change.
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Abstract: Waste management in Europe has improved in recent years, reducing the amount of waste
disposed at landfills. However, there are still many landfills in the countries. It is well known
that landfills that do not have measures in place to control leachate entering groundwater can
contaminate groundwater long after the landfill is closed. Collecting monitoring results from all
landfills allows permitting and management agencies to improve action plans. This relies on a
synoptic risk assessment that allows prioritization and milestones to be set for required actions. The
developed method of synoptic risk assessment is based on a conceptual model of the landfill and the
results of chemical groundwater monitoring tested at 69 landfills in Slovenia. The study confirms that
most landfills have a direct or indirect impact on groundwater quality. All landfills were classified
into three priority classes on the basis of the synoptic risk assessment. The results show that a total
of 24 landfills have a clearly pronounced impact on groundwater. A total of 31 landfills have a less
pronounced impact due to the favorable natural attenuation capacity of the soil or the technically
appropriate design of the landfill itself. A total of 14 landfills have a less pronounced or negligible
impact on groundwater.

Keywords: conceptual model; synoptic risk assessment; landfill; groundwater; chemical analysis

1. Introduction

Landfills represent a variety of potential local sources of environmental pollution. One
of the main hazards related with landfilling is the generation of leachate [1–3]. After the
leachate has permeated the waste deposits and reached the groundwater and surface water,
it may cause contamination in the wider environment. Contamination in groundwater
may remain for decades or even centuries. Because landfills have the potential to produce
leachate for several hundred years, a proper operation of all landfill systems must be
ensured during the period of landfill closure. Public concern and awareness of environ-
mental protection has grown worldwide, which is also considered in the development of
environmental legislation in various countries [4]. In Europe, the requirements of the Waste
Framework Directive 2006/12/EC are designed to prevent or reduce, as much as possible,
the negative effects of landfilling on the environment and any resulting risks to humans
monitoring the potential impact of landfills on the environment, as well as on groundwater.
Groundwater monitoring at landfills is a crucial measure in minimizing and controlling the
risk of pollution and is one of the first instruments required and regulated by national or
international legislation. The Landfill Directive (1991–1999/31/EC) established the rules
for determining a significant change in groundwater quality due to the unfavorable envi-
ronmental impact of a landfill, which should be determined on the basis of a representative
hydrogeological conceptual model and the establishment of appropriate criteria before
landfilling activities begin.

Several toxic and harmful contaminants can migrate directly from landfill leachate to
groundwater [5–8], consisting of inorganic compounds, organic contaminants, and xeno-
biotics [9]. Leachate can also cause reductive redox potentials in groundwater and affect
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the alteration of individual substances, thus negatively affecting the chemical status of
groundwater [10]. In recent years, numerous studies have been published on the determi-
nation of physicochemical parameters of leachate [11–13] and their impact on groundwater
under waste fields [14–16]. In most cases, groundwater quality is assessed by determining
chemical and/or microbiological parameters and comparing the data with existing thresh-
old values [15,17,18]. Such an approach provides information only on specific pollutants
and, therefore, provides little information on general water quality. A more comprehensive
description of the groundwater quality in the vicinity of the landfill can be obtained by dif-
ferent summary indices based on measurements of individual parameters, such as leachate
pollution index (LPI) [11,19], water quality index (WQI) [20] and a modified WQI called
the landfill water pollution index (LWPI) [21,22], and Nemerow index (PI) [23]. In fact,
the generation of quality indices allows a synthesis of the results of environmental quality
assessment so that it can be understood by nonexperts such as the public/stakeholders
involved in decision making. In the last decade, many researchers also focused on assess-
ing the impact of landfilling on groundwater quality using the risk assessment method,
which is an ever-evolving assessment tool. The literature review on landfill risk assess-
ment conducted by Butt et al. [4] highlighted that there is no such holistic risk assessment
methodology for landfill leachate that could help carry out the risk assessment process from
the beginning (i.e., baseline study) to the end (i.e., hazard indices and risk quantification).
One of the problems of landfill impact assessment is the determination of background
conditions in the landfill area [8,16]. Several appropriate waste management strategies have
been developed to support the assessment of background conditions at the local scale [24].
However, in many real conditions, the monitoring network was established after the start of
landfill activities or without adequate knowledge of the in situ hydrogeological conditions.
Previous studies [24–27] have indicated that natural backgrounds can only be determined
from a representative geochemical set by sampling groundwater. High metal levels exceed-
ing groundwater acceptable threshold values are broadly and pre-emptively correlated to
local pollution, completely ignoring the geogenic natural background levels [8].

In Europe, as well as in Slovenia, the disposal of waste in landfills and the assessment
of its impact on groundwater and surface water status are regulated by regulations derived
from EU legislation (Waste Framework Directive 2006/12/EC). It was recognized most
recently that most of the landfills have an impact on local groundwater quality status;
therefore, it is also necessary to assess which of these landfills threaten the chemical status
of groundwater bodies on a regional scale [28], which is very important for the state
management of water resources. The impact of the landfill on groundwater status must
be assessed on the basis of the chemical characteristics of groundwater, as well as on
geogenic and other external parameters (reliability of the monitoring network, interaction
between surface water and groundwater, and higher upgradient chemical concentrations
in groundwater). A relevant assessment of the impact of the landfill on groundwater
requires the analysis of the possible consequences caused by the impact of the landfill on
the degradation of groundwater-dependent ecosystems and drinking water supply.

All these uncertainties have led us to develop a relevant approach to assess the impact
of the landfill on groundwater status by considering conceptual models of the landfill
site. The article presents a risk assessment of the pollution impact on groundwater from
landfills based on the reviewed monitoring reports in Slovenia. All landfills were divided
into classes according to the degree of risk of pollution, providing insight into the status
of the landfills in relation to landfill management practices and providing the basis for
alternative corrective actions.

The proposed method focuses on estimating the relationship between key chemical
parameters, and it also considers conceptual models of the landfills. The study had the
following objectives: (I) to develop an integrated method for classifying landfills on the
basis of groundwater chemical data and conceptual models of landfills, (II) to identify the
main groundwater pollutants in the vicinity of landfills according to type and status of the
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landfills, (III) to assess the impact of landfills on groundwater in the case of Slovenia, and
(IV) to classify landfills in Slovenia according to developed integrated method.

2. Material and Methods
2.1. Study Area

Slovenia is a European country that is surrounded by the Alps, Mediterranean Sea,
and Central Europe. With an area of 20,273 km2, Slovenia is one of the smallest European
countries. It has about two million inhabitants.

In 2019, about 8.4 million tons of waste were generated, of which about 1.1 tons or
509 kg per capita was municipal waste with an annual increasing trend (426 kg per capita
in 2002). Approximately 775,000 tons or 73% of municipal waste was collected separately,
and this proportion also increased from 8.6% in 2002 to 73% in 2019, while the proportion
of landfilled municipal waste decreased (from 84% in 2002 to 6.3% in 2019) due to the
increased waste recycling rate (from 63% in 2010 to 85% in 2019) [29].

Slovenia has some of the richest groundwater resources in Europe. Over 97% of the
population gets its drinking water from groundwater resources. Groundwater also repre-
sents an important source of technical water in industry, as well as for energy production,
food industry, agriculture, and tourism.

The geological structure of Slovenia is very diverse in terms of age (from Early Paleo-
zoic to the present), lithology, and tectonics. Due to this geological diversity, the geological
structure of the area is very complex [30], which makes the task of modeling groundwater
properties even more challenging. The most abundant rock type is sedimentary, covering
about 93% of the country, while igneous and metamorphic rocks cover much smaller areas,
3% and 4%, respectively [31]. Groundwater occurs in different geological structures. Ac-
cording to the type of porosity, aquifers can be divided into aquifers with intergranular,
fissured, and karstic porosity (Figure 1). About 14% of the area is gravel/sandy deposits
with intergranular porosity, 45% of the area is represented by karstic/fissured aquifers, and
35% of the area is represented by minor aquifers in porous or fissured formations with
local and limited groundwater resources. Overlying strata or layers with essentially no
significant groundwater resources comprise some 6% of the area [32].

Figure 1. Study area and landfill locations.
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2.2. Overview of Landfill Characteristics and Spatial Distribution

A total of 69 landfills were included in the analysis. Municipal solid waste type
of landfill predominates (50 landfills or 72%) (Table 1), while seven (10%) landfills are
inert waste type, 10 landfills are nonhazardous waste type (15%), and two landfills (3%)
are hazardous waste type. In addition, 14 active landfills (10 municipal, one inert, one
hazardous, and two nonhazardous landfills), 15 closure phase landfills (12 municipal and
three inert landfills), and 40 closed landfills (28 municipal, three inert, one hazardous,
and eight nonhazardous landfills) are monitored. Additional information is given in the
Supplementary Material S1 (sheet “class”), i.e., the size and engineering characteristics of
the landfill body, the main hydrogeological characteristics in the designated area of the
landfill, possible receptors for each landfill, and the suitability of the monitoring system.
The impact assessment of the landfill on groundwater quality and the evaluation of the
reliability of the assessment are also presented.

Table 1. Overview of number of landfills by type, status, and location of groundwater protection
zones and groundwater dependent-ecosystems according to status of the landfills.
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Intergranular aquifers 23 18 3 2 0 3 4 16 1 1 4 1 - 1
Fissured/karstic aquifers 23 16 3 3 1 5 6 12 2 1 1 - 4 3

Minor aquifers * 23 16 1 5 1 6 5 12 2 - 2 1 - 1

69 50 7 10 2 14 15 40 5 2 7 2 4 5
GWPZ—groundwater protection zone; GDE—groundwater-dependent ecosystem; * minor aquifers of porous or
fissured porosity and formations without significant groundwater resources.

2.2.1. Landfill Characteristics—Engineering Disposition of the Landfill

An adequate engineering disposition (R) required by the regulation in Slovenia has 23
landfills. This means that the sealing of the ground with a clayey layer and PEHD foil is
provided, and the collection of the leachate by drainage system to retention basins or to
treatment plants is on place. A partially settled (P) liner and/or drainage system has 34
landfills. Most of these landfills consist of an old and a new part of the landfill. The old
parts are usually not underlined by impervious foil but only the clayey layer lies in the
base of the waste. The newer parts of landfills are underlined by PEHD foil, or the waste
is located exclusively on natural, poorly permeable sediments (clay and marl). In these
landfills, leachate drainage is partially adequate, due to either an ineffective wastewater
treatment plant or the old part of the landfill not having operational drainage, while the
new part of the landfill does. Engineering characteristics of 12 landfills are unregulated
(U). The waste is deposited directly on permeable layers (gravel and carbonate rock), the
drainage system is not adequate, and the leachate infiltrates into the subsoil.

2.2.2. Spatial Distribution—Natural Characteristics of the Site of the Landfill

The natural characteristics of the site and downgradient area represent the primary
factor for the extent of the landfill’s impact on groundwater quality (permanent or tempo-
rary). Therefore, the primary analysis was conducted with the aid of a hydrogeological
map (Figure 1) representing basic aquifer types [32]. Table 1 shows that 23 of 69 land-
fills are located on intergranular aquifers (three active), 23 (five active) are located on
karstic/fissured aquifers, and 23 (six active) are located on minor aquifers with local and
limited groundwater resources.

38



Energies 2022, 15, 5150

Moreover, 17 landfills are located in the areas of the most important aquifers (type I.a
and II.a), which represents about 25% of all landfills in Slovenia. Their medium to high
productivity and regional extent make the potential of these aquifers very important for
drinking water supply, presently and in the future.

There are 14 landfills (five active) situated in water protection zones (GWPZs) (Table 1).
Only one landfill (closed) is located directly in the groundwater-dependent ecosystem area
(GDE), while 10 landfills extend into the GDE area via their “hydrogeologic target zones”.

2.3. Source of Data

The dataset was obtained from the Slovenian Environment Agency (ARSO) within
the Ministry of the Environment and Spatial Planning, including 82 landfills from the
whole territory of Slovenia. Annual monitoring, which represents the basis to determine
and assess the landfill leaching effect on groundwater, is conducted at 68 landfills, while
monitoring is not yet performed for one landfill. Monitoring was abandoned at 13 landfills
where it was demonstrated that pollution is not spreading to groundwater (Figure 1). Thus,
the developed integrated methodology was tested at 68 landfills.

Data on the main hydrogeological characteristics of the landfill, the engineering
characteristics of the landfill, and the results of groundwater chemical monitoring were
obtained. Representative groundwater quality data were collected for 65 landfills in 2017.
At three landfills, no monitoring was conducted in this year. For these landfills, monitoring
data from the most recent available year until 2017 were used.

2.4. Groundwater Monitoring at the Landfill Area
2.4.1. Groundwater Monitoring Network and Sampling

The monitoring network at the landfills consisted of a minimum of three monitor-
ing points, of which at least two monitoring points were located downgradient and one
monitoring point was located upgradient of the landfill (Figure 2). Groundwater chemical
monitoring was conducted in the target hydrogeologic zone where contamination could be
expected due to indirect or direct discharge of contaminants from a source of contamination
to groundwater.

Figure 2. Example of the monitoring site positions at landfill.

The sampling set on karst aquifers consisted mostly of springs and to a lesser extent
boreholes. The distances between monitoring points were in most cases greater than 10 km.
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However, on intergranular aquifers and aquifers with local and limited groundwater
resources the sampling set consisted of boreholes, private wells and pumping stations.

Annual monitoring of the landfill impact on groundwater quality was carried out by
various accredited laboratories in Slovenia, such as the National Laboratory for Health,
Environment and Food, Eurofins Erico Slovenija d.o.o., JP Vodovod Kanalizacija Snaga
d.o.o., Talum Inštitut d.o.o., Tab-Ipm Logistika, Plastika In Storitve d.o.o., and Regionalni
tehnološki center Zasavje d.o.o. Groundwater sampling in areas where karst porosity
prevails was performed four times per year, one in each season. In the areas with fissured
and intergranular porosity, groundwater sampling was performed twice per year with the
sampling interval of at least 3 months and no longer than 6 months. In general, sampling
campaigns were conducted under hydrogeological baseflow conditions (predominant
discharge from aquifer storage).

Sampling procedures, transport, and storage of the groundwater samples were per-
formed in accordance with ISO standards (SIST ISO 5677-11:1996; SIST ISO 5677-03:1996;
SIST ISO 5677-6:1996).

2.4.2. Chemical Analysis

The groundwater samples were analyzed at the accredited laboratories in Slovenia
mentioned in the previous section.

In our study, field parameters (temperature, pH, electrical conductivity, dissolved
oxygen, and redox potential), inorganic parameters (Na+, K+, Ca2+, Mg2+, NH4

+, HCO3
−,

SO4
2−, Cl−, NO3

−, F−, NO2
−, and PO4

3−), microelements (B, Al, As, Sb, Cu, Ba, Be, Zn,
Cd, Co, Sn, Cr total, Cr6+, Mo, Mn, Ni, Se, Ag, Pb, Tl, Ti, Te, V, Fe, and Hg), and organic
compounds (total organic carbon (TOC), adsorbable organic halides (AOX), volatile organic
compounds (VOCs), aromatic hydrocarbons (BTEX), triazine, and organochlorine pesti-
cides) in groundwater were recorded. For microelements, dissolved species in groundwater
were measured. The organic compounds included in the monitoring were selected on the
basis of the type of waste and the results of the groundwater zero status. Table 2 shows the
analytical procedure used for each chemical parameter and measurement uncertainties.

Table 2. Analytical procedure and measurement uncertainties for each chemical parameter in groundwater.

Parameter Analytical Procedure Measurement Uncertainty

Temperature SIST DIN 38404-4:2000 0.3 ◦C

pH ISO 10523: 2008 0.12

Electrical conductivity EN 27888:1993 2.0%

Dissolved oxygen ISO 17289.:2014 10%

Redox potential DIN 38404-C6: 1984 10%

Na+, K+, Ca2+, and Mg2+ EN ISO 14911: 1999 10–19%

SO4
2−, Cl−, and NO3

− ISO 10304-1: 2007 11–15%

HCO3
− EN ISO 9963-1: 1995 10%

NH4
+ ISO 11732: 2005 13%

NO2
− ISO 13395: 1996 13%

PO4
3− ISO 15681-2: 2018 10%

Microelements ISO 17294-2: 2016 6–16%

AOX ISO 9562: 2004 26%

TOC ISO 8245: 1999 11%

VOCs and BTEX EN ISO 15680: 2003 30%

Pesticides EN ISO 11,369 modif.: 1997 4–17%

PAO EN ISO 17,993 modif.: 2002 20–29%
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2.4.3. Evaluation of Chemical Data

Chemical groundwater monitoring datasets were presented up to the concentration
values of the lower limit of quantification (LOQ). LOQ values varied for individual parame-
ters on a case-by-case basis, between individual measurement series, and by laboratory. The
highest LOQ values of each parameter were used for analysis. All numerical results below
the selected value of LOQ were considered results at LOQ. For data at LOQ, 50% of the
LOQ values were used for further data processing in accordance with the recommendation
in Annex 3 of the National Regulation on groundwater status.

The impact of landfills on groundwater was firstly assessed by comparing the annual
mean values of each parameter in the groundwater at monitoring points upstream and
downstream of the landfill, according to the following equation:

Xmean,DMP ≥ Xmean,UMP (1)

where DMP is the annual mean value of each parameter at the downgradient monitoring
point, and UMP is the annual mean value of each parameter at the upgradient monitoring
point. If the DMP value was greater than or equal to the UMP value, a value of “1”
was assigned, indicating that the landfill had a potential impact on groundwater quality.
Otherwise, the value “0” was used.

For the parameters with the value of “1”, the exceedance of the values for each
parameter was further evaluated according to the following equation:

((
Xmean,DMP − Xmean,DMP · MU

100

)
−

(
Xmean,UMP − Xmean,UMP · MU

100

))
· 100

Xmean,UMP
(2)

where MU is the measurement uncertainty for each parameter.
According to the calculations, only the chemical parameters that determined a sig-

nificant impact on the groundwater quality of the landfill were considered. Calculated
values ≥100% indicated that the measured values of each parameter at the downstream
monitoring point were significantly higher than the measured values of the parameter
at the upstream monitoring point. The parameter indicated the influence of the landfill
on the status of the groundwater and was further considered as an indicative parameter.
Calculated values were between ≥0% and 100% indicated that the measured content of the
respective parameter at the downstream monitoring point was not significantly higher than
the measured parameter values at the upstream monitoring point. The assessment of the
impact of the landfill on the groundwater status for the selected parameter was not reliable
and was not used to assess the impact of the landfill. Calculated values 0% indicated that
the measured values of each parameter at the downstream monitoring point were less than
the values at the upstream monitoring point. In this case, the groundwater at the upstream
monitoring point was already polluted compared to the situation at the downstream moni-
toring point. Thus, assessment of the landfill’s influence on the groundwater status was
not possible.

2.5. Assessment of Landfill Impacts on Groundwater
2.5.1. Conceptual Model

The assessment of landfill impacts on groundwater quality status proposed herein
is based on a conceptual model of the landfill, which is intended to clearly define the
hydrogeologic conditions in the landfill area (Figure 3). The conceptual model summarizes
and evaluates all available data related to the landfill, as well as those obtained during the
monitoring period. At the same time, it also identifies the weaknesses and uncertainties
related to the available data. In order to carry out an impact assessment, as well as optimize
decisions for future pollution management (e.g., monitoring and preventive measures), a
conceptual model must answer three specific questions: (1) Do the natural conditions and
engineering characteristics of the landfill allow the leaching of pollutants into groundwater;
if yes, to what extent, and is the pollutant leaching direct or indirect? (2) Does existing
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monitoring allow the control of potential pollutant leaching from the landfill area? Is the
monitoring network adequate or does it need to be optimized? (3) Is it possible to confirm
the environmental impact and estimate its extent?

Figure 3. Conceptual model of the landfill.

These questions can be answered if the appropriate information is available, which
considers (1) the engineering characteristics of the landfill, including the nature of the pollu-
tants, (2) the natural (e.g., hydrogeological) conditions of the landfill, on the basis of which
the risk potential is determined, together with the quantities of leachate and the concentra-
tion of the pollutants, (3) possible contamination transport pathways and the presence of
indicative contaminants in the groundwater, and (4) potentially affected receptors.

2.5.2. Engineering Characteristics of the Landfill

An important factor for potential groundwater contamination is the engineering char-
acteristics of the landfill, including the landfill liner (lining system), drainage performance
and position of drainages, leachate collection, and slope stability. All these conditions
are essential to understand potential emissions of pollutant into the environment. For
example, if the sealing layer is damaged, direct leaching to groundwater may occur. The
quality of the sealing layers and the cover is important to ensure effective cover and to
ensure the least possible emissions into surface and groundwater. At least around the
landfill body, the natural base of the landfill must be geologically and hydrogeologically
uniform and should have proper geological characteristics to ensure protection against
contamination of the soil, surface water, and groundwater. The average water permeability
of the landfill cover layers must be less than 1 × 10−9 m/s (Decree on the landfill of waste
(Official Gazette of RS, no. 10/14, 54/15, 36/16, 37/18 and 13/21)). If the permeability
of the soil is higher, artificial sealing layers (e.g., HDPE foil) are also installed to ensure
protection against contamination. The landfill body and its subsoil must be stable in the
long term so that possible deformations will not affect the landfill sealing, the leachate
and rainwater drainage system, or landfill degassing system. Only constant, unchanged
conditions enable controlling the water cycle and the pollutant mass balance, which is the
basis for a successful impact and risk assessment.
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2.5.3. Hydrogeological Conditions

Karstic/fissured aquifers (Figure 1) are heterogeneous formations; hence, it is very
difficult to predict groundwater hydraulics and mass transport [33,34]. Another problem is
a significant variability in the discharge behavior of karst water under different hydrologic
conditions. In some karst fissures and channels, water can drain very rapidly, while, in
others, it can be retained much longer [35–37]. The difference in groundwater levels has a
significant impact on the direction and the travel time of groundwater, as well as on the
possibility of dilution and storage of contaminants in the subsurface. From this perspective,
landfill sites on karst aquifers should be treated differently than those on intergranular
aquifers. Aquifers with karstic/fissured porosity are very vulnerable. Therefore, new
landfills in karstic areas are prohibited in Slovenia. The risks posed by landfills in karstic
areas are associated with the heterogeneity of the hydrogeological characteristics, such
as highly variable spatial distribution of (1) fractures in the bedrock (2), permeability of
aquifer, and (3) groundwater flow velocity and direction. In the region of highly fractured
or karstified bedrock and variable (spatially and temporarily) groundwater flow conditions,
there is a high risk that pollution from the landfill will spread to a wider area.

The recognition and the evaluation of groundwater flow hydraulic properties in
intergranular aquifers (Figure 1) are relatively straightforward. In such areas, with an
appropriate monitoring network and under well-known boundary conditions, the contami-
nation plume downgradient from the landfill and outside of the monitoring network can
be followed using analytical methods and simulations. The greatest risk for contamination
spreading is posed by surface water, which can drain relatively large quantities (volumes)
of groundwater. In porous aquifers, interactions between groundwater and surface water
often occur, resulting in the direct impact of contamination on local ecosystems or even on
groundwater sources used for the drinking water supply.

The movement of contaminants in groundwater depends on the natural attenuation of
the soil and natural degradation processes in the aquifer. Natural attenuation is the result
of various physical, chemical, and biological processes and can reduce the mass, toxicity,
mobility, volume, or concentrations of soil or groundwater contaminants without human
intervention. These processes include biodegradation, dilution, sorption, evaporation, and
radioactive decay. Natural attenuation occurs in all contaminated areas, but the rate of the
degradation process depends on certain conditions in the soil. If such conditions are not
significantly present, contaminant degradation is not effective nor comprehensive [38,39].

Determination of hydrogeological parameters (hydraulic conductivity, porosity, etc.)
of the aquifer is important for the proper control and prediction of contaminant transport
including plume spreading. Here, the nature of contaminant emissions to groundwater is
also an important factor. Several conditions can be interpreting regarding the contamination
source (landfill body) position and groundwater level. The direct source of contamination
is when the landfill body (partially or wholly) is permanently or occasionally in a saturated
zone. When the landfill body is permanently in unsaturated zone, this can be interpreted
as an indirect contamination source [40].

2.5.4. Potential Pathway of the Pollution

When considering the contamination pathways in groundwater, it is important to con-
sider the horizontal pathway along the main groundwater flow direction. The groundwater
flow regime is a key parameter that allows indicating the relative length of the path of the
contaminant, the travel time, and the possible interaction with surface water.

Quality of the monitoring network is a crucial factor to determine the extent of the
contamination plume estimation and, consequently, of the risk assessment. A proper
monitoring network enables an early warning system and long-term forecast. It includes
several observation points along the groundwater flow path. A monitoring site upgradient
from the landfill can be used to determine potential changes in natural background levels
and to define the extent of the impact. Analysis of leachate represents the range and mass
of pollutants at the emission point (point of compliance POC 0). The monitoring site below
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the landfill (POC 1) in the contaminant plume at the entrance to the groundwater is the key
monitoring point, revealing the pressure of the landfill to groundwater. POC 2 is the early
warning monitoring site downstream between the landfill and the monitoring site POC 3
at the receptor (spring, well, etc.) [41].

2.5.5. Potential Receptors Affected by the Pollution

Evaluation of the actual landfill impact is based on the determination of potential
receptors and their position. In this study, the receptors are presented as sensitive areas on
which the potential contamination spreading from landfill may have a strong impact. Such
areas are the water protection zones of drinking water and areas with the presence of the
groundwater-dependent ecosystems.

Groundwater protection zones are delimited according to the methodology provided
in national regulations (Rules on criteria for the designation of a water protection zone
(Official Gazette RS, no. 64/04, 5/06, 58/11 and 15/16)). The purpose of groundwater
protection zones is to prevent and restrict points and diffuse sources of pollution that may
affect drinking water quality [42]. Protective measures, prohibitions, and restrictions apply
to construction and other land uses. In Slovenia, approximately 17% of the territory is
under a water protection zone regime [43].

As an integral part of the groundwater body status assessment in Slovenia, areas
with groundwater-dependent ecosystems (GDEs) have been identified on the basis of
hydrological and hydrogeological conditions within the territory of Slovenia. GDEs include
ecosystems in groundwater, terrestrial ecosystems dependent on groundwater, and aquatic
ecosystems in surface waters dependent on groundwater [44,45]. They require constant
or occasional contact with groundwater to sustain communities of diverse animal and
plant species, ecological processes, and ecosystem services [45]. Consequently, they are
a good indicator of the status of groundwater bodies and play an important role in their
assessment [46,47]. In total, GDEs cover about 28% of the Slovenian territory.

2.6. Synoptic Risk Assessment

The methodology for classifying landfills into priority classes was developed accord-
ing to the criteria of individual components of the conceptual model and the chemical
characteristics of groundwater (Table 3). According to the presented criteria, we made a
decision tree for each type of aquifer (intergranular aquifers, fissured/karstic aquifers, and
minor aquifers of porous or fissured porosity and formations without significant ground-
water resources), on the basis of which we classified the landfill into an individual priority
class, as shown in the Supplementary Material S2.

Table 3. Criteria of hydrogeological and engineering characteristics for classifying landfills into three
priority classes.

YES NO PARTLY

Engineering Characteristics Regulated (R)—see
Section 2.2.1.

Unregulated (U)—see
Section 2.2.1.

Partly regulated (P)—see
Section 2.2.1.

Input of Contamination
Direct input of

contamination—see
Section 2.5.3.

Indirect input of
contamination—see

Section 2.5.3.
-

GDE, GWPZ Present Not present Present on target
hydrogeological zone

Chemical Analysis Calculated values
≥100%—see Section 2.4.3.

Calculated values 0%—see
Section 2.4.3.

Calculated values between
≥0% and 100%—see

Section 2.4.3.

Net of Sampling Points Appropriate Inappropriate -
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Classification of landfills was based on the assumption of setting priorities of protection
against impacts on groundwater quality. In terms of the groundwater risk pollution, landfills
were classified into three priority classes: (1) landfills with a significant impact on local ground-
water quality and a potential impact on quality of the groundwater body. These are landfills
where contamination may spread with groundwater to the wider area, posing a risk to potential
drinking water supplies and/or groundwater-dependent ecosystems downgradient from the
landfill site; (2) landfills with less significant impacts on groundwater, either due to favorable
natural attenuation processes or due to adequate engineering performance of the landfill itself.
These are landfills where the natural attenuation of the subsurface is assumed to be sufficiently
efficient to prevent the spread of contaminants with groundwater flow. Impact on groundwater
quality is limited to the local area of the landfill; (3) landfills with insignificant impact or no
impact on groundwater quality. These landfills and their impact areas are located in the areas of
limited groundwater resources or even in the areas without groundwater. Pollutants from the
landfill cannot be spread by groundwater flow. There is no risk to groundwater resources or to
groundwater-dependent ecosystems.

3. Results and Discussion
3.1. Indicative Parameters of Impacts on Groundwater

Indicative parameters for 68 landfills were determined through the data processing
presented in Section 2.4.3. According to this analysis, the indicative parameters indicating
the impact of the landfill on groundwater quality status (calculated values ≥100%) were
determined for each landfill, (Figure 1).

Those parameters that occur in at least 10% (±1%) of all landfills were included in
further analysis. We identified 43 indicative parameters, which were classified into three
groups, namely, major parameters, microelements, and organic compounds. We assigned
the number of landfills according to type of landfill to each identified indicative parameter.
The classification is shown in Figure 4 and Table 3.

Figure 4. Frequencies of determined parameters.

Figure 4 shows the frequencies of the indicative parameters indicating the impact of the
landfill on groundwater quality. The highest frequency was obtained for boron (47) under
the group of microelements, followed by major parameters K+, Na+, Cl−, SO4

2−, NH4
+,

and NO3
− (46–31), and some organic compounds TOC (36) and AOX (32). Most of the

microelements were determined as indicative parameters from 19 to 31 times. Among them,
Mn corresponded with 41 determinations and Fe corresponded with 32 determinations.
However, some of them were also detected in smaller frequencies (7–17 times). Organic
compounds were represented by seven parameters in frequencies ranging from 13 to 18
instances. In this group, we most frequently recognized total pesticides.
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We performed a detailed analysis by individual group of parameters and type of
landfill. Table 4 shows the frequencies of determination of indicative parameters by group
of parameters and type of landfills.

Table 4. Identification of indicative parameters by group of parameters and type of landfill.

Municipal Inert Non-
Hazardous Hazard Total (n) Total

(%)

No. of Landfills 49 7 10 2 68

Major
parameters

K+ 32 3 6 2 43 63
Na+ 30 4 7 2 43 63
Cl− 31 2 6 2 41 60

SO4
2− 28 4 6 1 39 57

NH4
+ 28 0 6 1 35 51

NO3
− 23 3 5 0 31 46

NO2
− 23 0 3 0 26 38

Mg2+ 17 2 5 1 25 37
PO4

3− 19 1 4 0 24 35
Ca2+ 13 3 2 0 18 26
F− 10 3 5 0 18 26

HCO3
− 14 2 1 0 17 25

Microelements

B 34 4 7 2 47 69
Mn 31 3 6 1 41 60
Fe 27 2 2 1 32 47
Co 26 2 3 0 31 46
Mo 22 5 4 0 31 46
Cu 24 2 3 0 29 43
Ni 25 2 2 0 29 43
As 15 2 8 0 25 37
Ba 17 2 5 1 25 37
Cr 16 3 3 1 23 34
Zn 17 0 4 0 21 31
Sb 13 2 4 1 20 29
Cd 13 2 3 1 19 28
V 13 2 2 0 17 25
Al 13 0 2 1 16 24
Se 8 1 4 1 14 21
Tl 10 0 1 0 11 16
Pb 9 0 1 0 10 15
Br 6 0 2 1 9 13
Hg 5 1 2 0 8 12
Be 5 0 1 1 7 10
Ti 4 2 0 1 7 10

Organic
compounds

TOC 31 2 2 1 36 53
AOX 25 3 3 1 32 47

Pesticides (total) 16 0 1 1 18 26
Bentazone 16 0 0 1 17 25

MCPP 16 0 0 1 17 25
Prometryne 17 0 0 0 17 25

DEET 16 0 0 0 16 24
Atrazine 11 1 1 0 13 19

BPA 11 0 2 0 13 19

K+, Cl−, TOC, and Na+ were recognized as the most indicative parameters under
the group major parameters and organic compounds in the municipal landfills group, as
they, among other major ions, control the mineralization processes in the landfill body
and can occur in different compound combinations as of geogenic (natural) origin or as a
result of leaching from landfilled waste materials (of anthropogenic origin). Among them,
NO3

−, NO2
−, and NH4

+ were also frequently recognized as indicative parameters in the
literature [8].

In the group of microelements, Fe and Mn were typically determined as indicative
parameters as expected [8,24], since both occur in areas where the reduction conditions
downstream of the landfill are significant [3]. The metals B, Co, and Ni were also detected
at more than 50% of the landfills, as expected [48]. Organic compounds were detected as

46



Energies 2022, 15, 5150

typical contaminants in municipal landfills. Prometryne was most frequently detected as an
indicative parameter, followed by pesticides (total) MCPP, bentazone, and DEET. Atrazine
and BPA were less frequently determined. The presence of pesticides in groundwater at
landfill sites is a complex issue owing to the possibility that these substances may be present
simultaneously and may originate from different sources. Pesticides were already present
in groundwater at the upstream sampling point as the result of their use on agricultural
land. However, the groundwater in the landfill area was additionally loaded with pesticides
due to the deposited landfill waste, as evidenced by the higher concentrations of pesticides
in groundwater at downstream sampling points (Supplementary Material S1 (sheet “Main
parameters at each landfill”)).

Na+, K+, and SO4
2− were identified as indicative parameters from the group major ions

in the groups inert and nonhazardous landfills with fewer instances. Among microelements,
Mn and B were identified as indicative parameters in more than 50% of the landfills in both
groups. Inert landfills were also characterized by Mo (most frequent, 5/7) and Cr (3/7),
while nonhazardous landfills were characterized by As (most frequent, 8/10) and Ba, as well
as Cl− and NH4

+. Inert landfills mostly constituted fly ash, slag, and construction waste
from which nonhazardous inorganic compounds (sulfate and sodium) and metals were
leached. Organic compounds were detected individually, and usually in a single instance.

Na+, K+, Cl−, and B were identified as indicative parameters at two hazardous landfills.

3.2. Synoptic Risk Assessment

Using the methodology presented in Section 2.5, the classification of landfills was
carried out (Table 5, Figure 5 and Supplementary Material S1 (sheet “class”)).

Table 5. Classification of landfills based on the conceptual model method.

Aquifer Type Class 1 Class 2 Class 3

Significant impact + o −
GWPZ in/or GDE presence + + −

Technical suitability − − o

I.a; I.b Aquifers with intergranular porosity 8 11 4
II.a; II. b Fissured aquifers, including karst aquifers 8 8 7

III.a; III.c
Minor aquifers of porous or fissured

porosity and formations without
significant groundwater resources

8 12 3

24 31 14
+—yes; o—partially; −—no; GWPZ—groundwater protection zone; GDE—groundwater-dependent ecosystem.

A total of 24 landfills that had a significantly pronounced impact on groundwater and
could also be reflected in the chemical status of the groundwater body were classified as
Priority Class 1. Among those, eight landfills were located in the area of aquifers where
intergranular porosity (type I.a and I.b) was predominant, eight landfills were located in
aquifers with predominantly karstic/fissured porosity (type II.a and II.b), and eight landfills
were located in the area of minor aquifers with local and limited groundwater sources (III.a).
All landfills located directly in a groundwater protection zone, where direct inflow and
rapid transport of pollutants were identified, and which were also engineering unregulated,
were classified as Class 1. For most of these landfills, the impact on groundwater was
clear. In addition, landfills were included in Priority Class 1, where the waste is deposited
directly in an abandoned gravel pit without sealing and under unfavorable hydrogeological
conditions (highly permeable aquifer and high groundwater flow velocity).
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Figure 5. Distribution of priority classes for each landfill.

A total of 31 landfills with less significant impacts were classified with Priority Class 2
due to favorable natural attenuation below the landfill or landfills with suitable engineering
characteristics. Of these, 11 landfills were located in the vicinity of aquifers dominated by
intergranular porosity (types I.a and I.b), eight landfills were located in the area of aquifers
dominated by karstic/fissured porosity (type II.a and II.b), and 10 landfills were located
in the area of minor aquifers with local and limited groundwater resources (III.a). Two
landfills were located in the area of poorly permeable roof layers (type III.c).

Class 2 also included landfills where the impact of the landfill was not as significant
due to groundwater pressures in the affected aquifer, but which were located in groundwater
protection zones. Class 2 also included landfills that, owing to their engineering characteristics or
the prevailing natural conditions, allowed significant inputs of pollutants into the groundwater.
The contamination plume was also not expected to affect the wider environment.

Landfills located in areas of karstic/fissured porosity were considered separately due
to uncertainty in determining the groundwater flow direction and its velocity. An additional
issue was the distance between monitoring points, which, in most cases, was greater than
10 km. At these distances, there were known and unknown surface sources that may have
a greater impact on groundwater status than the landfill; therefore, it was not possible to
reliably assess the potential impact of the landfill on the status of the groundwater body.

A total of 14 landfills with little or no impact on groundwater quality were included in
Priority Class 3. Most of the landfills (seven) were on aquifers dominated by karstic/fissured
porosity, four landfills were on aquifers dominated by intergranular porosity, and three were
located on minor aquifers with local and limited groundwater resources. The main criteria
for the classification of these landfills were as follows: the landfill was small to medium-sized,
where large amounts of leachate were not expected, and the engineering characteristics of
the landfill were at least partially regulated. This class also included landfills where expected
groundwater pressures were low or absent, and the natural conditions were sufficiently good,
as well as if the contamination plume could be followed through monitoring to predict the
spatial and temporal distribution of contaminants.

4. Conclusions

This study presented a developed method of synoptic risk assessment based on a
conceptual model of the landfill and the results of the groundwater chemical monitoring,
which was tested on 69 landfills in Slovenia.
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The study confirmed that majority of landfills in Slovenia can affect groundwater
quality. On average, these impacts are small to negligible; however, in some cases, they can
be significant and can also affect the quality of the groundwater body.

Analysis of chemical groundwater monitoring showed that B is the most often de-
termined indicative parameter in groundwater, followed by Mn-total, Fe-total, K+, Na+,
Cl−, and SO4

2−. The least frequently detected indicative parameters appeared in the group
organic compounds, with the most frequently detected TOC and AOX.

Landfills differed significantly depending on the wastes they receive. For inert landfills,
Mo occurred as an indicative parameter in more than 70% of cases, while As was most
frequently detected in non-hazardous landfills. F−, Mg2+, and NO3− were only determined
at a frequency rate of more than 50% in non-hazardous landfills, while AOX, TOC, Co,
Fe-total, and Ni were only present at more than 50% in the municipal landfills. As expected,
organic compounds were identified as typical contaminants mainly in municipal landfills.

The landfill classification used showed that a total of 24 landfills had a significantly
pronounced impact on groundwater and may also be reflected in the chemical status of
the groundwater body; accordingly, they were classified in Priority Class 1. These landfills
should be given the greatest attention with an emphasis on protection measures. For these
landfills, additional engineering measures are required to reduce the input of contaminants
more effectively from the landfill into the groundwater.

A total of 31 landfills had less significant impacts due to favorable natural attenuation
below the landfill or landfills with suitable engineering characteristics; accordingly, they
belonged to Priority Class 2. For these landfills, appropriate measures need to be prepared.
The main measure is to ensure reliable monitoring, while no other technical measures are
expected except those that are mandatory.

A total of 14 landfills had little or no impact on groundwater quality and, accordingly,
were included in Priority Class 3. These landfills are not expected to require additional
measures beyond the basic landfill measures in place. There is no risk to groundwater
sources or groundwater-dependent ecosystems.

The classification of landfill impacts based on the synoptic risk assessment presented
in our study was found to be effective in assessing the environmental impact of landfills,
and it can also be used as a guideline in other parts of the world. Annual monitoring
enables landfill managers to control the efficiency of the protection measures and improve
the program of measures if needed. The survey of monitoring results of all landfills enables
permitting and managing authority to improve operational programs and action plans. This
relies on a synoptic risk assessment which enables specifying the priorities and milestones
of needed actions. As can be seen from the Water Framework Directive, preparation of
the program will consider the principles aimed at preventing and limiting the discharge
of substances.

Further work will focus on a statistical evaluation of the indicative parameters, as it is
necessary to identify concentration trends and work on the possible concentration range of
each indicative parameter. This information will be very important to determine whether
the situation at individual landfills is deteriorating, improving, or even stagnating. This is
also the basis for planning additional protection measures in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15145150/s1. S1: Excel file with 2 sheets named “class” and
“Main parameters at each landfil”. S2: Word file named decission tree.
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Abstract: The extraction of hydrocarbons is associated with obtaining certain amounts of water,
which is heavily contaminated with a wide range of chemical compounds that negatively affect
the environment. At present, practically the only method of managing extracted reservoir waters
is their injection into absorbing horizons. Large changes in parameters (pH, Eh, temperature, etc.)
occurring during the extraction and storage of water, as well as the contact of the injected water with
reservoir water and rock, may result in the precipitation of secondary sediments. The complexity
of the injected water/native water/deposit rock system and the wide range of possible interactions
do not always allow for correct interpretation of the processes and their impact on near-well zone
permeability. One of the factors which has a decisive influence on dissolution/precipitation is
temperature change. Applying analytical data of water with low (W-1) and high (W-2) mineralization,
calculations were carried out with the use of PRHEEQC software. Changes in solubility index values
were determined at ambient temperature (20 ◦C) and reservoir temperature (94 ◦C). The obtained
results indicate that with increasing temperature, SI changes for a given chemical compound may run
in different directions and take different values, depending on the composition of the injected water.
The calculations indicate the possibility of a change in the direction of the reaction from dissolution to
precipitation, which may lead to clogging of the near-well zone. Simulations of the injected water’s
contact with minerals present in the reservoir rock were also carried out. The obtained data indicate
that these minerals, in the entire studied temperature range, dissolve in the injected water, but the
solubility of anhydrite and dolomite decreases with increasing temperature. If the water is saturated
with minerals at low temperature, after heating in the bed, sedimentation and blockage of rock pores
may occur, which means there is a reduction in the efficiency of water injection.

Keywords: water injection; absorptive well; solubility index; PHREEQC

1. Introduction

Reservoir waters, often extracted in large amounts during the exploitation of crude
oil and natural gas, may contain very large loads of pollutants that adversely affect living
organisms [1]. There are large amounts of various substances in reservoir waters: soluble
salts—mainly chlorides, but also sulphates, bicarbonates, bromides and sulfides; metal
ions—sodium, potassium, calcium, magnesium, iron and manganese; heavy metals; in-
soluble substances—sands, clays, metal oxides and silica; remains of drilling fluids and
treatment fluids; petroleum hydrocarbons—including phenols, aromatic hydrocarbons and
PAHs; and chemicals dissolved in water used in order to improve its operation—corrosion
inhibitors and hydrates, foaming agents, demulsifiers, etc. Treatment of such waters is
difficult and costly due to strong variations in the content of individual pollutants in subse-
quent parts of the extracted water. The presence of a wide variety of substances makes it
difficult and economically unprofitable to apply the treatment of the excavated reservoir
waters to a level that enables safe discharge into surface waters or soil.
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For this reason, it is preferable to remove the extracted reservoir water from the
active biosphere by pumping it to absorbent horizons in hydrocarbon reservoirs. This
method enables safe and inexpensive management of brines, and can be applied to intensify
extraction and increase the degree of depletion of the deposit [2–4]. An alternative solution
for deposit water injection is its purification and drainage to surface waters and the soil
or its industrial usage, after elimination of all contaminants according to administrative
law [5–7]. The diversity and huge amount of contaminants cause serious problems with
water purification to the required level. Furthermore, the management of wastes which
appear during water purification increases the costs of this solution.

However, injection as a preferred method of management requires proper water
preparation in terms of removing components that may damage a borehole zone and limit
injection efficiency.

The preparation for injection is usually carried out by removing sediment (e.g., by
filtration). However, in many cases this is insufficient due to the presence of fine particles of
suspended solids that are not retained on the filters, as well as iron oxide deposits formed
upon contact with air.

Due to their properties, these oxides cause difficulties in filtration (clogging of filters),
and may also precipitate after filtering the water. Their colloidal nature means that, together
with the injected water, they can deeply penetrate the near-well zone and cause damage
which is extensive and difficult to remove.

A proper solution is a water treatment installation using appropriately selected pro-
cesses to remove pollutants: removal of iron and manganese ions (by air blow oxidation,
absorption on the bed in ion exchange process or masking their presence with complexing
compounds), coagulation (precipitation of pollutants in a form of sediment) with floccula-
tion (agglomeration of suspended particles and colloids) or using a ballasting agent [8–10]
followed by sedimentation and/or filtration to remove solid particles from the water
phase [11–14]. Due to the large variation in the content of individual components in the
extracted reservoir waters, it is not possible to determine optimal doses of chemicals and
parameters of individual treatments at one time. It is necessary to carry out the optimization
procedure for individual stages of the preparation process and to control the effectiveness
individually for each batch of formation water intended for injection (Figure 1) [15].
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Membrane systems can also be used in water treatment to remove petroleum pollutants
and to obtain water with low salinity. Research on the application of these methods is most
often applied in areas suffering from water shortages [16].

However, even the correct and effective conduction of the process of water preparation
for injection may not protect the absorptive well against progressive clogging. Undesirable
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chemical processes may occur when injected into a reservoir of water with a different
chemical composition (the presence of incompatible components).

Precipitation of sediment particles and suspensions may take place during contact of
the injected water with native water present in the reservoir and with the reservoir rock,
as well as in the case of the successive injection of water batches containing components
reacting with each other with precipitation. Sludge formation reactions can also be triggered
by changing physical and chemical properties of the water (e.g., changing the pH, redox
potential, temperature, etc.) [17,18].

Water in a deposit has its temperature (several dozen ◦C on average). It decreases
during water excavation, separation, transport, storage and preparation for injection. The
temperature of treated water is usually the same as the surrounding temperature. During
injection into a well, flowing water has contact with zones of increasing temperature.
Reaching an absorptive horizon, the water heats up to the deposit temperature. To a certain
extent, water temperature can be controlled by the following treatments: limiting the
time of the presence of water on a surface, thermal isolation of the installation, a change
in injection speed (a decrease in speed results in higher temperature growth before the
water reaches an absorptive horizon) or heating the water before injection. However, these
methods cannot be technically and economically justified. The exception is a situation in
which excavated water (after separation from hydrocarbons) can be injected directly into an
absorptive horizon. No sediments or suspensions in the water, low hydrocarbon content,
and a lack of contact with oxygen during preparation and injection are required.

The system of injected water/reservoir water/reservoir rock is characterized by a
high degree of complexity, taking into account all factors influencing changes in physical–
chemical properties and a wide range of interactions between individual components.
The available analytical data do not always enable correct assessment of the direction of
precipitation/dissolution and determination of their impact on the stability of the system,
particularly on the permeability of the near-well zone.

Computer simulations enable assessment of direction of sediment dissolution/
precipitation when water is injected into the deposit [19–22].

At present, there are several specialized hydrogeochemical modeling systems available,
e.g., TOUGHREACT [22–25], ChemPlugin [26], PHREEQC [27–29], and FEDLOW (piChem
module) [30,31], which can be used to solve problems related to the chemistry and reactivity
of water, mass and energy transport, secondary mineral precipitation, exploitation of
geothermal deposits, etc. [32–36].

PHREEQC software (pH-REdox-EQuilibrium) [37–39] was selected for tests to perform
simulations on highly concentrated brines. This program is widely used to study issues
related to the flow of brine through porous media and accompanying phenomena [40–43],
especially in the processes of deposits flooding (enhanced oil recovery) in oil mining [44–47].

This software package calculates solubility indexes (SIs) which can be used to assess
precipitating/dissolving ability [18,45,48]. Moreover, it allows the determination of the
effect of temperature change on the solubility of individual minerals, which may be key
information for limiting damage to the near-well zone during the process of injecting water
into the absorptive horizon.

PHREEQC is software with a wide range of applications. It can be used in simulations
of processes and geochemical environments. However, it has several limitations which
ought to be taken into account. One of the limitations of water models is a lack of inner
cohesion in implemented databases. The pitzer.dat database defines the most consistent
water model, but its contents of ingredients are limited. All remaining databases include
sets of constant equilibrium logarithms (logKs) and enthalpies of reactions coming from the
literature. There were no systematic attempts to determine which tests were performed in
order to determine the assumed individual parameters of the logKs. In addition, there was
no determination of whether the simulation results (obtained by application of a certain
model) are compatible with original experimental data. Information included in the files
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of databases delivered with the software should be treated as preliminary. The precise
selection of solutions’ contents and thermodynamic data is in the hands of the user.

The presented research results in a decrease in contaminants emitted to the natural en-
vironment during oil and natural gas excavation. Improved methods of brine management
lead to significant reductions in the use of environmental resources by the oil industry.

This article describes innovative applications of PHREEQC to determine problems
associated with near-well zone colmatation. Difficulties are caused by sediments which
can appear in the injection of consecutive parts of the water of diversified properties into
absorptive horizons. Obtaining the above-mentioned information enables modification of
the parameters of the preparation and injection of waters into an absorptive horizon. In
addition, it leads to a reduction in the risk of a decrease in rock permeability by sediments.
It would result in less frequent application of expensive treatments such as near-well
zone decolmatation.

These benefits can encourage industry representatives to perform more advanced
planning of deposit water injection. This involves selecting a proper deposit to inject with
a certain type of water, performing research on the compatibility of injected waters and
increasing the effectiveness of water preparation. This can result in extensions of the time
of failureless work of absorptive horizons as well as decreases in the costs of management
of excavated waters.

2. Materials and Methods

Research material consisted of W-1 and W-2 waters from wells exploiting natural gas
from reservoir in Cechsztyn limestone, with highly differentiated properties (Table 1). In
the tested waters, the following parameters were determined: reaction, redox potential
and sodium content (pH/mV/Ion/◦C/F—ION 700 m—measurement error 2%), chemical
and biological oxygen demand, total organic carbon, anionic and nonionic surfactants and
potassium (Hach Lange DR 3900 photometer—measurement error 4%), density (Anton
Paar 35 N—measurement error 5%), content of dissolved and undissolved substances,
residue after ignition at 600 ◦C and content of organic substances (analytical balance WAA
220/C/2—measurement error 3%), anions (Cl−, Br−, CO3

2−, HCO3
−, S2

−, SO4
2−), calcium

and magnesium, carbonates, bicarbonates and chlorides (complexometric, acid-base and
argentometric titration—analysis error 4%), sulphates, iron, manganese and selected heavy
metals (UV/VIS Lambda 35 spectrophotometer—measurement error 4%).

Table 1. Results of physical–chemical analyses of separator water samples W-1 and W-2.

Analysis Unit W-1 W-2

pH 5.9 4.8
Eh g/cm3 −108 −117.8
Density (20 ◦C) mV 0.997 1.182
Total dissolved substances mg/dm3 551 306,428
Residue of roasted (in 600 ◦C) mg/dm3 318 288,904
Total suspended solids mg/dm3 76 159
COD mg O2/dm3 15,023 13,589
BOD mg O2/dm3 1875 2258
TOC mg/dm3 1004 1059
TPH mg/dm3 64 284
Organic substances (dichloromethane extract) mg/dm3 91 1102
Anionic surfactants mg/dm3 1.23 18.9
Nonionic surfactants mg/dm3 247 1.73
Chloride Cl− mg/dm3 129 176,615
Sulphates SO4

2− mg/dm3 4.3 189
Carbonates CO3

2− mg/dm3 – –
Bicarbonates HCO3

− mg/dm3 215 169
Nitrates NO3

− mg/dm3 – –
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Table 1. Cont.

Analysis Unit W-1 W-2

Ammonium NH4
+ mg/dm3 – –

Phosphates PO4
3− mg/dm3 – –

Bromides Br− mg/dm3 4.12 249.3
Sodium Na+ mg/dm3 61.9 68,841
Potassium K+ mg/dm3 28.6 588
Calcium Ca2+ mg/dm3 18.6 35,258
Magnesium Mg 2+ mg/dm3 12.7 4974
Ferrous ion Fe2+ mg/dm3 2.10 6.50
Ferric ion Fe3+ mg/dm3 16.00 56.40
Manganese Mn2+ mg/dm3 3.91 7.05
Copper Cu mg/dm3 0.021 0.009
Lead Pb mg/dm3 0.068 0.035
Zinc Zn mg/dm3 0.651 0.358
Tin Sn mg/dm3 0.023 0.51
Nickel Ni mg/dm3 0.067 0.129
Cobalt Co mg/dm3 0.009 0.028
Cadmium Cd mg/dm3 0.003 0.048
Strontium Sr mg/dm3 0.061 3012
Barium Ba mg/dm3 0.038 81.0
Silicon Si mg/dm3 3.18 4.26
Aluminum Al mg/dm3 0.061 0.056

W-1 water was characterized by low mineralization at a level of 551 mg/dm3 and
suspension content of 76 mg/dm3, while W-2 water sample was highly mineralized
(306,428 mg/dm3) and suspension content was 159 mg/dm3.

Chemical analyses were supplemented by mineralogical analysis of core material
samples from the injection well (Figure 2). The quantitative analysis of the mineral compo-
sition of the core samples was performed using the X-ray diffraction method (XRD) at the
Department of Drilling Geophysics, Oil and Gas Institute—National Research Institute [49].
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Figure 2. Results of mineral composition analysis of core material from injection well (D—dolomite,
A—anhydrite, An—ankerite, Ha—halite, Zn—zincite—reference material).

Mineralogical analysis showed that the main component of reservoir rocks is dolomite
(74.6%), whereas the other components are anhydrite (13.1%) and ankerite (11.3%), calcium
and iron carbonate with the formula CaFe(CO3)2 and a slight addition of halite (1.0%).

The solubility index (SI) is an indicator suggesting the possible direction of reaction of
dissolution/precipitation of minerals during mixing of water or in contact between water
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and a deposit rock. PHREEQC software was used to calculate the SI when considering
injection of separator waters into the absorptive horizon.

The values of the solubility index calculated for individual components (minerals or
chemical compounds) indicate whether it is possible to dissolve a specified component in
water of a given composition (negative SI values), or whether their precipitation from the
solution should be expected (positive SI values).

The assumption of a value close to “zero” by the calculated solubility index suggests
the existence of an equilibrium state in which even small changes in water parameters (e.g.,
change in temperature, reaction or the content of one of the components) may cause a shift
towards dissolution or precipitation of a defined substance.

There are three databases that can be used to calculate the solubility indexes: phreeqc.
dat [50], pitzer.dat [51,52] and wateq4f.dat [53]. Reports in the literature show that the
pitzer.dat database should be used to simulate highly concentrated brines, which is based
on the calculation of ionic strength of the solution (Pitzer theory) [54] and not concentrations
of components. This database, unfortunately, has a small number of components (about 40)
for which it is possible to perform calculations. The other two databases should be used
for calculations in solutions in the Debye–Hückel region. The phreeqc.dat database has
60 components, while the waeq4f.dat includes over 160 items.

In the vast majority of cases, the extracted formation water is prepared for injection
in batches, the volume of which depends on the size of the storage tank in which it is
collected. The entire process of separating water from hydrocarbons and its storage reduces
temperature to ambient temperature. On the other hand, during the injection, water
temperature rises to reservoir temperature. This can cause significant changes in solubility
of individual minerals and affect permeability of the near-well zone.

The results of laboratory analyses of W-1 and W-2 water samples’ composition were
used to calculate solubility indexes for individual minerals (PHREEQC). In order to capture
influence of temperature on solubility of individual components (minerals and chemical
compounds), SI calculations were performed for two temperatures: 20 ◦C, assumed as the
temperature of water prepared for injection, and 94 ◦C, the reservoir temperature of the
injection well.

Taking into account the distinct influence of water temperature changes on the di-
rection of the dissolution/precipitation, simulations of changes in solubility of minerals
(forming reservoir rock) during contact with the injected water as a function of temperature
were also carried out. The simulations assumed the contact of 1 kg of deposit rock with 1 kg
of injected water. Due to the lack of ankerite (and other minerals with similar composition)
in the databases of the PHREEQC software, this core component was not included in
the calculations.

3. Results and Discussion

The results of the analyses show that the mere removal of sediments and suspensions
from the water phase is not enough to pump the water safely into the absorptive hori-
zon [55]. Water samples W-1 and W-2 were filtered through a filter to remove sediment and
left in contact with the air for 48 h. After this time, the water was filtered again, obtaining
sediments with masses of 14.35 mg/dm3 (W-1) and 55.40 mg/dm3 (W-2), respectively
(Figure 3).

In the tested water samples, iron ions were present. These ions are relatively easily
oxidized with oxygen from the air, which resulted in gradual precipitation of sediments in
the filtered water. An increase in the Eh of the water can occur not only through contact
with the air, but also through degassing the water from hydrocarbons (methane) dissolved
in it under high pressure, as well as by mixing with water with oxidizing properties. This
proves that in the case of increases in the electrochemical potential of the water, clogging of
the near-well zone may occur due to sediment formation during the water’s injection, and
even after injection into the reservoir.
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Figure 3. Effect of water aeration (water samples W-1 and W-2: a—raw water without air contact,
b—after aeration, c—filter cake).

Therefore, using analytical data from the W-1 and W-2 samples’ water composition,
calculations of solubility indexes were carried out using PHREEQC in order to determine
the possibility of precipitation of sediments from the water during injection into the absorp-
tive horizon. This program is widely used to simulate the course of reactions and processes
occurring in a porous medium such as a hydrocarbon deposit (Table 2).

Table 2. Major findings from the literature (last 2 years) concerning phenomena accompanying the
injection of water.

No. Main Issues Reference

1 Interactions between brine and rock minerals in static and dynamic system. [40]

2 Study of hydrochemical simulations of a dual-layer geothermal reservoir to the long-term impact
of barite scale formation on well injectivity. [41]

3 Description of mechanistic model constructed for low-salinity water injection to consider
geochemical reaction issues in low-salinity flooding among surface sites and aqueous solution. [18]

4 Integrated open-source simulator to model hydrogeochemical processes at various scales of interest
including pore-scale and reservoir-scale. [42]

5 Modeling (with PHREEQC software) of mineral precipitation and deposition in the porous media
controlled by deep bed filtration model. [44]

6 Study of fine particle migration in the rock causing formation damage and permeability
impairment. [43]

7 Investigation of the carbonate/brine interactions, using geochemical modeling, during low-salinity
water injection for enhanced oil recovery (EOR). [45]

8 Modeling of different geochemical effects such as multivalent cation exchange and mineral
dissolution during flow and transport in low-salinity waterflooding. [46]

9 Comparison of thermodynamic data files from PHREEQC software package and influence of TDF
choice on modeling results. [47]

10 Studies of influence of anhydrite on wettability of calcite rock during low-salinity water flooding. [56]

3.1. Temperature Impact on Water Injection Process

Temperature change is a very important parameter that influences the processes of
dissolution/precipitation of minerals accompanying injection of water into the reservoir.
Calculations of the solubility indexes (SIs) were performed for two temperatures, 20 ◦C and
94 ◦C, with the use of all three databases, in order to maximize the obtained information on
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the behavior of minerals and chemical compounds. The calculation results for the water
intended for injection are shown in the figures below (Figures 4–6).
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20 ◦C (ambient) and 94 ◦C (deposit) temperatures.

Considering the values of the solubility index (SI) calculated with the application of
the phreeqc.dat database (calculations by ionic strength of solutions, taking into account
high salt concentrations), it can be seen that the dissolution/precipitation potentials of
individual minerals are very different (Figure 4). For most substances, the equilibrium
in the tested water solutions is shifted in the direction of dissolution. In the direction of
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precipitation, the balance is shifted mainly for iron-containing minerals (goethite, hematite
or pyrite) and for aluminosilicates (montmorillonite, mica or kaolinite). In the case of
manganese, which is usually indicated with iron, as a product easily precipitating from
the solution in the form of oxide and hydroxide deposits, the calculations showed high
negative SI values. This indicates an equilibrium shifted strongly towards dissolution of
manganese-containing compounds and no risk of precipitation.
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20 ◦C (ambient) and 94 ◦C (deposit) temperatures.

On the other hand, when considering the impact of temperature change on the ability
of the injected water to dissolve individual minerals, significant differences should be
noted, both in the size and the direction of changes in the calculated solubility indexes.
In individual waters, the values of the SI calculated for the same minerals/chemical
compounds may not only change their value, but also assume different directions of
changes. For example, in the case of FeS, a significant decrease in solubility (IS from −76.75
to −19.98) was noted for the W-1 sample, while for the W-2 sample there was an increase
in solubility (IS from +10.86 to −0.66). The increase in temperature may also change the
direction of the dissolution/precipitation. In the case of alunite for the W-1 water, a change
in the index indication from a slight tendency to precipitation to a fairly strong tendency
to dissolve was observed, while for the W-2 stream, a change in the SI value from clearly
negative (−17.12), i.e., from dissolving at 20 ◦C to precipitate alunite (SI = +1.68) at 94 ◦C
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was observed. Such dependencies are practically impossible to capture without computer
simulations, and may in some cases have a decisive impact on the course and efficiency of
water injection.
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Figure 6. (a) Comparison of SI calculated for W-1 and W-2 water samples using wateq4f.dat database
at 20 ◦C (ambient) and 94 ◦C (deposit) temperatures. (b) Comparison of SI calculated for W-1 and
W-2 water samples using wateq4f.dat database at 20 ◦C (ambient) and 94 ◦C (deposit) temperatures.

Similar calculations for the tested water samples intended for injection into the deposit
were made with the use of pitzer.dat (Figure 5).

There is a relatively small number of components in this database and due to the
lack of iron-containing minerals, its application in modeling the processes is significantly
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limited. Considering the obtained results, it should be stated that for both W-1 water with
low mineralization and W-2 with high mineralization, almost all components included
in the calculations are in a state of unsaturation in the solution and their equilibrium is
shifted towards dissolution. Usually, large differences in mineralization and the content of
individual dissolved substances in water do not cause a greater variation in the calculated
mineral solubility indexes. Only in the case of a few substances (anhydrite, aragonite,
calcite, celestite, dolomite and carbon dioxide) was there a slight shift of the equilibrium
towards precipitation (or gas phase separation for CO2).

A significant change in temperature from 20 ◦C to 94 ◦C in the performed simulations
usually did not cause significant changes in the values of the solubility indexes. In the case
of the W-2 water sample only, for the components showing a slight tendency to precipitate
at 20 ◦C, a slight increase in the SI value (enhancement of the tendency to precipitate) was
noted for the temperature of 94 ◦C.

Considering the results from the wateq4f.dat database, it was noted that water–mineral
balance, for both W-1 (low-mineralization) and W-2 (high-mineralization) water, is usually
shifted towards dissolving the minerals. The calculated solubility indexes indicated that
precipitation of iron-containing minerals (hematite, goethite, magnetite and other iron
compounds) should be expected for both analyzed samples of water, as well as, to a small
extent, barite and quartz for W-2 high-mineralized water (Figure 6a,b).

An increase in water temperature from 20 ◦C to 94 ◦C, for most of the substances in
the dissolution area, indicated a decrease in solubility. For only some compounds was
there a slight increase in solubility, while for substances in the area of precipitation, the
calculated SI values showed a decrease in the tendency to precipitate.

In the cases of only two iron-containing components, Fe3(OH)8 for both tested wa-
ters and jarosite for W-1 water, a change in the course of the reaction was found from
precipitation at a temperature of 20 ◦C to dissolution at a temperature of 94 ◦C.

Attention should also be paid to a strong tendency to dissolve (absorb) oxygen in
the tested waters, indicated in the phreeqc.dat and wateq4f.dat databases. In the case of
contact with the air, the water is oxygenated quickly, which results in the precipitation of
iron oxides and hydroxides.

The algorithm used in the wateq4f.dat database does not enable taking into account
the influence of higher ion concentrations on the calculated solubility indexes. Nevertheless,
the presence of a much larger number of chemical compounds in this database may lead
to obtaining useful information. The calculation results from wateq4f.dat are generally
more similar to the pitzer.dat database (despite the existing differences in the calculated SI
values) than phreeqc.dat; however, due to the small number of common minerals found in
all databases, it is difficult to determine existing similarities and differences.

3.2. Temperature Influence on Solubility of Rock Matrix Materials in Injected Water

Considering the influence of temperature changes on the solubility of minerals that
build the reservoir rock of the absorbent horizon in contact with the W-1 water (Figure 7),
it should be noted that both anhydrite and dolomite obtain maximum solubility at low
temperatures (20 ◦C) at levels of 4.66 g/kg and 0.45 g/kg of water, respectively. The amount
of halite dissolved from the deposit rock for this system is constant at 9.93 g/kg of water,
regardless of temperature.

With the temperature increase, dolomite solubility decreased to the level of 0.23 g/kg
(48.89%) of water for temperature of 94 ◦C. On the other hand, for anhydrite up to a temper-
ature of about 30 ◦C, a slight decrease in solubility was noted, and at higher temperatures,
there was an increase in the slope of the curve and a greater decrease in the solubility of the
mineral to the level of 1.77 g/kg of water (reduction by 62.02% by weight).
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Assuming that chemical equilibrium is established, i.e., reaching the mineral saturation
point for a given temperature, heating the injected water results in lower solubility for
anhydrite and dolomite and a gradual precipitation of these minerals. For a continuous flow
of water processes, this involves the leaching of minerals near the injection point and their
precipitation at an increasing distance as a phenomenon of heating of the injected water.

On one hand, this seems to be beneficial, because the water washes away the minerals
which build the reservoir rock and reduces the effects of clogging of the near-well zone
by sediments injected with the water. On the other hand, in a longer period of time and
assuming cyclical injection of water into the deposit, one can expect the rock pores to
overgrow at a certain distance from the borehole zone by precipitating anhydrite and
dolomite deposits, which may result in a reduction of permeability.

A simulation carried out for the W-2 sample shows a relatively low solubility of
minerals forming the deposit rock in the injected water with a high content of dissolved
salts (Figure 8).

As in the case of the W-1 water sample presented above, for the W-2 sample, the
solubility of dolomite slightly decreases from 0.18 g/kg of water at 20 ◦C to 0.13 g/kg at
94 ◦C. In the case of anhydrite, a slightly higher solubility of the mineral at low temperatures
was observed (maximum solubility at 28 ◦C is 0.491 g/kg of water), which decreases to
0.15 g/kg of water when heating the water to the deposit temperature (this is similar to
the level calculated for dolomite). At temperatures above 94 ◦C, the solubility of anhydrite
continues to decrease, reaching values below dolomite solubility.

Simulations of the contact of tested waters (intended for injection) with the deposit
rock indicate different responses of the systems. For both water samples injected into the
deposit, contact with the deposit rock dissolves the minerals that build the rock matrix,
halite in particular. In the case of water sample W-2 with high mineralization, the mass of
minerals that can be dissolved is much lower than in the case of water with low mineraliza-
tion. All tested minerals are found throughout the temperature range in the dissolution
area. However, it should be noted that the solubility of minerals decreases significantly
with increasing temperature. For W-2 water, the calculated maximum dolomite solubility
decreased 2.5 times, whereas for anhydrite it decreased 9.5 times. If the reservoir water is
saturated with a given mineral at a low temperature, its increase may result in sedimen-
tation and blocking of rock pores. In the case of halite, its solubility increases all the time
with increasing temperature.
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Obtaining information on possible undesirable processes taking place in deposit water
injection into a certain horizon could lead to a decision about water injection into a different
reservoir or have an impact on more advanced preparations of water for injection by the
elimination of untypical contents. The elimination of problems related to decreases in near-
well zone permeability by developed sediments will result in avoidance or reduction in
frequency of expensive and not always effective treatments of rinsing and/or acidification
of a well. As a result, there will be a significant decrease in the costs of deposit water
management.

One of the important issues related to the production of hydrocarbons is the carbon
footprint, which shows the impact of this human activity on the environment. At present,
there is no unitary methodology which could determine a carbon trace and the entire life
cycle of a product for the energetics sector, including for hydrocarbon extraction. Several
main phases can be observed in the life cycle of natural gas and oil. These are searching for
deposits, extraction, processing (treatment/purification), transport, storage, distribution
and usage [57–61].

The management of extracted waters through their injection into a deposit enables
a decrease in carbon traces. It is an effect of the reduction of the number of pollutants
(including hydrocarbons) emitted to the active biosphere. Moreover, low usage of materials
and energy in water injection (in comparison to complete purification of brine and waste
management) should be taken into consideration. The proper preparation of water for
injection leads to a reduction in carbon traces according to the long-term failure-free work
of a borehole. This process results in a decrease in the frequency of decolmatation of a
near-well zone, which means there is usage of a significant amount of equipment as well as
chemicals in order to prepare treatment liquids, and the necessity of after-treatment liquid
management.

The research, owing to the possibility of a reduction in the costs of brine management
as well as its possible usage in order to increase a level of deposit exploitation (flooding),
could result in mitigation of the energy crisis.

4. Conclusions

Considering the obtained values of the solubility indexes (SI) calculated with the
application of databases available in PHREEQC software, it can be seen that the dissolu-
tion/precipitation potential of individual minerals is different. For most substances, the
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equilibrium in the injected water solutions is shifted in the direction of dissolution. In
the direction of precipitation, the balance is shifted mainly for iron-containing minerals
(goethite, hematite and pyrite) and for aluminosilicates (montmorillonite, mica and kaolin-
ite). On the other hand, manganese, usually considered together with iron as a product
easily precipitating from the solution in the form of oxide and hydroxide deposits, shows
equilibrium shifted strongly towards the dissolution of minerals (high negative SI values).

The increase in temperature to the temperature of the deposit causes different reactions
in individual minerals and chemical compounds. Depending on the chemical composition
and physical–chemical parameters of a water sample, changes in the solubility of a specific
mineral may take different directions and take various values, including a transition
between the areas of precipitation and dissolution.

When interpreting the results of simulations, particular attention should be paid to
individual components in the sensitive zone close to the equilibrium state (SI = 0). In
this area, even slight changes in the properties of the water can change the solubility and
formation of sediments that can damage the permeability of the reservoir rocks.

The conducted simulations of the contact of water with the deposit rock indicate the
different activities of individual systems. For the tested waters, contact with the deposit
rock dissolves the minerals which build the rock matrix, especially halite. However, it
should be noted that the solubility of dolomite and anhydrite decreases significantly with
increasing temperature. If the reservoir water is saturated with a given mineral at a low
temperature, its heating may result in sediment precipitation. In the case of halite, solubility
increases all the time with increasing temperature.

The saturation of water with halite may also result in changes in the solubility of
anhydrite and dolomite. A decrease in the amount of dissolving minerals is clearly visible
along with an increase in the overall mineralization of the water. For brine with a high
content of chlorides (W-2), the maximum solubility of dolomite decreased by 2.5 times,
and the solubility of anhydrite decreased by 9.5 times compared with water with low
mineralization (W-1). The changes in solubility observed in the simulations proceed in
various directions, strongly dependent on the composition and physical and chemical
parameters of water, and are difficult to predict without performing calculations.
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Abstract: One of the methods of municipal solid waste (MSW) treatment is biodrying. The literature
describes mainly the results obtained in a laboratory- and a pilot-scale reactor. The manuscript
presents the results of MSW treatment in a full-scale bio-drying reactor (150 m3). The reactor is
operated in one of the Polish installations specializing in mechanical-biological treatment (MBT).
During the 14 day period of biodrying in the reactor, the parameters of MSW such as the moisture,
temperature, loss on ignition (LOI), and net heating value (NHV) were examined. The temperature of
the air in the reactor was also examined. The research also included changes in the above-mentioned
parameters of MSW located in three parts of the reactor: the front, middle, and back. The test results
showed that the moisture content of the waste decreased from the initial level of 55% to the level of
30%. This was accompanied by an increase in the NHV from 6.3 MJ kg−1 to 9.6 MJ kg−1. At the same
time, the LOI decreased from 68% d.m. to 45% d.m. The LOI decrease is not favorable from the point
of view of using MSW as refuse-derived fuel (RDF), as was expected in the final usage stage. The
results have application value as the plant operator, having at their disposal the controlling of the
reactor’s ventilation and the temperature inside the reactor, should select the speed of the moisture
removal from MSW at such a level as to minimize the LOI decrease.

Keywords: municipal solid waste; mechanical-biological treatment; biodrying; moisture controlling;
net heating value controlling; RDF/SRF

1. Introduction

In order to minimize the presence of biodegradable waste in landfills, according to the
European Directive [1,2] and the Polish regulations [3,4], mechanical-biological treatment
(MBT) plants have been installed. The MBT plants combine the mechanical separation of
different fractions present in household waste with the stabilization of the organic matter by
means of biological processes. One of the main types of the MBT technology is biodrying,
which, in the first stage, directs the waste into the reactor for drying prior to the extraction
of the larger fraction intended for the production of RDF [5].

The mechanism of biodrying is a variation of the aerobic decomposition used within
the MBT to stabilize the waste, which makes it analogous to composting, but realized
in the short term [6,7]. During the process of biodrying, self-heating occurs due to the
exothermic reactions of the chemical and biological processes during the transformation of
the organic matter [8,9]. During the process, the temperature may rise to even 70 ◦C [10].
The water removal is supported by both the heat produced by the microorganisms in
the biodegradation processes and the air ventilation system. The biodrying process is
considered a good solution for a quick reduction in the water content of the MSW [11–14].
The method has the versatile possibilities of using the product of the treatment because
it allows one to achieve the required moisture reduction, the volume reduction, and the
bulk density enhancement through the effective utilization of the biological heat [11,15,16].
The method is also used for the production of high-quality solid recovered fuel (SRF)—free
from hazardous substances and high in biomass content [7].
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The degree of the waste drying can be varied by the correct regulation of the process
parameters in the reactor [10]. The most important are the airflow rate, temperature, and
moisture content. The optimum temperature of the biodrying process is 45 ◦C; however,
even higher temperatures of the mass can be achieved in biodrying [17].

The degree of waste drying can be varied by the correct regulation of the process
parameters in the reactor [10], which is applicable when the purpose of the process is to
obtain a substrate for the production of an alternative fuel.

The effectiveness of the waste biodrying measured by the moisture decline is about
20–25% [11,16]. The partial decomposition of the organic matter during the biodrying
should be under control when the goal is to maintain a high content of organic carbon in
order to ensure a high calorific value of the waste, when the aim of the biodrying waste is to
produce the RDF. After 14 days of the biodrying process in the reactor, the net heating value
(NHV) of the waste could be increased by 20–40% compared to the untreated waste [10].

Most often, researchers describe the results obtained in a laboratory-scale reactor [18–22].
There are only few publications that have presented the results of research on the pilot
scale [16,19]. In the literature, there are even fewer articles on bio-drying on an industrial
and full scale [13,17,22].

Our research is a novelty due to the fact that the literature lacks the results of research
on the biodrying of municipal waste on a full technical scale comparable to our scale, where
in our reactor, there is 60 Mg of waste during the research. Moreover, there are no results of
research with a similar scope of work to ours. According to the analysis presented in [19],
the literature gives only four examples of research on biodrying on an industrial scale.
Simultaneously, these are mostly the results from 2004–2009 and do not cover an important
parameter such as the NHV of waste before, during, and after the process of biodrying.
There are also no results of the NHV in [22], even though the research on biodrying was
presented on a technical scale. That work focused on the material balance and the model
estimation of water removal [22].

The main aim of this article was an analysis of biodrying, which was determined on
the basis of the results obtained from a biodrying reactor working on a full industrial scale.
The moisture, temperature, LOI, and NHV were tested during the process of the 14 day
biodrying of waste.

2. Materials and Methods
2.1. Mechanical-Biological Treatment Plant

The results presented in this work were obtained from research conducted in the MBT
installation in Końskie. This city is located in the center of Poland. The MSW collected
from the 158,000-citizen community was the feedstock directed to the plant installations.
The MBT plant works according to a two-stage technology where in the first stage, the
mechanical operation by sieving (sieve 80 mm mesh) precedes the second biological stage
(Figure 1). After the mechanical stage, the 0–80 mm fraction of the MSW undergoes a
biodrying process in the reactor for a minimum of 14 days.

The reactor has external dimensions of 6.3 m × 6.7 m × 4.2 m and internal dimensions
of 6.1 m × 6.11 m × 4.0 m. The reactor is equipped with a sectional overhead door
for loading and unloading the reactor (Figure 2). The walls of the reactor have suitable
insulation. The cuboid-shaped, galvanized steel reactor (150 m3) is equipped with a module
for active aeration connected with a bio-filter for removing odors. A set of 4 air supply
ducts is installed on the bottom of the chamber, and an exhaust duct is mounted on the
top of the chamber. The supply ventilator and the exhaust ventilator work continuously.
Thus, during the processing in the drying reactor, the water vaporization is stimulated
by a forced aeration system. The increasing temperature resulting from the activity of the
microorganisms consequently leads to a gradually decreasing moisture in the waste. The
reactor works in a periodic fashion and treats 50–60 Mg of waste at a time. The height
of the layer of waste in the reactor is approximately 2.7 m. The reactor is equipped with
temperature and moisture sensors (Figure 3).
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After the biodrying stage, the waste is transported to a rotary drum to remove the
0–20 mm fraction (ballast), as the 0–20 mm fraction is defined as a mineral, considered
useless, and should be directed to the landfill site (Figure 1). According to the technology,
the 20–80 mm fraction after biodrying and decreasing the moisture content could be
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considered a potential RDF utilized by thermal methods, provided that the organic carbon
content guarantees a sufficiently high heat value.

During the 14 day biodrying, the average daily temperature of the ambient air was
from 7.4 ◦C to 14.9 ◦C, while the average daily relative humidity of the ambient air was
from 62.5% to 92.8% [23].

2.2. Composition of Raw MSW

The annual composition of raw MSW (fraction 0–80 mm) was investigated according
to [24,25]. Four 100 kg samples were taken quarterly and, according to the standard in [25],
were sieved on a 10 mm mesh-size sieve. The >10 mm fraction was examined for the mass
share of plastic, glass, metals, mineral, and biodegradable paper, as well as textiles.

The samples investigated in the physicochemical tests were taken according to the
procedure designed for solid recovered fuels [26].

2.3. Testing of the Waste Features in a Biodrying Process

During the 14 days of the biodrying of the waste in the reactor, the variability features
in the processed waste were monitored. The temperature and moisture characteristics, both
in the mass of the bed and in the air above the bed, were examined. The accuracy of the
temperature sensor was +/−1.0 ◦C. Every waste sample taken from the drying reactor was
tested (day by day).

After each day of the reactor operation, the collected waste samples were tested in
order to evaluate parameters such as the moisture, LOI, and NHV.

The organic matter content (OM) can be expressed by the organic carbon content,
which in the presented experiment was analyzed (in a certain simplification) by the LOI in
the samples of the waste during the biodrying process. During the process of biodrying,
organic matter undergoes partial decomposition by oxygen microorganisms. Thus, the
progress of this process of decomposition can be analyzed with the differences of the LOI
values in the subsequent days of the research. The samples for the determination of the
LOI were taken from the front, middle, and back of the reactor. The average values of the
samples taken after each day of the biodrying were used for the LOI calculations. The
samples for the LOI determination were dried at 105 ◦C [27]. The tests of the LOI were
conducted in a muffle furnace (type: M 104, Heraeus Instruments) by incineration at 550 ◦C
for 6 h, using 5 g samples to calculate the average value, according to [28].

The NHV was determined in accordance with [29,30]. The heat of combustion deter-
mination was carried out in three replications. The tests for the heat of waste combustion
assessment were obtained by mixing the ground laboratory samples obtained from the
general tests from different parts of the reactor. Thus, one result of the heat of combustion
was obtained for each day of the waste biodrying cycle in the reactor, without a division
into the front, middle, or back of the reactor. In total, 42 results were obtained in this re-
search. The tests were conducted with the use of the calorimeter (type: KL-12Mn, producer:
Precyzja-BIT) with a measurement accuracy of the temperature increase of +/− 0.001 ◦C.

3. Results and Discussion

The biodegradable fraction contained in the waste directed to the reactor after summa-
rizing the contribution of kitchen waste and paper was assessed at about 27.7%, but the
contribution of the typical combustible waste such as multi-materials, plastic, foils, and
fabric was assessed at about 17% (Table 1).
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Table 1. The composition of the feedstock (0–80 mm fraction) directed to the reactor [31,32].

Components Contribution *, % d.m.

Glass 18.0 ± 1.2
<10 mm Fraction 15.7 ± 0.7

Kitchen waste 16.6 ± 3.7
Mineral fraction 14.0 ± 4.8

Paper 11.1 ± 1.6
Multi-material materials 5.8 ± 0.2

Plastic 5.1 ± 0.2
Ceramic 4.9 ± 0.3

Foils 4.7 ± 0.02
Metals 2.4 ± 0.02
Fabrics 1.6 ± 0.03

* ±standard deviation.

The low level of organic waste should be noted as it is the result imposed by the
requirements of the segregation at the source of the waste generation after 2012. The
mineral fraction (glass, ceramic, mineral fraction, and metals) constituted about 39% of the
share (Table 1).

The temperature was recorded in the reactor during the whole waste drying process,
as shown in Figure 4. In the early days up to the 4th day, an intense temperature increase
was observed, both in the mass of the waste and in the air above the bed. It should be
noted that the temperature variation depends on where the temperature sensor is located.
A temperature jump to around 70 ◦C occurred on the first day on the reactor’s back wall.
This tendency changed due to the reactor being opened every day for the sampling. The
average temperature, that is representative of the waste bed is shown by the points for the
middle batch of the reactor. These points represent just the highest mean temperatures in
the whole cycle. In the following days up to the 9th day included, the temperature dropped
to a level of about 30 ◦C and was then stabilized at this level.
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Figure 4. The temperature registered during the 14 days of the biodrying in the three parts of
the reactor.

The average moisture content in the waste directed to the reactor was 56.5%. The
variability in the moisture of the waste during the 14 days of processing in the reactor is
presented in Figure 5. The recorded changes in the waste moisture in the drying process
were regular and the moisture decreased from 56.5% to 30–35% (depending on the part of
the biodrying reactor) in the final day of drying. Therefore, during the drying cycle, about
24% of the mass of the water was released into the atmosphere. Comparing this result of
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the drying effect to the result of 20% obtained by Hurka et al. [33], the drying effect in the
analyzed reactor was comparable or even slightly better.
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Figure 5. The moisture of the waste registered in the three parts of the drying reactor.

The water loss in the waste mass undoubtedly improved the calorific value of the
waste. However, at the same time, a decrease in the share of organic carbon was observed,
estimated here using the LOI (Figure 6), which is a consequence of the biomass decay. The
value of the LOI of the waste directed into the reactor was about 70%. After 14 days of the
biodrying process, the LOI loss was at about 33% to 18% (depending on the part of the
mass location in the reactor). A similar reduction in the organic matter was noted by the
authors in works [10,22]. During the 14 day biodrying cycle, the highest loss of the LOI to a
level of about 37% occurred in the central part of the waste deposit. The lowest decrease
in the LOI value to a level of about 52% was recorded in the front part of the reactor. The
changes in the LOI parameter were reflected in the changes in the temperature parameter.
The higher temperatures in the waste deposit favored the decomposition of the organic
matter at a higher level.
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Figure 6. The loss on ignition of the waste registered during the 14 day cycle of the biodrying process
in the different parts of the reactor.
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As a result of the bio-drying, the NHV of the waste increased by more than 30% in
comparison to the primary sample (Figure 7). A similar increase in the NHV of the waste
(27%) on the pilot scale was presented by Negoi et al. [34]. However, the bio-drying process
according to [34] was twice as long, whereas, according to [20], the biodrying of the waste
at 55 ◦C during the 15 days caused an increase in the NHV of about 45% compared to the
primary sample.
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The results give reason to conclude that, in terms of the NHV of the waste, it is
important to properly control the temperature of the process inside the reactor, with
minimal effect on the loss of carbon. The changes in the NHV measured in the waste during
the 14 day cycle of the biodrying process allow us to confirm the obvious dependence that,
along with the decrease in moisture, the NHV of the waste increased. The observed loss
in the LOI was caused both by the decomposition of the organic matter as a result of the
activity of microorganisms and the combustion of plastics during the standardized test.

4. Conclusions

The results of the research of biodrying in our case study under the industrial condi-
tions on a full scale allow for the conclusions that in the 14 days of the process:

• The moisture of waste decreased to 50%.
• The carbon content expressed as the LOI decreased in waste to 66%.
• The NHV increased by more than 45%.
• The increase in the NHV was affected more by the decrease in moisture in waste than

the change in the LOI. The loss of carbon was obtained as the effect of the process
of biodegradation.

The results have application value as the plant operator, having at their disposal the
controlling of the reactor’s ventilation and the temperature inside the reactor, should select
the speed of the moisture removal from MSW at such a level as to minimize the LOI and to
keep the NHV at the highest level.
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Abstract: In this paper we present results of research on the transformation of chemical forms of
two elements (Cu, Zn) that occurred at the highest concentration in sewage sludge being processed
in a composting process. The factor that had impact on the direction of the observed transformation
was the amount of straw added to the mix with sewage sludge at the batch preparation stage
including elimination of an additional source of organic carbon (straw). The analysis of contents
of Cu and Zn chemical forms was performed applying Tessiere’s methodology. It was ascertained
that reduction of supplementation has positive impact on the allocation of tested elements in organic
(IV) and residual (V) fractions with a simultaneous decrease of heavy metals mobile forms share
in bioavailable fractions, mostly ion exchangeable (I) and carbonate (II). Using an artificial neural
network (ANN), a tool was developed to classify composts based on Austrian standards taking into
account only I ÷ IV fractions treated as a labile, potentially bioavailable, part of heavy metals bound
in various chemical forms in compost. The independent variables that were predictors in the ANN
model were the composting time, C/N, and total content of the given element (total Cu, Zn). The
sensitivity coefficients for three applied predictors varied around 1, which proves their significant
impact on the final result. Correctness of the predictions of the generated network featuring an MLP
3-5-3 structure for the test set was 100%.

Keywords: composting; heavy metals; immobilization; speciation

1. Introduction

Composting is a method of biological waste treatment, which guarantees, in the case
of municipal waste, production of a biologically stable product, which is important in the
context of its further management, e.g., by disposal [1]. Annually, 12.8 million tons of
household and commercial waste are produced in Poland, whereof over 1.2 million tons,
approximately 9.5%, are being processed through composting [2]. The composting process
is also used to process sewage sludge originating from municipal wastewater treatment
plants; its volume systematically increases. Comparing the data for 2000 and 2018, the
volume of sewage sludge amassed in Poland increased by 62%, reaching 583 thousand
tons of dry mass [3]. Being a method of biological transformation of biodegradable waste,
composting features high dynamics of organic matter transformation due to mineralization
and humification, which guarantees production of a product of high fertilizing values [4,5].
Compost manufactured based on municipal sewage sludge is qualified as a soil improver
or an alternative substrate (growing media) used in industrial plant production [6,7].
High contents of macroelements cause fertilization with compost to increase the content
of organic substances, thus improving soil properties. Unfortunately, due to increased
concentrations of heavy metals in sewage sludge, there is a high risk of exceeding their
admissible values in compost, thus limiting the possibility of its use [8].

A consequence of systematic use of compost with increased heavy metal concentra-
tions to fertilize soil is the accumulation of microelements in the food chain, thus posing a
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considerable hazard for human health [9,10]. It should be underlined that in regulations
applicable in various countries, maximum admissible values are indicated, defined by
the total contents of heavy metals made up of the sum of all chemical forms of a given
element (Table 1).

Table 1. Heavy metals limits in selected EU countries. Source: self-elaboration based on 1 Regulation
(EU) 2019/1009 [11]; 2 Biala and Wilkinson [12].

Country
Concentration, mg·kg−1d.m.

As Cr Cu Hg Ni Pb Zn Cd

Poland 2 - 100 - 2 60 140 - 5
The Netherlands 2 15 50 90 0.3 20 100 290 1

Sweden 2 - 100 100 1 50 100 300 -
France 2 25 120 300 2 60 180 600 3
Greece 2 15 510 500 5 200 500 2000 10

Germany 2 1 100 100 1 50 150 400 1.5
Denmark 25 - 1000 0.8 30 120 4000 25

EU 1 40 2 - 1 50 50 - 2

Using a sequential chemical extraction method such as the BCR (Community Bureau
of Reference)-four-step extraction, or the five-step extraction method developed by Tessiere,
comprehensive information on the distribution of heavy metals fractions can be obtained;
this is useful for prediction of metals’ mobility, bioavailability and leaching rates [13,14].
Speciation testing consisting of sequential extraction of heavy metals from compost samples
by dissolution of various elements’ chemical forms [15] clearly indicated that part of
micro-pollutants can be considered as permanently bound within the medium mineral
matrix [16–19].

According to available knowledge the correct course of composting in industrial con-
ditions requires specific technological parameters, including the proportion between total
organic carbon (TOC) and total nitrogen (TN). The optimum C/N ratio value was not
fixed unequivocally and depending on the raw material type as well as the remaining
parameters, i.e., humidity, intensity of aeration, and temperature, generally falls within the
25–35 interval [20]. When the composting process is performed, due to a high concentration
of nitrogen in sewage sludge being 2–7% d.m. [21–23], supplementation consisting in addi-
tion of material increasing the organic carbon share in the composting mass is used [24–26].

Usage of various types of supplements that act as additional components modifying
the composting mass composition as a factor regulating the required C/N parameter value
was, and still is, a topic of many research works [27–30]. Considering the risk of origination
of gaseous ammonia (NH3) that has a toxic impact on microorganisms, in the case of
increased organic nitrogen concentration [27,31], research on the composting process in
which C/N values are lower than those recommended is relatively rare. A good example
can be the research work performed by Kulikowska and Sindrewicz [32], who used a
reactor of 1.3 m3 volume and a relevant proportion between dehydrated sewage sludge and
barley straw modifying the C/N parameter to attain a 15 value. During the said research
work no negative impact of a decreased supplement in the composted mix on the process
course was found. Similar conclusions were drawn from tests that were performed at an
industrial scale, where the initial C/N ratio value in the batch amounted to 12 [33].

Although composting research pertaining to heavy metals speciation indicates that
with the passage of time their concentrations in bioavailable fractions decreases and in-
creases in inert fractions [34], the impact of limited supplementation decreasing C/N
values on the direction of heavy metals’ chemical forms’ transformation has not been
made clear. Meanwhile, the most frequently used supplement, i.e., straw, is a scarce ma-
terial, the increasing market prices of which raise compost production costs; therefore,
research works were commenced to verify the following thesis: (i) in the case of sewage
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sludge composting, any decrease in supplementation, including its elimination, has no
negative impact on heavy metals’ chemical forms’ transformation towards inert forms,
and (ii) increased nitrogen concentration decreasing the C/N value does not limit the
composting process intensity.

During the commenced research, a change of the selected heavy metals’ contents in
those fractions that were separated via sequential extraction in compost samples produced
from sewage sludge in decreased supplementation conditions was analyzed. The objective
of the research work was evaluation of (i) the direction of transformation of zinc and
copper chemical forms during composting depending on the batch quality made up of
a mix of sewage sludge and straw fixing the C/N value, and (ii) a possibility to use an
artificial neural network (NN) as a tool for compost classification taking into account those
heavy metals’ chemical forms that might pose a real hazard. The results of heavy metals’
content analysis for sewage sludge used in the research work show that except for Zn and
Cu, concentrations of the remaining elements (Cr, Cd, Ni, Pb, and Hg) did not exceed
their admissible values [35], thus justifying limiting the speciation testing range to those
two elements.

2. Material and Methods
2.1. Composting Experiment (Device)

Tests were performed on an industrial scale at the Goleniów (Poland) wastewater
treatment plant within a project financed under the EU South Baltic [35] project. During
the tests the course of mechanically dehydrated sewage sludge with structural materials
added in various proportions was monitored. At stage I, a mix of sewage sludge with
added barley straw, wood chips, and mature compost (inoculum) in mass proportions of
4:1:0.5:0.5 w/w (E1) was used. At stage II, the mix composition using the same components
was 8:1:1:1 w/w (E2). At stage III, straw was abandoned and sewage sludge was mixed
only with wood chips in 1:1 w/w proportion (E3) (Table 2).

Table 2. The composition of the mixture to be composted.

Mixture Components
E1 E2 E3

Mass Proportion

Sewage sludge 4 8 1
Barley straw 1 1 -
Wood chips 0.5 1 1
Mature compost (inoculum) 0.5 1 -

The composting process carried out in stages I and II was performed under roofed
windrows featuring a trapezoid cross-section of approximately 70 m in length. These
windrows were mechanically turned over twice per week during the first three weeks of
composting, whereas in subsequent weeks, once per week on average. The composting
process performed in stage III was done in similar windrows as in stages I and II but under
GORECover® semi-permeable membranes in intense aeration conditions by pumping
air through ducts located in the reactor concrete floor. The mass of each windrow was
approximately 200 tons. Each of those three stages was repeated twice. Physical and
chemical characteristics of the raw materials and composting initial mixtures are shown
in Table 3.
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Table 3. Physical and chemical characteristics of the composting initial mixtures used.

Material
Stage Dry Mass Organic

Matter
Total Organic

Carbon
Total

Nitrogen C/N Cu Zn

[%] [mg·kg−1d.m.]

Sewage
sludge

E1 21.4 81.4 33.92 7.48 5.0 225.25 551.75
E2 15.6 78.2 40.4 7.54 5.0 252.50 497.25
E3 14.0 81.0 33.20 6.81 4.9 216.75 531.50

Barley
straw

E1 62.4 94.2 45.7 0.7 66 3.50 12.75
E2 62 94.0 45.5 0.71 64 3.60 11.82

Wood chips
E1 34.7 87.0 44.4 1.14 39 - -
E2 34.0 87.0 44.4 1.18 38 - -
E3 34.2 87.1 44.4 1.12 39 - -

Compost
(at 1 day)

E1 21.7 83.65 41.35 3.05 14.56 144.25 358.75
E2 20.5 80.30 39.08 4.07 9.61 184.25 418.50
E3 37.30 74.50 36.90 4.01 9.20 58.50 175.75

2.2. Physical and Chemical Parameters Analyses

During the field tests, temperature change in all composted windrows was monitored.
From each windrow, five compost samples of approximately 1 kg in weight were taken,
and after their mixing a sample for lab tests, according to the Polish standard PN-R-04006:
2000, was taken [36].

Particular parameters of compost samples were determined using mainly standard
research methods in accordance with Polish standards (PN). The lab tests comprised
determination of dry matter content (d.m.) after sample drying at 105 ◦C (PN-R-04006),
the organic matter content was determined by the loss on ignition of the dry mass at
550 ◦C (PN-Z-15011-3), and total organic carbon concentration (TOC)—PN-Z-15011-1,3 and
total nitrogen (TN)—PN-R-04006 were determined using a Vario MAX CN analyzer [33].
Samples for the analysis were prepared in accordance with the methodology described in
Polish standard PN-Z-15011-3: 2001 [37].

Cu and Zn fractionation was performed using Tessier’s modified sequential extraction
(Table 4). Tested metals’ contents in particular fractions were determined using flame
atomic absorption spectrometry (FAAS)-iCE 3500Z THERMO SCIENTIFIC. Total Cu and
Zn contents were determined in the same way as fraction V.

Table 4. Analytical procedure (adapted with permission from [34]).

Fraction Extractant
Extraction Conditions

Temperature Time

FR I
Exchangeable 10 cm3 1 M CH3COONH4 pH = 7 20 ◦C 1 h

FR II
Carbonate 20 cm3 1 M CH3COONa, pH = 5 20 ◦C 5 h

FR III
Bound with Mn and Fe oxides

20 cm3 0.04 M NH2OH·HCl w 25% (v/v)
CH3COOH

95 ◦C 5 h

FR IV
Organics and sulphides

(a) 5 cm3 0.02 M HNO3 + 5 cm330%
H2O2, pH = 2

(b) 5 cm3 30% H2O2, pH = 2
(c) 10 cm3 3.2M CH3COONH4 w 20%

(v/v) HNO3

(a) 85 ◦C
(b) 85 ◦C
(c) 20 ◦C

2 h
3 h

0.5 h

FR V
Residue

5 cm3 65% HNO3 + 1 cm3 30% H2O2 +
1 cm3 75% HClO4

Microwave mineralization
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2.3. Statistical Analysis

Mobility of elements is defined as an ability to transfer from a sample solid phase
with which a given element form is weakly bound, and which can be liberated in natural
conditions (e.g., ionic form of carbonates). To define mobility and bioavailability factors of
bioavailability (MF) [38] are used. MFs of Cu and Zn were defined as the ratio of the metal
content in FI and FII to the total content.

The inactivation rate (IR) of heavy metals was calculated as follows [10,13]:

IR(%) =
(Rb − Ra)

Rb
× 100, (1)

where IR is the passivation of the heavy metal (%), Rb is the distribution ratio for the exchange-
able fraction (FI + FII) of the heavy metal before composting (%), and Ra is the distribution
ratio for the exchangeable fraction (FI + FII) of the heavy metal after composting (%).

The distribution ratio (R) for the exchangeable fraction was calculated using:

IR(%) =
Ce

C f
× 100, (2)

where Ce is the exchangeable content of the heavy metal (mg·kg−1), i.e., the sum of met-
als’ content present in the FI and FII fractions, and Cf is the total content of the heavy
metal (mg·kg−1).

For statistical analysis of test results, Microsoft EXCEL software, 2007 version, and
STATISTICA of StatSoft version 13.1 (Campus-Wide License) were used. The scope of
applied statistical tools comprised the nonlinear regression issues and selected statistics
available in the basic statistics and tables module of STATISTICA. The numerical analysis
was performed using the Neural Networks 8 PL module of STATISTICA applet-StatSoft.

3. Results and Discussion
3.1. Statistical Analysis
3.1.1. Change of Temperature, Organic Matter Degradation, Total Organic Carbon, and
Total Nitrogen

Temperature is strongly correlated with a reaction’s biological velocity; therefore,
it is frequently used to reflect the activity of microorganisms and to define composting
stability [14]. In compost windrows featuring different initial C/N ratios, a sharp increase
of temperature occurred on the third and fourth days of composting followed by a ther-
mophilic phase, which lasted until approximately the 35th day (Figure 1a). Windrows
featuring lower C/N ratios (9.20 and 9.61) manifested higher maximum temperature val-
ues. At the beginning of the composting process with an initial C/N ratio of 14.56, the
temperature increase rate was slower than that observed in the composting process for
C/N ratios of 9.20 and 9.61. The highest temperature values were noted in E3 (C/N 9.20),
which could be a result of application of the windrow prism cover. The lowest average
temperature values were recorded in the windrows at stage 1. In this stage the thermophilic
phase was the shortest. Temperature values’ distribution had a different course than in
the research work of Wu et al. [14] pertaining to a pig manure composting process. The
temperature increase rate was lower in those composts that had the lowest C/N (12.5 and
15) ratio values.
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Organic matter content (OM) decreased in all three stages during the composting
process (Figure 1b). The highest organic matter content at the initial composting phase
featured the samples from the first composting stage (E1)—83.65%, whereas the lowest OM
content value was noted for stage 3 compost—74.50%. In the last day of the composting
process, OM content values were 73.95% (E1), 70.50% (E2), and 65.10% (E3). In E2 and E3,
the highest OM loss was noted after the 16th day of the composting process, whereas in
E1, it was after the 24th day. OM losses can be associated with the chemical composition
of composted materials, particularly with fiber concentration. In compost windrows
featuring different initial C/N ratios, loss of OM during the composting process was
comparable [13,14].

Change of total organic carbon (TOC) contents during the composting process man-
ifested a similar pattern. The highest TOC value at the process beginning was noted in
stage 1 windrows, at 41.35%, and the lowest value at stage 3, at 36.90% (Figure 1c). At
the initial phase of the composting process the lowest total nitrogen (TN) value was noted
for sewage sludge that had the highest initial values of C/N ratio (14.56), at 3.05% (E1).
In those sewage sludge mixes with a reduced volume of straw (E2) and/or without (E3),
initial TN content was 4.07% and 4.01%, respectively. TN content values noted during the
composting thermophilic phase (up to the 24th day) decreased, which could be caused by
liberation of NH4

+ ions and emission of gaseous ammonia (NH3), which could increase
odor onerousness (Figure 1d). At the final composting phase in those windrows that
had the highest C/N ratio values, a slight increase of TN contents were noted. A slow
increase of nitrogen concentration in compost at its maturity phase should be considered
as beneficial due to the fertilizing values of this element [1,14,33].

3.1.2. Zinc and Copper Speciation

The average total copper content in sewage sludge used for composting purposes in E1,
E2, and E3 amounted to 225.25 mg kg−1d.m., 252.25 mg kg−1d.m., and 216.75 mg kg−1d.m.
respectively. Total Cu content in tested compost samples taken from E1, E2, and E3
windrows increased respectively from 144.25 mg kg−1d.m., 184.25 mg kg−1d.m., and
58.50 mg kg−1d.m. to 209.38 mg kg−1d.m., 239.83 mg kg−1d.m., and 122.50 mg kg−1d.m.
Total Cu content in produced composts did not exceed its admissible values
(300 mg kg−1d.m.) defined for organic fertilizer and soil improvers, which pertain to
putting fertilizers on the market [11]. The highest Cu content increase was noted for
E3, where Cu content increased 2.1-fold compared with the initial content, and the lowest
increase of total Cu content (1.3-fold) was noted for E2. Similar results were noted in
many research works and such an increase has been attributed to the loss of mass caused
by organic matter decomposition, CO2, and water liberation, as well as mineralization
processes [13,14,19]. The changes of copper compounds contents in particular fractions
taken from windrows at the E1, E2, and E3 stages are presented in Figure 2a–e.

In all windrows featuring different initial C/N ratio values, the highest concentrations
were noted for Cu compounds bound with the organic matter (FV). The results were
in line with the well-known Cu affinity to organic substances, which contributed to the
generation of humic substances and confirmed high Cu affinity to the –OH or –COOH
humic substances functional groups [39]. The highest Cu content in particular fractions
was noted for samples taken from the windrow of E2 whereas the lowest Cu contents were
noted in samples taken from E3, which was influenced by the initial Cu content.

Copper in tested samples was mainly bound with organic matter (FIV). The Cu
compounds’ percentage share in this fraction, at all stages, was within 59.56–77.60% of the
total value interval. During composting performed in windrows of C/N 14.56 and 9.61
(E1, E2), an increase of the Cu percentage in FIV was noted (Table 5). Ion exchangeable Cu
compounds liberated through OM degradation are bound by phenol and quinone groups
of originating humic acids confirming high Cu affinity to the –OH and –COOH functional
groups [19,39]. Origination of humic acids during the composting process has a significant
impact on the limitation of Cu bioavailability [18,39].

85



Energies 2022, 15, 4507
Energies 2022, 15, 4507 8 of 18 
 

 

 

(a) 

 

(b) 

Figure 2. Cont.

86



Energies 2022, 15, 4507
Energies 2022, 15, 4507 9 of 18 
 

 

 

(c) 

 

(d) 

Figure 2. Cont.

87



Energies 2022, 15, 4507
Energies 2022, 15, 4507 10 of 18 
 

 

 

(e) 

Figure 2. Concentration of Cu in particular fractions FI (a), FII (b), FIII (c), FIV (d), and FV (e) in 

stages E1, E2, E3. 

In all windrows featuring different initial C/N ratio values, the highest concentra-

tions were noted for Cu compounds bound with the organic matter (FV). The results 

were in line with the well-known Cu affinity to organic substances, which contributed to 

the generation of humic substances and confirmed high Cu affinity to the –OH or –

COOH humic substances functional groups [39]. The highest Cu content in particular 

fractions was noted for samples taken from the windrow of E2 whereas the lowest Cu 

contents were noted in samples taken from E3, which was influenced by the initial Cu 

content.  

Copper in tested samples was mainly bound with organic matter (FIV). The Cu 

compounds’ percentage share in this fraction, at all stages, was within 59.56–77.60% of 

the total value interval. During composting performed in windrows of C/N 14.56 and 

9.61 (E1, E2), an increase of the Cu percentage in FIV was noted (Table 5). Ion exchange-

able Cu compounds liberated through OM degradation are bound by phenol and qui-

none groups of originating humic acids confirming high Cu affinity to the –OH and –

COOH functional groups [19,39]. Origination of humic acids during the composting 

process has a significant impact on the limitation of Cu bioavailability [18,39]. 

Table 5. Increments of Cu and Zn fractions during composting (end vs. start. %) for composts with 

different initial C/N and inactivation rate (IR) values. 

Element Stage FI FII FIII FIV FV MF IR 

Cu 

E1 −7.86 −2.37 −0.60 4.80 −5.19 −10.03 77.74 

E2 −8.79 −2.02 −0.65 6.57 2.63 −11.51 80.31 

E3 −1.76 −1.43 −1.18 −8.01 10.25 −2.38 61.31 

Zn 

E1 −1.19 −13.12 0.62 15.93 −0.61 −16.45 41.66 

E2 −2.01 −14.26 3.05 9.39 −5.58 −16.74 50.31 

E3 −6.49 −8.78 −4.00 16.15 0.39 −17.23 51.91 

Figure 2. Concentration of Cu in particular fractions FI (a), FII (b), FIII (c), FIV (d), and FV (e) in
stages E1, E2, E3.

Table 5. Increments of Cu and Zn fractions during composting (end vs. start. %) for composts with
different initial C/N and inactivation rate (IR) values.

Element Stage FI FII FIII FIV FV MF IR

Cu
E1 −7.86 −2.37 −0.60 4.80 −5.19 −10.03 77.74
E2 −8.79 −2.02 −0.65 6.57 2.63 −11.51 80.31
E3 −1.76 −1.43 −1.18 −8.01 10.25 −2.38 61.31

Zn
E1 −1.19 −13.12 0.62 15.93 −0.61 −16.45 41.66
E2 −2.01 −14.26 3.05 9.39 −5.58 −16.74 50.31
E3 −6.49 −8.78 −4.00 16.15 0.39 −17.23 51.91

Cu percentage in the V fraction varied from 16.38% to 27.51%. The lowest Cu percent-
age was noted in fractions III and II, making approximately 2% of the total content. Ion
exchangeable water soluble Cu compounds varied from 0.41% do 3.46% of the total content.

The lowest Cu percentage in fractions I, II, III, and IV was noted for compost samples
taken at the E3 stage. This compost featured the highest Cu compounds percentage in
fraction V. Compost samples taken at the E2 stage featured the highest Cu percentage in
fraction III, whereas sewage sludge composted with the highest straw content (E1) had the
highest Cu percentage in fractions I, II, and IV.

Comparing the obtained test results with those presented by Xu et al. [13], the sum
of fractions I and II at the initial composting phase was similar (13.16%), whereas Cu
distribution in the remaining fractions differed considerably.

Average total zinc content in sewage sludge used for composting at the E1, E2, and E3
stages amounted to 551.75 mg kg−1d.m., 497.25 mg kg−1d.m., and 531.50 mg kg−1d.m.,
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respectively. Similar results were obtained in other studies in which the increase in OM
was attributed to weight loss due to microbial degradation [14,19].

In tested compost samples of the 1, 2 and 3 stages, total Zn content increased from
358.75 mg kg−1d.m. to 465.70 mg kg−1d.m., 418.50 mg kg−1d.m. to 520.08 mg kg−1d.m.,
and 175.75 mg kg−1d.m. to 294.50 mg kg−1d.m., respectively. Total Zn content in produced
composts did not exceed the admissible contents (800 mg kg−1d.m.) fixed for organic
fertilizer and soil improvers [11]. The highest Zn content increase was noted in E3, where
Zn content increased 1.7-fold compared with the initial content, whereas in E1 and E2
Zn content in compost samples taken at the terminal process phase increased 1.3- and
1.2-fold, respectively. Change of zinc compounds contents in particular fractions taken
from windrows at the E1, E2, and E3 stages are presented in Figure 3a–e.

The highest Zn contents in fractions II, III, IV, and V were noted for samples taken
from the windrow at stage 2. The highest concentrations of soluble and ion exchangeable
Zn compounds at the thermophilic composting phase were noted for compost samples
taken at stage 2 (E2). Composted sewage sludge without straw added (E3) had the lowest
Zn contents in all fractions. Zn redistribution in particular fractions differed from Cu
redistribution. Zn in the tested samples was bound mainly with Fe/Mn oxides (FIII)—from
29.40% to 47.86%, organic matter (FIV)—from 14.57% to 40.78%, and carbonates (FII)—from
12.93% to 31.64%. The lowest Zn percentage was noted for fractions I and V. Ion exchange-
able Zn compounds’ contents made up from 0.49% to 7.81% of the total Zn content. Zn
percentage in the residual fraction varied from 2.77% to 15.43%. Similar results concerning
the distribution of Zn in the next five fractions in composted sewage sludge were obtained
by Wang et al. [9]. The percentage of Zn compounds bound to Fe/Mn oxides was higher
by 40% to 56.9%, while Zn content in the organic fraction decreased by approx. 7.7% [19].
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During composting, at all stages, reduction of Zn compounds’ contents in the most
mobile fractions, i.e., ion exchangeable (FI) and carbonate (FII), occurred. An increase of
organic matter-bound zinc forms’ contents was noted. In samples taken from windrows at
the E1 and E2 stages, an increase of zinc compounds with Fe/Mn oxides’ contents as well
as a decrease of their percentage in the residual fraction were noted during composting. In
the case of compost samples taken at the E3 stage, the trend was reversed (Table 5). The
highest percentage in FV was noted for samples taken at the E2 stage, making up from
15.37% of the total content at the beginning of the process down to 9.79% on the last day.
The highest increase of Zn compounds in organic fractions was noted for E3 (16.15) and E1
(15.93). In samples taken from the windrow on the last day of the process, the percentage
of ion exchangeable Zn compounds was the lowest at stage 3 and amounted to 1.32% and
the highest was at E1, at 2.72%. The lowest percentage in the carbonate fraction during the
process course was at E3. Samples taken during the last process day at E2 manifested the
highest Zn compounds’ percentage in fraction III, at 37.33%, whereas at E3 the share of
Zn compounds bound with Fe/Mn oxides was the lowest and amounted to 30.80%. The
highest content of Zn compounds (last day) bound with organic substance was noted for
E3, at 39.68%, and the lowest for E2, at 31.69%.

During composting the percentage of Zn compounds in the ion exchangeable (FI) and
carbonate (FII) fractions decreased. The highest loss of ion exchangeable (FI) Zn compounds
was noted in the compost of initial C/N = 9.20 (E3). Compost samples taken at E1 and
E2 featured a higher loss of those Zn forms contents, which were bound with carbonates,
compared with E3.

3.1.3. Cu and Zn Mobility Factor

The MF mobility factor, calculated as the ratio of the heavy metal sum in fractions F1
and FII to the total content, may be used to asses potential mobility of heavy metals [14].
During the composting process, MF values for tested elements decreased at all composting
stages, which proves a reduction of Cu and Zn mobility. Similar results were obtained
by Wu et al. and Wang et al. [14,18]. The MF value for Zn was much higher than that for
Cu, thus indicating that potential Zn mobility was higher during composting than that
of Cu. The lowest MF values for Cu, during the composting process, were noted for E3
compost (C/N = 9.20) and amounted from 4.99 to 1.18. This compost featured the lowest
MF value decrease during the composting process. The highest MF value decrease was
noted for compost in which C/N amounted to 9.61—E2 (decrease by 11.51), although at
this stage Cu content in the FI and FII fractions was highest. The MF values for samples
taken at the end of the composting process at the E1, E2, and E3 stages amounted to 2.95,
2.92, and 2.39, respectively.

The Zn MF value for all stages remained within the 38.40 (initial value) to 17.42 (final
value) interval. The lowest Zn MF values were noted for those compost samples that
featured the lowest initial C/N value (E3, 9.20). At all composting stages, the MF value
decreased by approximately 17%. In those composts that had initial C/N values of 14.56
(E1), the MF value by the end of the composting process was highest (Table 5).

Reduced Cu MF may protect plants against Cu in soil with compost added, whereas
higher Zn bioavailability promotes alleviation of Zn deficit in the human food chain.

Metals that occur in the organic matter (FIV) and residual (FV) bound fractions show
low mobility and minor bioavailability. Inactivation rates (IR) for Cu and Zn were calculated
in order to assess the change of exchangeable fraction content percentage before and after
the composting process. Cu IR values for E1, E2, and E3 amounted to 77.7, 80.30, and 61.3,
respectively (Table 5). The highest impact on Cu immobilization was noted during the
composting process of biomass with initial C/N = 9.61 (E2). Zn IR values were highest in
compost samples with initial C/N = 9.61 (E2) and 9.20 (E3), which amounted to 50.3 and
51.9, respectively. High IR values prove a significant impact of the composting process on
copper and zinc passivation. Xu et al. [13] obtained in their research work other results and
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proved the absence of composting impact on Cu and Zn transformation into forms that are
hardly available for living organisms.

3.2. Numerical Analysis

An artificial neural network of classification type was used to perform numerical
analysis. Using test results, a database composed of 32 cases, 13 independent variables and
one dependent variable, was created. As the proportion between the cases and independent
variables (predictors) was about 3:1 and was lower than the recommended 10:1 [40], the
number of predictors was reduced to three, i.e., time, C/N, and total content of the given
element. The dependent variable was a qualitative variable marked with letters A and
B referring to compost quality classes in accordance with the regulations applicable in
Austria [12]. The criterion of qualification of each case to a given class was the value of the
resultant variables X(Cu) and Y(Zn), making a sum of concentrations of a given element
determined in all four fractions except for fraction V. The classification was performed
based on the following rule:

If the concentration was 150 < X (Cu) ≤ 500 mg·kg−1d.m., then class B;
If the concentration was 70 < X(Cu) ≤ 150 mg·kg−1d.m., then class A;
If the concentration was 500 < Y(Zn) ≤ 1800 mg·kg−1d.m., then class B;
If the concentration was 200 < Y(Zn) ≤ 500 mg·kg−1d.m., then class A;
If the concentration was Y(Zn) ≤ 200 mg·kg−1d.m., then class A+

Due to the simulations being performed separately for the two analyzed elements, i.e.,
Cu and Zn, neural networks of the architectures MLP 3-5-3 and MLP 3-6-3 were chosen,
respectively. Correctness of the dependent variable prediction results for the cases used at
the network teaching stage is shown in Table 6. Correctness of estimates at the network
testing stage amounted to 100% in both tested heavy metal cases.

Table 6. Prediction of correctness for the teaching set.

Dependent Variable
Number of Estimates

Category
All

a+ a b

Cu
correct 0 5 12 17

incorrect 2 4 1 7

Zn
correct 0 23 0 23

incorrect 1 0 0 1

The method of learning that was aimed at minimizing the neural network error values
following modification of values of the weight coefficients of neuron input signals was the
Quasi-Newton (BFGS) algorithm [41].

The analysis of sensitivity defining the weight of the independent variables (Table 7),
as predictors in the adopted NN model, proved significance of all three variables, i.e., time,
C/N, and total given element content for the neural network prediction quality.

Table 7. Independent variables sensitivity test results.

NN
Independent Variables Quality of

Total Cu, Zn C/N Time Teaching Testing

Cu—MLP 3-5-3 1.015 1.413 1.008 70.83 100
Zn—MLP 3-6-3 1.004 1.005 0.999 95.83 100

The developed model of the artificial neural network allows to determine the real
risk of compost contamination with heavy metals. Some heavy metals can be perma-
nently bound in the soil matrix-fraction no. V. Desorption of heavy metals bound by,
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e.g., clay minerals, theoretically occurs at pH = 1 but in real environmental conditions is
unlikely [15,17,18]. The analysis of the values of the parameters constituting independent
variables in the proposed model, i.e., the total content of a given element and the concen-
tration of organic carbon and total nitrogen at any time during the composting process,
allows for compost classification taking into account the presence of only mobile fractions,
and is thus potentially hazardous to the environment.

4. Conclusions

Although sewage sludge is a source of fertilizers, unfortunately, it contains heavy
metal concentrations that can exceed admissible values. In our research work we analyzed
the trend of Cu ad Zn chemical forms’ transformations under reduced supplementation
during composting conditions, taking into account:

(1) The impact of limited volumes of straw added as a source of organic carbon;
(2) The presence of mobile forms of tested metals based on sequential extraction;
(3) The classification of mature compost based on adopted standards using a neural

network of standard classification type.

Our research work proved that composting of a sewage sludge mix with relatively low
structural material input and, consequently, low initial C/N values, had no negative impact
on biochemical transformations’ velocity. The initial C/N value had an impact on the
distribution of both tested elements in a manner correlated with the partial decomposition
of organic substance. A lower risk of Cu and Zn liberation due to reduction of mobile heavy
metals’ fractions’ shares with a simultaneous increase of their share in stable fractions
was ascertained.

The developed neural network is a tool allowing to predict compost classes depending
on three parameters, including C/N. The C/N value depends on the share of the supple-
ment making an additional source of organic carbon, added at the batch formation stage.
Therefore, using the developed NN model, the simulation of compost quality in accordance
with classifications applicable in Austria for various initial conditions and any composting
time can be performed.
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Highlights:
What are the main findings?

• The high specific surface area of the biofilter media has a positive effect on nitrification.
• The smooth surface of the biofilter medium reduces the efficiency of nitrification.

What is the implication of the main finding?

• Passive biofilter activation can be used in salmonid RAS.
• P and C concentrations do not limit nitrogen transformation processes.

Abstract: High-performance biofilters for water purification in recirculating aquaculture systems
(RAS) ensure the safety of cultures of highly nutritious fish. As the most critical step in the func-
tioning of biofilters is their activation, the objective of this study was to evaluate the suitability of
commercial artificial media, namely RK Plast (BR-1), Mutag-BioChip30 (BR-2), and LevaPor (BR-3),
for the passive activation of biofilters used in rainbow trout farming. Changes in NH4

+-N, NO2
−-N,

NO3
− -N, phosphorus, and carbon concentrations were analyzed. In the first period, an increase

in NH4
+-N concentration was recorded, before an increase in NO2

−-N concentration (maximum
concentrations ranged 0.728–1.290 and 0.982–5.198 mg N dm−3, respectively), followed by a reduction
and stabilization to a level safe for the fish (both below 0.100 mg N dm−3). Concurrently, a steady
increase in NO3

−-N concentration was noted, with a maximum concentration between 6.521 and
7.326 mg N dm−3. Total phosphorus and total carbon ranged from 0.423 to 0.548 mg P dm−3, and
from 43.8 to 45.2 mg C dm−3. The study confirmed the feasibility of using the tested artificial biofilter
media for rainbow trout farming in RAS with passive biofilter activation. Biofilter activation efficiency
was highest for the media with the highest specific surface area (BR-2 and BR-3). The removal of
ammonium nitrogen and nitrite nitrogen was above 90%. Nitrogen biotransformation was not limited
by phosphorus or carbon concentrations.

Keywords: salmonid fish; rainbow trout; RAS; nitrogen; phosphorus; carbon

1. Introduction

Fish is a very significant food source, with an annual growth in consumption of about
2.1%. In 2018, 82 million tonnes of fish were produced from aquaculture, accounting for
almost 50% of global production [1].

The over-exploitation of natural fish reserves and the ever-increasing environmental
restrictions on traditional aquaculture are favoring the development of intensive aquacul-
ture in recirculation systems (RAS), where the negative impact on the environment is much
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lower than in open systems. At the same time, the introduction of technological innovations
and the rising standards of fish farming in RAS are an opportunity to obtain fish products
that are safe for consumer health. Modern recirculating aquaculture integrates a number
of devices in an automated system, such as microfilters, smart feeding devices, and water
degassing, quality treatment and monitoring systems, as well as biofilters necessary for
biological water purification [2–4].

Biofilters convert ammonia nitrogen to nitrite nitrogen and then to the less toxic nitrate
nitrogen for the fish [5,6]. This process, known as nitrification, is carried out by biofilm-
forming bacteria on the biofilter medium. The efficiency of the biofilter is related to the
surface area that the bacteria colonize. The greater the surface area of the medium used,
the greater the area for colonization by bacteria and contact with the medium, resulting in
a biofilter with more bacteria removing ammonia from the system [7,8].

Bacterial substrates are non-corroding materials, such as fiberglass, ceramic, rock, or
plastic, with increasingly popular plastic molds producing a variety of shapes with a high
surface area per unit of volume (usually referred to as the specific surface area—SSA).
However, biofiltration media with a higher SSA can be more easily clogged by the bacteria
(biofouling) than media with lower SSA, resulting in a reduced biofilter performance. There
must, therefore, be a balance between a high SSA and an operationally reliable biofilter [6,8].

One important step in the operation of a water treatment system in a RAS, is the
activation of the biofilter, with one strategy involving passive activation (the cold start
method) in which the fish culture is conducted without a previously activated biofilter.
This method has the advantage of using bacteria that are introduced into the culture system
along with the fish. However, due to the potential for high increases in ammonia and nitrite
concentrations, it requires a higher water exchange rate and a reduction in feed intake until
the biofilter is activated [9,10].

It should also be borne in mind that seed sludge for the inoculation of bioreactors in
RAS is not always available, and that seed sludge from municipal or industrial wastewater
treatment systems is not recommended because it may contain pathogens. Thus, the
method of passive activation, despite some limitations, may be the only one that can be
used, especially for breeding fish with high environmental requirements, for euryhaline
species (such as salmon), and also when it is desirable to protect the culture from the
influence of foreign microflora. Passive activation can reduce stress not only for the fish,
but also the microorganisms already inhabiting the bioreactors [10,11].

The aim of this study then was to evaluate the passive activation of selected biofilter
beds in a recirculating aquaculture system used for culturing cold-water salmonid fish
(rainbow trout, Oncorhynchus mykiss), and to compare changes in the concentration of
nitrogen, phosphorus, and carbon during this process, between the shapes and specific
surface areas of the various plastic substrates (non-porous medium with a smooth surface,
hard porous medium and soft porous medium with activated carbon). The experiments
were performed as part of a pilot study to select the most suitable bed for the water
treatment system in the O. mykiss breeding facility under construction.

2. Materials and Methods

Laboratory-scale recirculating systems for rainbow trout culturing were used to study
the process of biofertilizer passive activation. The systems were located in the isothermal
laboratory of the Faculty of Food Sciences and Fisheries, West Pomeranian University of
Technology in Szczecin (Poland). The efficiencies of the biochemical processes in the biofil-
ters were evaluated by analyzing the variability of particular physicochemical parameters
of the water circulating in the culture systems.

2.1. Recirculating System

Each recirculating system consisted of a circular fish rearing tank (capacity 1 m3) filled
with distilled tap water to a volume of 0.54 m3, and two bioreactors with a test medium
(Figure 1). The bioreactor was a FLUVAL FX-6 from Rolf C. Hagen Corp. (Mansfield, MA,
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USA) canister filter with a total volume of 0.02 m3. The volume of the media baskets in the
bioreactor was 0.0059 m3. The water flow rate through the bioreactor was 0.00055 m3 s−1.
The bioreactor outflows were set so that the water in the fish pool circulated clockwise,
forcing the fish to position themselves in the water current. Ten percent of the water was
replaced with fresh water each day. The water in the culture tanks was continuously oxy-
genated using atmospheric air dispersion, maintaining a dissolved oxygen concentration
between 90–98%. Water temperature was maintained at 12 ± 2 ◦C and water pH was in the
range of 7–8. The rearing was carried out in a day/night 12/12 h day/night light cycle.
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Figure 1. Diagram of the experimental culture system: 1—bioreactor; 2—bioreactor water outlet;
3—water intake from the culture tank; 4—atmospheric air diffuser; 5—air pump.

Twenty fish, with an initial average length of 235 ± 1 mm and an average weight of
168.7 ± 0.5 g, were reared in each tank. The fish were fed 4 times a day with a total of 50 g
of Aller Gold pellets from Aller Aqua (feed for rainbow trout fattening).

The following commercial media were assessed for filtration: RK-Plast (BR-1), Mutag-
BioChip30 (BR-2), and LevaPor (BR-3). The general characteristics of the media are shown
in Table 1.

Table 1. Comparison of selected commercial bioreactor media in the recirculating aquaculture
systems.

RK Plast Mutag-BioChip30 LevaPor

BR-1 BR-2 BR-3

Shape saddle round chips cube
Size mm 30 × 15 30 × 1.1 20 × 20 × 7
Weight kg m−3 145 165 26–28
Surface
(SSA) m2 m−3 700 5500 2700

Composition Polypropylene Polyethylene Polyurethane + activated
carbon
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inorganic carbon (TIC), and total organic carbon (TOC) were determined in the sampled
water. Chemical analyses were performed according to methodologies recommended by
APHA [12]. A HITACHI (Tokyo, Japan) UV-VIS U-2900 spectrophotometer was used for
colorimetric analyses. Carbon and TN determinations were performed in infrared using a
VarioTOC SELECT from ELEMENTAR (Langenselbold, Germany).

2.3. Statistical Analysis

The results obtained from this study were analyzed using one-way ANOVA, Tukey’s
post hoc tests, using Statistica v13.3 software from TIBCO Software Inc. (Palo Alto, CA,
USA). We evaluated the significance of differences in the concentration of the determined
hydrochemical indicators (i) between the water flowing into and out of the bioreactors,
(ii) and differences between the tested bioreactor media. The differences were considered
significant at p < 0.05. Linear regressions were also determined for variation in the inorganic
forms of nitrogen over a function of time.

3. Results and Discussion

Comparing the concentrations of nitrogen, phosphorus, and carbon in the water
flowing into the bioreactors with their concentrations in the water flowing out of the
bioreactors revealed no significant differences (p > 0.05) (see Appendix A Table A1). This
effect is explained by the short water retention time in the bioreactors, which is necessary
to ensure an optimal level of oxygenation in the biofilter zone, and which is essential for
efficient nitrogen biotransformation. For example, Dias et al. [13] showed that the rate of
nitrification increases with an increase in the flow capacity of the recirculation system, as
this promotes water circulation and oxygen distribution in all areas of the media.

Following this, the paper then focused on: (i) changes in the concentration of N, P, and
C as a function of the duration of the experiment, and (ii) differences in the concentration
of these indicators between the tested media.

3.1. Changes in the Concentrations of N, P, and C during the Experiment

Generally, as shown in Table 2, the indicators determined had a high range of con-
centration variability (wider for nitrogen, and narrower for phosphorus and carbon). For
example, the concentration ranges (data for BR-1; in mg N, P, or C dm−3) ranged from 0.009
to 5.198 for NO2

−-N, from 0.072 to 0.533 for TRP, and from 23.7 to 45.2 for TIC.
Three distinct trends of changes were observed. (1) For ammonium nitrogen and

nitrite nitrogen, the concentrations first increased to a maximum value (for ammonium
nitrogen, 1.290, 0.834, and 0.728 mg N dm−3; and for nitrite nitrogen, 5.198, 4.382, and
0.982 mg N dm−3; for BR-1, BR-2, and BR-3, respectively), and then decreased to a relatively
stable level by the end of the experiment. This stabilization occurred at 8 weeks for BR-1, at
5 weeks for BR-2, and at 4 weeks for BR-3. At the respective times, the mean concentrations
(in mg N dm−3) of ammonium nitrogen were 0.071, 0.068, and 0.056, and nitrite nitrogen at
0.092, 0.079, and 0.079 for BR-1, BR-2, and BR-3, respectively. The reduction of ammonium
nitrogen from maximum values to steady-state concentrations was 94.5% (BR-1), 91.8%
(BR-2), and 92.3% (BR-3). The respective reductions in nitrite nitrogen were 98.2% (BR-1
and BR-2), and 91.9% (BR-3). (2) For NO3

--N, TN, TRP, and TP, the observed trends were
characterized by a slow increase in concentration, reaching maximum values at the end
of the experiment. (3) For TIC and TOC, the maximum values were shown during the
first weeks of the experiment, followed by a decrease in concentration and a relatively
sustained stabilization for the following weeks. A reduction in carbon concentration in the
systems occurred after 6 weeks for both BR-1 and BR-2, and after 4 weeks for BR-3, to about
26–28 mg C dm−3 for TIC, and about 10 mg C dm−3 for TOC (Appendix A Figure A1).
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Table 2. Concentrations of the studied forms of nitrogen, phosphorus, and in the water of recirculating
systems with bioreactors with selected filtration media: RK Plast (BR-1), Mutag-BioChip30 (BR-2),
and LevaPor (BR-3).

Bioreactor

BR-1 BR-2 BR-3

NO2
−-N mg N dm−3 range 0.009–5.198 0.012–4.382 0.016–0.982

mean 0.828 b 0.439 ab 0.165 a

median 0.128 0.086 0.076
SD 1.382 1.081 0.246

NO3
−-N mg N dm−3 range 0.198–6.521 0.335–6.778 0.600–7.326

mean 2.851 a 3.585 a 3.496 a

median 2.754 3.985 3.774
SD 2.030 1.887 1.908

NH4
+-N mg N dm−3 range 0.024–1.290 0.026–0.834 0.020–0.728

mean 0.271 b 0.158 ab 0.105 a

median 0.084 0.075 0.048
SD 0.350 0.206 0.168

TN mg N dm−3 range 1.230–12.749 1.302–12.716 1.067–15.859
mean 7.790 a 8.310 a 9.711 a

median 8.367 8.562 10.617
SD 3.523 3.456 4.182

TRP mg P dm−3 range 0.072–0.533 0.092–0.412 0.075–0.529
mean 0.187 a 0.188 a 0.293 b

median 0.214 0.150 0.239
SD 0.127 0.096 0.1560

TP mg P dm−3 range 0.102–0.548 0.119–0.423 0.132–0.541
mean 0.251 a 0.242 a 0.326 b

median 0.232 0.229 0.272
SD 0.116 0.077 0.152

TIC mg C dm−3 range 23.7–45.2 23.9–44.4 19.3–43.8
mean 32.3 a 31.9 a 29.6 a

median 30.0 28.9 27.6
SD 6.0 6.3 6.5

TOC mg C dm−3 range 9.5–14.6 9.2–18.8 8.6–14.1
mean 11.1 b 11.6 b 10.3 a

median 11.0 11.0 9.6
SD 1.2 2.1 1.6

a,b different symbols in rows indicate significant differences between the tested bioreactor media (ANOVA, Tukey
HSD test, p < 0.05).

The observed trends of changes in the concentration of the noted forms of nitrogen,
phosphorus, and carbon are characteristic of the biofilter activation stage in RAS systems [4].
The sources of these elements are fish metabolic products and uneaten feed [14]. For
example, Avnimelech and Ritvo [15] report that the average intake of organic carbon,
nitrogen, and phosphorus from the feed by fish are approximately 13%, 29%, and 16%,
respectively. With unrestricted access to carbon and phosphorus, nitrogen compounds can
be efficiently transformed by microorganisms and used for biomass production [16]. At
the same time, during the biofilter activation phase, an increase in ammonium nitrogen
concentration is observed in the first phase, preceding the increase in nitrite nitrogen
concentration; then, the concentrations decrease to a stable low level that was safe for fish.
The time of the first phase of this process can last about 2 weeks [14]; however, it can be
prolonged at lower temperatures and in passive activation [9,10,17], similar to our study.

It should also be borne in mind that in RAS systems, the wide range of N and P con-
centrations is associated with the fish species among other things, and, thus, on the culture
conditions needed to breed the species (e.g., water temperature, feed chemistry) and the
operating conditions of the RAS system (e.g., biofilter volume, water retention time). As an
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example, in the first weeks of culture using experimental RAS systems for rearing goldfish
(Carassius auratus auratus) and koi (Cyprinus carpio koi), Sikora et al. [18] recorded nitrite
nitrogen concentrations of 7.3 and 10.7 mg N dm−3, respectively, and ammonia nitrogen
at >27 mg N dm−3. Even higher concentrations of ammonia nitrogen (>35 mg N dm−3)
were recorded by Owatari et al. [19] in a Nile tilapia (Oreochromis niloticus) culture system.
On the other hand, Żarski et al. [20] recorded low concentrations of ammonia nitrogen
(0.5 mg N dm−3) and nitrite nitrogen (0.3 mg N dm−3) in an experiment with juvenile
stages of ide (Leuciscus idus). In our experiment, ammonia nitrogen concentrations in the
first weeks of culturing were consistent with other studies on RAS systems for O. mykiss, as
in the study by Pulkkinen et al. [21], who reported about 1.2 mg N dm−3. At the same time,
the nitrite nitrogen concentrations in our study were at a higher level than in the study
of Pulkkinen et al. [21] (about 1.0 mg dm−3). The differences may have been the result of
the more intensive biochemical transformation of nitrogen compounds conditioned by the
higher water temperature in their study (16 ◦C). Moreover, the concentrations of ammo-
nium nitrogen and nitrite nitrogen in the steady state recorded by us were consistent, for
example, with the results of Fernandes et al. [22] (0.12 and 0.26 mg N dm−3, respectively),
and also with the results of Pulkkinen et al. [21,23], who emphasized that the biofilters
they tested were effective and produced circulating water that met the requirements of
cultured O. mykiss. The reductions in ammonium nitrogen and nitrite nitrogen obtained in
our study were consistent with the results of other authors, who also obtained removals at
levels above 90% [21–25].

Concurrently with the reduction of ammonium nitrogen and nitrite nitrogen concen-
trations, a steady increase in nitrate nitrogen concentration is observed [4,12]. This form
of nitrogen is safe for cultured fish, and concentrations as high as >70 mg N dm−3 have
been tolerated by fish (see studies by Sikora et al. [18] and Steinberg et al. [26]). Although,
Davidson et al. [27], for an O. mykiss culture in RAS, recommend nitrate nitrogen con-
centrations below 75 mg N dm−3. However, a widely varying range of nitrate nitrogen
concentrations is noted in RAS, with nitrate concentrations in closed systems (without
partial water exchange) being higher and reaching levels above 50 mg N dm−3 [18,21,22]
and even 150 mg N dm−3 [28]. On the other hand, in semi-closed systems (as tested in our
study), concentrations are lower, at the level of several milligrams [18,20], because partial
water exchange in these RAS is designed to remove nitrate nitrogen which accumulates in
the system in the absence of denitrification [17,29].

3.2. Differences in N, P, and C Conversion between Bioreactors

The media plays an important function in filtration systems as the site of the physical
processes (e.g., deposition of solid particles), as well as key biochemical processes leading
to the transformation of substances present in the water, such as nitrification, during
which, ammonium nitrogen and nitrite nitrogen are oxidized to the less toxic nitrate
nitrogen [6,17,30]. In our study, as depicted by the linear regressions summarized in
Figure 2, we noted consistent trends of decreasing concentrations of toxic forms of nitrogen
and increasing concentrations of nitrate nitrogen. Though the conversion rate to nitrate
nitrogen were similar in all bioreactors, those with BR-2 and BR-3 media were more
effective in reducing nitrite and ammonium nitrogen concentrations. At the same time,
the significantly (p < 0.05) lowest concentrations of both these forms of nitrogen were in
the system with BR-3, followed by BR-2. In contrast, nitrate nitrogen concentrations did
not significantly (p > 0.05) differ between the systems; although, on average, the lowest
NO3

−-N concentration was recorded for BR-1 (Table 2). The reason for the differences
may have been the specific surface area of the media. BR-1, with a smooth surface and the
lowest SSA, was characterized by a lower degree of transformation of nitrogen compounds.
However, it should be pointed out that the porous BR-2 medium (with the highest SSA) may
have had its active surface area reduced to a greater extent by biofouling than BR-3, which,
in consequence, may have lowered the efficiency of nitrogen transformation (although
the differences in concentration of nitrogen forms between them were not significant).
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The positive effect of an increase in SSA on nitrogen transformation has been shown, for
example, by [7,31,32]. The larger surface area of a biofilter increases its functional efficiency,
where an increase in the surface area colonized by bacteria increases the contact area of the
biofilm with nutrients dissolved in the circulating water, and, thus, the efficiency of the
biochemical processes of nitrogen conversion. The structure of the medium (e.g., the BR-3
medium is made of soft sponge) is also significant, and may promote a more intense flow
of water through open and interconnected structures, leading to an increase in nitrification
rates [5,8]. In contrast, the presence of excessively large voids with a simultaneously smooth
surface (as may have been the case for the smooth BR-1 medium) may have resulted in a
lower water renewal [33].
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Figure 2. Linear regressions of the variation of inorganic forms of nitrogen in water of RAS systems
with selected tessellated filter media, RK Plast (BR-1), Mutag-BioChip30 (BR-2), and LevaPor (BR-3).

It should also be emphasized that in the observed changes in the concentration of
inorganic nitrogen forms, the retention on the biofilter media was low. These dissolved
forms of nitrogen are retained only on nanofiltration membranes. For example, a 450 Da
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membrane in a RAS water treatment system reduced ammonia nitrogen by 44% and nitrate
nitrogen by 9% [34].

For phosphorus and carbon, there was mostly no significant variation between the
tested media. Only mean TRP and TP concentrations were significantly (p < 0.05) higher in
the water filtered using BR-3 medium compared to the other systems. TIC concentrations
did not differ between the tested media (p > 0.05), and mean TOC concentrations were
significantly (p < 0.05) higher for BR-1 and BR-2 compared to BR-3 (Table 2). Overall, the
demonstrated lack of reduction in P and C can be considered a positive phenomenon, as
these compounds are not threatening factors for fish, and a deficit could negatively affect
the desired biochemical processes of nitrogen transformation.

It should be emphasized that in the process of transformation of ammonium and
nitrite nitrogen to nitrate nitrogen, a relatively low C/N ratio is desirable, as it provides
the desired nitrate concentration in RAS [10,17,29]. In our study, TOC concentrations were
at similar levels also recorded in other O. mykiss culture systems (e.g., Santorio et al. [35]
recorded TOC concentrations of 8.14 mg C dm−3), and the average TOC/TN values were
1.4 for BR-1, 1.3 for BR-2, and 1.1. for BR-3, and should be considered favorable. Indeed,
Navada et al. [10], for example, showed a marked decrease in nitrification efficiency with
an increase in the C/N ratio from 0 to 3. Similarly, Rojas-Tirado et al. [36] postulate that
RAS effluent with a C/N ratio below 3, given a sufficient supply of oxygen, will ensure
equilibrium in the bioreactor and rapid and stable nitrification.

4. Conclusions

Commercial media with different specific surface areas (700 m2 m−3 for BR-1; 5500 m2 m−3

for BR-2; 2700 m2 m−3 for BR-3) were tested for passive activation capabilities in water
treatment bioreactors in recirculating rainbow trout culture systems. For ammonium
nitrogen and nitrite nitrogen, after increases in concentration during the first 2–3 weeks
of culturing, a reduction in concentration to less than 0.1 mg N dm−3 was recorded. The
reductions in ammonium nitrogen were 94.5% (BR-1), 91.8% (BR-2), and 92.3% (BR-3), and
the reductions in nitrite nitrogen were 98.2% (BR-1 and BR-2) and 91.9% (BR-3). For nitrate
nitrogen, there was a steady trend of increasing concentrations with the duration of the
experiment to maximum concentrations (in mg N dm−3) of 6.521 (BR-1), 6.778 (BR-2), and
7.326 (BR-3).

Efficient nitrification was recorded for each media variant, with the concentrations of
nitrate nitrogen and the toxic forms of ammonium nitrogen and nitrite nitrogen at steady
state levels safe for the cultured fish. The efficiency of nitrification depended on the specific
surface area of the artificial media, which can be ranked in the following descending
order of efficiency: BR-3 ≥ BR-2 > BR-1. The recorded concentrations of phosphorus and
carbon allow us to conclude that their availability for microorganisms should not be a
limiting factor in bioprocesses occurring in purification systems. At the same time, the
low average TOC/TN ratio (1.4 for BR-1, 1.3 for BR-2, and 1.1 for BR-3) did not adversely
affect nitrification.

The conducted research indicates the possible application of passive activation of the
biofilter bed in recirculating fish farming systems with high environmental requirements,
but further research is recommended to confirm this on other salmonid species. The
presented results will be confronted in the future with the effects of biofilters working
under conditions of technological culturing of O. mykiss.
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Appendix A

Table A1. Comparison of hydrochemical concentrations (mean values ± standard deviation) between
water flowing into the bioreactor (inflow) and water flowing out of the bioreactor (outflow), and a
summary of the results of one-way ANOVA (F and P).

Bioreactor NO2−-N NO3−-N NH4
+-N TN TRP TP TIC TOC

mg N dm−3 mg P dm−3 mg C dm−3

BR-1 inflow
0.811 2.857 0.276 7.777 0.213 0.252 32.2 11.2
±1.401 ±2.065 ±0.363 ±3.624 ±0.128 ±0.117 ±6.2 ±1.4

outflow
0.845 2.850 0.266 7.803 0.214 0.251 32.5 11.0
±1.42 ±2.072 ±0.347 ±3.554 ±0.130 ±0.119 ±6.0 ±1.2

F 1.024 1.006 1.112 1.039 1.037 1.030 1.052 1.397
P 0.949 0.999 0.936 0.984 0.990 0.991 0.902 0.720

BR-2 inflow
0.432 3.563 0.157 8.350 0.186 0.241 32.1 11.8
±1.042 ±1.854 ±0.195 ±3.531 ±0.097 ±0.079 ±6.3 ±2.2

outflow
0.445 3.578 0.159 8.315 0.190 0.250 31.7 11.4
±1.157 ±1.990 ±0.224 ±3.512 ±0.099 ±0.078 ±6.3 ±1.7

F 1.231 1.152 1.318 1.010 1.023 1.028 1.014 1.688
P 0.976 0.983 0.987 0.994 0.931 0.941 0.887 0.569

BR-3 inflow
0.168 3.574 0.103 9.749 0.292 0.326 29.6 10.5
±0.249 ±1.956 ±0.155 ±4.261 ±0.163 ±0.158 ±6.6 ±1.6

outflow
0.162 3.418 0.107 9.673 0.294 0.327 29.6 10.1
±0.252 ±1.928 ±0.185 ±4.260 ±0.164 ±0.158 ±6.6 ±1.7

F 1.016 1.029 1.416 1.000 1.011 1.000 1.004 1.017
P 0.946 0.834 0.949 0.963 0.964 0.995 0.965 0.606
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Abstract: Municipal solid waste incineration (MSWI) fly ash contains highly toxic heavy metals and
polychlorinated dibenzo dioxins/furans (PCDD/Fs), which are a type of hazardous waste. The
pollution characteristics of fly ash have changed with the development of stoker grate incinerators
and the fly ash treatment technology; however, no research has been focused on this in recent years.
In this study, 12 fly ash samples were collected from 9 grate power plants in southeastern China,
and their PCDD/Fs and heavy metal concentrations were determined and compared to previous
fly ash data. The PCDD/Fs concentration in fly ash was in the range of 0.002–0.051 ngI-TEQ/g,
with an average of 0.027 ngI-TEQ/g. Furthermore, 1,2,3,4,6,7,8-HpCDD and OCDD made the most
significant contributions to PCDDs. The distribution of 10 dioxins exhibited bimodal, unimodal,
and normal characteristics. Linear fitting demonstrated a strong correlation between toxicity and
1,2,3,7,8-PentaCDD, 1,2,3,7,8-PentaCDF, and 2,3,4,7,8-PentaCDF. Concerning heavy metals, Pb poses
a significant environmental risk. This is the first time that fly ash treated with a chelating agent has
been thoroughly analyzed, which is vital for understanding the pollution level and treatment of fly
ash derived from current power plants.

Keywords: MSWI fly ash; PCDD/Fs; heavy metals

1. Introduction

China’s population has increased rapidly since the turn of the century, as has the
level of urbanization, which has been accompanied by a rapid increase in waste produc-
tion [1]. In 2020, China removed 235 million tons of waste. Landfilling is an unsustainable
method of waste disposal that has expanded into the limited space along China’s eastern
coast [2]. China has made significant efforts to build waste incineration plants in order
to address the phenomenon of “garbage siege”, and its treatment capacity is increasing
yearly. There are currently 463 harmless waste incineration plants in China, and waste
incineration has surpassed landfills as the main from of waste disposal [3]. Municipal solid
waste incineration (MSWI) effectively reduces waste, is harmless, and is internationally
recognized as an advanced method of waste disposal [4]. However, MSWI fly ash has
become a new pollutant. Because the dioxins and heavy metals in fly ash pose a serious
threat to human health, a life cycle assessment is required to determine the long-term
pollution characteristics of fly ash in the surrounding area [5].

Polychlorinated dibenzo dioxins/furans (PCDD/Fs) are highly toxic, and one of the
most significant sources of these compounds is waste combustion [6]. Countries have long
implemented policies that limit dioxin emissions and optimize combustion processes to
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reduce dioxin generation at the source [7]. As a result of the highly polluting properties of
fly ash, current related research hotspots include heat treatment, hydrothermal treatment,
curing/stabilization [8], the microwave method, and photocatalysis [9–11]. In practice,
treatment with fly ash chelating agents is a low-cost method. Currently, fly ash chelating
agents include diacetic acid, phosphate, and dithiamine, among others, which eventually
form water-insoluble, stable polymeric heavy metal ion chelates. At present, this is the
primary method for treating fly ash containing heavy metals [12]. The concentration of
dioxins in fly ash disposed of in landfills must meet the standard of 3 ng/g, as specified
in GB16889-2008; however, for grate furnaces, the content of dioxins in fly ash is not high,
and this threshold is easy to meet with the development of municipal solid waste flue gas
treatment technology.

The distribution of dioxin content in fly ash is determined by waste composition,
waste incineration technology, and fly ash treatment technology, among other factors.
The different compositions of dioxins are very important in terms of understanding the
synthetic process and the toxicity level of dioxins. Dioxins are formed in three ways:
high-temperature synthesis, ab initio synthesis, and precursor synthesis [13]. Fly ash is
the primary reaction surface for the formation of dioxins. The temperature distribution
of flue gas in MSWI is the main reason for the formation of dioxin. The rapid cooling of
flue gas below 260 ◦C can reduce the production of dioxins. Using a separator to separate
fly ash and flue gas within a high-temperature area is also an effective means to reduce
the formation of dioxins [7]. The distribution of dioxins in fly ash can be used to infer
the dioxin formation process [14], which aids in the development of relevant emission
standards [15].

For many years, scholars have been investigating the characteristic distribution of
dioxins in China’s MSWI fly ash [16,17]; however, the scope is broad, a long time has
passed, and the overall pollution level of fly ash in a specific area cannot be accurately
represented. In this study, 14 sets of emission data from 9 grate MSWI power plants
in southeastern China were analyzed and compared with previous fly ash data from
southeastern China. An air pollution control device for selective non-catalytic reduction
(SNCR) denitrification + semi-dry deacidification + activated carbon adsorption + cloth-
bag dedusting was adopted, and the fly ash was chelated with the polymer dithioamine.
Using these data, the distribution of dioxins in grate furnaces in China was investigated.
Moreover, the distribution of homologues, their main contribution and correlation to dioxin
toxicity, and the heavy metal data of various fly ash samples were assessed.

2. Materials and Methods
2.1. Basic Situation of Sampling Power Plants

The fly ash was collected from 12 groups of grate furnace data from 9 MSWI power
plants in a specific area of southeast China. Moreover, previous grate furnace research
data from southeast China were collected [16]. The fly ash samples were labeled (GFA1,
GFA2, and GFA12 denote data from this study, and the serial numbers PFA1, PFA2, and
PFA6 denote data from previous research), and plant numbers are indicated by Arabic
numerals (1, 2, and 15). The capacity (the tonnage of waste disposed of per day) is shown in
Table 1. In this study, 12 groups of fly ash were collected from various factory ash hoppers,
treated with chelating agents (dithioamine polymer and agents primarily chelating heavy
metals), and tested for dioxin. Following testing, qualified fly ash was sent to a landfill for
landfill treatment.
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Table 1. Power plants and sampling.

Sample
Number Power Plant Capacity Sample

Number Power Plant Capacity

GFA1
1 3 × 350 ton/d

GFA10 7 3 × 225 ton/d
GFA2 GFA11 8 2 × 225 ton/d

GFA3
2 2 × 500 ton/d

GFA12 9 3 × 350 ton/d

GFA4 PFA1 * 10 1000 ton/d

GFA5
3 2 × 600 ton/d

PFA2 11 2 × 600 ton/d
GFA6 PFA3 12 3 × 350 ton/d

GFA7 4 400 ton/d PFA4 13 1500 ton/d
GFA8 5 4 × 750 ton/d PFA5 14 1000 ton/d
GFA9 6 2 × 400 ton/d PFA6 15 600 ton/d

* data from previous literature [16].

2.2. Sample Extraction and Analysis

The dioxin determination method for the samples was HJ 77.3-2008 isotope dilution
high-resolution gas chromatography–high resolution mass spectrometry. The fly ash
samples were treated with hydrochloric acid, and then washed and dried with filtered
water before being extracted by dichloromethane oscillation and combined with toluene
to form the extracts. The extracts were purified using a multi-layer silica gel column and
separated using an activated carbon silica column for instrument analysis. The instrument
model was Water AutoSpec Premier(Waters, Manchester, UK), which uses an electron-
impact (EI) ion source and selective ion monitoring (SIM). The temperature program for
chromatographic separation was as follows: from 130 ◦C (1 min) to 210 ◦C at 15 ◦C/min,
then at 3 ◦C/min to 310 ◦C; then, the temperature was maintained for 8 min at 310 ◦C.
For more details, please refer to previous research [18] and China Eco-environmental
Standards HJ 77.3-2008 (Solid Waste Determination of PCDDs and PCDFs Isotope Dilution
HRGC–HRMS).

Heavy metal analysis was performed using the Chinese national standard HJ/T300-
2007 acetic acid buffer solution method. Inductively coupled plasma emission spectrometry
HJ781-2016 (Optima 8300, PE, Singapore City, Singapore) were used for Cd, Ba, Cr, Ni,
Pb, Cu, Be, and Zn analysis. Microwave digestion/atomic fluorescence HJ702-2014 (AFS-
9103, Titan Instruments, Beijing, China) were used for Se and As analysis. Cold atomic
absorption spectrophotometry GB/T15555.1-1995 (RA-915M, LUMEX, Vancouver, BC,
Canada) were utilized for Hg, and Cr6+ was determined using the biphenylcarbonyl
dihydrazine spectrophotometric GB/T15555.4-1995 method (TU-1810, Purkinje General,
Beijing, China).

3. Results
3.1. Dioxin Emission Concentration and TEQ Level in Fly Ash

Table 2 shows the concentrations of 17 toxic dioxins and I-TEQ, 10 dioxin and furan
homologues, the ratio of PCDD to PCDF, and the total amount of dioxins in the 18 samples.
As can be seen in the table, the I-TEQ levels of the 12 grate fly ash samples in this study were
in the range of 0.002–0.051 ngI-TEQ/g and 0.027 ngI-TEQ/g on average. The equivalent
toxicity in Taiwan was reported to be 0.78–2.86 ngI-TEQ/g [19]. Moreover, the equivalent
toxicity previously reported in China was 0.034–2.5 ngI-TEQ/g. Six types of grate fly ash from
southeast China exhibited an I-TEQ concentration range from 0.115 to 0.645 ngI-TEQ/g [16].
The ranges in this study are much lower than those previously reported, which is largely
due to the rapid development of grate furnaces and dioxin control technology in China.
According to the Chinese landfill standard, all the samples met the limit of 3 ng/g, as specified
in GB16889-2008.
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3.2. Toxic Dioxin Distribution in the Samples

The concentration and percentage concentration distribution of 17 toxic dioxins in
18 sample groups are shown in Figure 1. The difference in concentration in this study as
compared to a previous study in vast. It can be seen in Figure 1a,c that the distribution
of toxic dioxins in the grate furnace samples in this study was at a low level, especially
much lower than the value shown in Figure 1e. In Figure 1b–f, it can also be seen that the
main contributors to PCDD/Fs were consistent, but their relative content was different.
Furthermore, 1,2,3,4,6,7,8-HpCDD and OCDD contributed the most to PCDDs, with values
of 13.7–22.9% and 18.5–58.6%.
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Figure 1. (a) Concentration distribution of PCDD/F in GFA1-GFA6; (b) percentage concentration
distribution of PCDD/F in GFA1-GFA6; (c) concentration distribution of PCDD/F in GFA7-GFA12;
(d) percentage concentration distribution of PCDD/F in GFA7-GFA12; (e) concentration distribution
of PCDD/F in PFA1-PFA6; (f) percentage concentration distribution of PCDD/F in PFA1-PFA 6.

In contrast, the values in the previous study were 12.1–30.4% and 22.6–43.7%. The
highest levels of PCDFs in this study were for 1,2,3,4,6,7,8-HpCDF (3.1–18.7%) and OCDF
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(0.9–14.3%), which exhibited a content of 3.7–14.6% and 1.6–14.6% in six types of PFA
samples (from the previous study). Other components exhibited a lower content of and
a small difference in PCDFs, especially 2,3,7,8-TCDF, 1,2,3,7,8-PeCDF, 2,3,4,7,8-PeCDF,
1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF. This was possibly due to an insufficient amount
of synthetic precursors [20].

3.3. Distribution of 10 Dioxin Homologues in the Samples

As compared with the 17 types of toxic dioxins, the distribution regularity of the
10 types of homologues was more obvious. The total homologue content distribution in the
18 types of fly ash is shown in Figure 2a,c,e. The dioxin concentration in grate furnace fly
ash in this study was in the range of 0.162–6.685 ng/g, with a mean value of 2.418 ng/g,
and the dioxin concentration in PFA was in the range of 9.8–55 ng/g, with a mean value
of 33.97 ng/g. As can be seen, the concentration of the two is very different. It can be
observed in Figure 2b that the distribution of dioxin content in GFA1-6 was more balanced
and slightly bimodal, while some samples exhibited a unimodal distribution.
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Figure 2. (a) Concentration distribution of 10 dioxin homologues in GFA1-GFA6; (b) percentage
concentration distribution of 10 dioxin homologues in GFA1-GFA6; (c) concentration distribution
of 10 dioxin homologues in GFA7-GFA12; (d) percentage concentration distribution of 10 dioxin
homologues in GFA7-GFA12; (e) concentration distribution of 10 dioxin homologues in PFA1-PFA6;
(f) percentage concentration distribution of 10 dioxin homologues in PFA1-PFA6.
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The contents of Total-pentadioxins, Total-hexadioxins, and Total-heptadioxins in
OCDD and Total-pentafurans and Total-hexafurans in OCDF were all higher than 10%. In
Figure 2d, GFA6-12 exhibited a normal distribution characterized as high in the middle and
low on both sides. OCDD (8.4–34.2%) was the highest and the others were marginally lower.
In Figure 2f, the samples exhibited a distinct bimodal distribution, with Total-hexadioxins
and Total-tetrafurans having the highest concentrations in PCDD and PCDF, with contents
of 7.5–25.5% and 12.9–27%, respectively. In addition, the ratio of PCDD/PCDF in GFA
ranged from 0.594 to 3.005, with an average of 1.756, and the PFA was in the range of
0.429–2.438, with a mean value of 1.164; thus, de novo synthesis dominated the trend in
GFA [21,22].

3.4. Analysis of Dioxin Toxicity and Correlation of 17 Homologues

The analysis of the correlation between dioxins and toxic homologues was used to
estimate the concentration of dioxins, which served as an important basis for distinguishing
the distribution of dioxins. The data shown in Table 3 were obtained by using Excel to
calculate the linear fit between 17 homologues and dioxin toxicity. In this study, the
correlation coefficients of 1,2,3,7,8-PentaCDD, 1,2,3,7,8-PentaCDF, and 2,3,4,7,8-PentaCDF
were very high, i.e., 0.9819, 0.9741, and 0.9735, respectively, as shown in Figure 3. They
were used as indicator homologues, and the toxicity of dioxins was estimated by measuring
these types of dioxins solely. This method was used in previous studies [16,23].
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Table 3. Relationship between dioxin homologues and dioxin toxicity.

PCDD/Fs Congeners
18 Sets of Data

Regression Equation R2

2,3,7,8-TetraCDD 12.851x − 0.00187 0.9472
1,2,3,7,8-PentaCDD 4.2870x + 0.000031 0.9819

1,2,3,4,7,8-HexaCDD 5.0952x − 0.00050 0.9263
1,2,3,6,7,8-HexaCDD 1.1691x + 0.04904 0.7288
1,2,3,7,8,9-HexaCDD 2.1281x + 0.03297 0.8007

1,2,3,4,6,7,8-HeptaCDD 0.1510x + 0.05254 0.6969
OCDD 0.1016x + 0.02329 0.8252

2,3,7,8-TetraCDF 2.0379x + 0.00806 0.9086
1,2,3,7,8-PentaCDF 1.1447x + 0.00515 0.9741
2,3,4,7,8-PentaCDF 1.5586x − 0.00062 0.9735

1,2,3,4,7,8-HexaCDF 1.3175x − 0.0014 0.9554
1,2,3,6,7,8-HexaCDF 1.3584x − 0.00732 0.9571
2,3,4,6,7,8-HexaCDF 1.7225x − 0.02329 0.9104
1,2,3,7,8,9-HexaCDF 8.9856x − 0.00372 0.6124

1,2,3,4,6,7,8-HeptaCDF 0.5239x + 0.00321 0.8475
1,2,3,4,7,8,9-HeptaCDF 2.9356x − 0.00110 0.8147

OCDF 0.5866x + 0.06933 0.4402

3.5. Distribution of Heavy Metals in Fly Ash Leaching Fluid

Heavy metals in fly ash are usually the focus of pollutants, and the content of heavy
metals in different types of fly ash varies greatly [24]. Table 4 shows the results regarding
the detection of heavy metals in various fly ash samples. Among the heavy metal indices,
for Be, Cr, Ni, Cu, Pb, Zn, Se, Ba, Cr6+, and As, the leaching concentration of fly ash was
lower than the national standard. In GFA7, Hg exceeded the standard by twofold, and Cd
exceeded the national standard by an order of magnitude. In GFA3, GFA10, and GFA11, Pb
levels were very close to the standard value, which shows that the fly ash chelating agent is
not very effective at stabilizing Pb in the fly ash tested. The concentration of Pb with low
boiling point is higher in fly ash [25]. Pb also poses a high environmental risk [26], and the
newly developed chelating agent should be studied in a targeted manner [27].

Table 4. Heavy metal leaching concentration of fly ash (mg/L).

Num Be Cr Ni Cu Zn Se Cd Ba Pb Cr6+ Hg As

GFA3 ND 1 0.37 ND ND 0.23 0.0022 ND 4.21 0.15 0.128 ND 0.0048
GFA4 ND 0.5 ND ND 0.23 0.0031 ND 3.25 ND 0.124 ND 0.0065
GFA5 ND 1.06 0.101 0.017 0.02 0.019 ND 0.506 ND 1.05 0.0001 0.003
GFA6 ND 1.1 0.096 0.016 0.03 0.018 ND 0.508 ND 1.1 0.0001 0.004
GFA7 ND ND 0.23 0.15 ND ND 4.21 ND 0.0048 0.37 0.128 0.0022
GFA10 0.004 0.154 0.282 0.16 4 0.013 0.039 0.86 0.204 ND 0.0002 0.127
GFA11 ND 0.065 0.108 0.024 0.14 0.068 0.002 1.46 0.186 ND 0.0004 0.009
GFA12 ND 0.03 0.064 0.018 0.24 0.029 0.0029 0.68 0.0050 ND 0.0002 ND
GB 2 0.02 4.5 0.5 40 100 0.1 0.15 25 0.25 1.5 0.05 0.3

1 refers to undetected, 2 refers to the current general administration of quality supervision, inspection and
quarantine 16889-2008: Standard for pollution control on the landfill site of municipal solid waste.

4. Conclusions

To the best of our knowledge, this is the first study to comprehensively analyze
fly ash after chelating agent treatment. The fly ash tested was sampled from a large
proportion of power plants in China. Grading the pollution associated with fly ash is
important for understanding the current levels of fly ash dioxins in landfills. All power
plants were shown to be well below the national standard for dioxin emissions, exhibiting
a range of 0.002–0.051 ngI-TEQ/g, with an average of 0.027ngI-TEQ/g, and even below
50 ng/kg, which is the fly ash resource utilization standard. Among the 17 toxic dioxins, the
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main contributors to PCDD/Fs were consistent, but their relative contents were different.
Among the 10 dioxin homologues, the dioxin content distribution in GFA was relatively
balanced, showing slightly bimodal, unipolar, and normal characteristics. In PFA, the
samples exhibited a distinct bimodal distribution. In a linear fit, the correlation coefficients
for 1,2,3,7,8-PentaCDD, 1,2,3,7,8-PentaCDF, and 2,3,4,7,8-PentaCDF were very high, being
0.9819, 0.9741, and 0.9735, respectively. In this heavy metals analysis, the fly ash was treated
with a chelating agent, and the heavy metal content was shown to be lower than obtained
with the national standard chelating agent, except for one type of fly ash. However, a
good chelating effect was not observed for Pb. In addition, all the fly ash waste that was
sampled and analyzed for this study is currently landfilled, consuming valuable space and
resources. The problem of eradicating toxic substances has become the largest obstacle to
the application of fly ash [28].

The fly ash in this study was taken solely from ash hoppers. In waste incineration
plants, fly ash spreads to the surrounding environment, harming the health of on-site
workers and surrounding residents. The diffused fly ash may exhibit different distributions
of dioxins and heavy metals. In addition, different plants may have different tolerances
to pollutants in fly ash, which may depend on the absorption of fly ash in the air and soil.
This will be the focus of our next stage of research.
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Abstract: Fly ash generated in the process of combustion of municipal waste is classified as haz-
ardous waste. Its management today has become a significant problem. One of the methods of safe
management of such ash may be using it for the production of concrete as a partial replacement
for cement. Using immobilization, the number of hazardous compounds could be limited so that
the obtained new material would be safe for the natural environment. Recovery of byproducts—in
this case, fly ash—complies with the business models applied in the production cycle in the circular
economy model. Such a solution may result in saving energy, limiting CO2 emissions, reducing the
use of natural resources, and management of dangerous waste. It should be added that concretes
with the addition of hazardous waste would be used for industrial purposes according to the binding
legal regulations. This article presents the influence of the addition of fly ash on the selected mechan-
ical properties of concrete. Fly ash from the incineration of municipal waste was used as a partial
replacement of CEM I concrete at amounts of 4%, 8%, and 18% of its mass. The compressive strength
and flexural strength of such concretes were tested after 28 days of concrete curing. This article
also presents the tests of the leachability of contaminants from fly ash and concretes produced with
Portland cement CEM I. The test results confirm that immobilization is an effective process that limits
the amount of contamination in the water extract. Zinc, lead, and chrome were almost completely
immobilized by the C-S-H (calcium silicate hydrate) concrete phase, with their immobilization degree
exceeding 99%. Chloride content also underwent immobilization at a similar level of 99%. The
sulfates were immobilized at the level of 96%. The subject matter discussed in this article is essential
because, to protect the natural environment and, thus, reduce the use of natural resources, it is
increasingly necessary to reuse raw materials—not natural, but recycled from the industry. Waste
often contains hazardous compounds. A proposal for their safe disposal is their immobilization in
a cement matrix. An important aspect is reducing leachability from concrete as much as possible,
e.g., using nanomaterials. The effectiveness of reducing the leachability of hazardous compounds
with the proposed method was checked in this study.

Keywords: combustion; fly ash; recovery; immobilization; leaching

1. Introduction

The constant development of the economy and the worldwide increase in consumption
are reflected in the production of an enormous amount of municipal waste. According to the
provisions of Directive 2008/98/EC [1] and the national waste law [2], each action related to
waste must comply with the binding hierarchy of dealing with waste. According to the listed
legal acts, first of all, it is recommended to prepare the wastes for their reuse, after which
they should undergo recycling or other recovery processes, including energy recovery. The
last element of the waste management hierarchy is their neutralization, e.g., by storage [1,2].
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According to Statistics Poland’s data, in 2021 in Poland, 13.6 M tons of municipal waste was
collected. This represents an increase of about 4.2% compared to 2020 [3]. In 2021, 60% of the
stream of collected municipal waste was directed for recovery (82,070 thousand tons), and 40%
was neutralized. It needs to be underlined that in 2021 a stream of mixed fractions constituted
60% of all of the collected municipal waste, accounting for 8234 thousand tons [3]. This
represents a decrease of 2% compared to 2020. Depositing mixed municipal wastes in landfills
is no longer reasonable. An alternative is thermal processing with energy recovery. The idea
of constructing an incineration plant is very popular, as it at least partially solves the problems
that many local governments face. In order to decrease the environmental issues and follow
the idea of a circular economy (i.e., the concept of rationally reusing resources and limiting
the negative impacts of manufactured products on the environment), it is worth identifying
other methods of management of combustion byproducts such as fly ash [4–10]. Fly ash
generated as a result of incineration may be used in the construction industry, saving natural
resources. It needs to be emphasized that the construction materials produced using fly ash
from incineration plants are most frequently characterized by low strength and, therefore, they
are used mainly for the construction of local roads. Irrespective of where they are applied, the
final product cannot be harmful to the environment [11]. In the scientific literature [12–19],
there is little information on how fly ash from municipal waste incineration plants affects the
properties of cement mortars, making the subject discussed in this paper a novelty. However,
the use of fly ash in construction has been recognized for a long time now [20–27]—for
example, considering fly ash generated as a side product during the combustion of hard coal
or biomass. Because of its properties, fly ash is used as a mineral additive to cement; as a
matrix for sand formation, concrete admixtures, bituminous masses, and ceramic tiles; in
geotechnics; in the foundations of road pavement; and for soil stabilization [22,25].

According to the data found in the literature, the immobilization process is usually
applied to hazardous wastes such as industrial dust and sludge, galvanic waste, gravels
and ashes from thermal processes (e.g., in the iron and steel industry), nonferrous metals
from municipal waste incineration plants, waste sediments, or dusts and sludges from
gas purification processes [6,11,28–33]. In many cases, the basic management method of
such hazardous wastes should be the immobilization of the waste, due to its low costs
and the possibility of managing a wide range of wastes. Solidified waste is not harmful
to the environment and may be applied in industry [11,28]. Solidification/stabilization
methods may be divided into six groups depending on the main components and processes
applied: cement-based, lime-based, based on thermoplastic processes, based on organic
polymers, based on encapsulation, or vitrification processes. The abovementioned process
groups vary in their application, costs, and requirements for the initial processing of the
waste. However, all of them aim at modifying the physicochemical properties of the wastes
in such a way as to limit the migration of the contaminants to the environment, produce
homogenous concrete matrixes suitable for their reuse, and facilitate the transport and
disposal of wastes to landfills [34–36]. This article analyzes fly ash obtained from the
seasonal removal of ash from boilers and water heaters. The purpose of this work was to
test the elemental composition of the ash in light of its impact on the environment and to
determine the possibilities of using it for the production of modern construction materials.
This idea fits into the concept of the circular economy (CE).

The tests adhered to the CE business model, which is based on the recovery of the
side products. This model consists of actions where residues or secondary products of
one process become inputs for another process. The actual management method of fly ash
from the incineration of municipal waste is storage in landfills, where the potential raw
material is irreversibly lost. The undertaken actions aim at extending the life cycle of the
fly ash. It is estimated that the extension of the fly ash life cycle will result in a decrease in
the use of natural resources, which translates into economic and financial savings. Today,
the possibility of using fly ash from the incineration of municipal waste in the construction
industry is under investigation. Fly ash could be a valuable material for the production of
cement, concrete, and precast elements for industrial use.
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2. The Analyzed Installation of Thermal Processing of Municipal Waste—Case Study

The discussed municipal waste incineration plant (MSWI) is located in Poland in
the Lesser Poland Voivodeship—specifically in the southeast part of the city of Cracow
in District XVIII (Nowa Huta). The analyzed MSWI mainly transforms mixed municipal
waste. Additionally, residues from the mechanical processing of municipal fractions and
large construction waste products are combusted [4]. The waste comes from the area of
Cracow City Commune. The yearly capacity of the plant is 220,000 Mg, and the calorific
value of the waste is 8.8 MJ/kg. The thermal power of the plant is 35 MWt, and the
electrical power is 10.7 MWe [4]. On two parallel lines, 700 tons of waste is combusted
within 24 h. The waste from incineration processes includes boiler dust, fly ash, and solid
residues from the purification of the exhaust fumes. It is estimated that the residues from
the incineration of municipal waste constitute approx. 25% of the input stream. Hazardous
waste products—i.e., boiler dust, fly ash, and solid residues from the purification of the
exhaust fumes—are transferred with a pneumatic transporter to silos adapted to cistern
loading. This makes it possible to transport them for further processing and management
in other specialist plants or for deep storage in former salt mine pits (e.g., in Germany).

Figure 1 presents a simplified scheme of the analyzed municipal solid waste incinera-
tion plant.
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3. Materials

The material that was the basis for the tests was fly ash (FA; Figure 2) generated in
the process of incineration of municipal waste in grid furnaces. It consisted mainly of
non-flammable substances (e.g., silicates, aluminum, and iron oxides that are insoluble
in water). According to European Waste Codes [37,38], it has a code of 19 01 13*—fly ash
containing hazardous substances. This is hazardous waste and may have the following
characteristics: irritant, dangerous, toxic, allergenic, and ecotoxic. However, to a small
degree, it has some features of a flammable fraction—unburned coal particles (Figure 2a).
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Figure 2. The tested fly ash (FA): (a) draw; (b) mechanically crushed.

Figure 3c presents the loss on ignition (LOI) determined according to the standard
PN-EN 15935:2013-02 [39]. The tested fly ash was incinerated until constant mass at temper-
atures of 600 ◦C and 950 ◦C in a laboratory muffle furnace. Fly ash can be divided into three
categories based on the loss on ignition determined at a temperature of 950 ◦C, according
to the standard PN-EN 450-1:2012 [40]: category A (LOI ≤ 5%), category B (LOI ≤ 7%),
and category C (LOI ≤ 9%) (Figure 3a). Based on the performed analyses, the tested fly ash
could be classified as category B. Furthermore, with the loss on ignition determined at a
temperature of 600 ◦C, it was noted that the tested fly ash met the requirements for waste
other than hazardous (LOI ≤ 8%) or neutral waste (LOI ≤ 10%) that are accepted at the
landfill [41] (Order of the Minister of Economy 2015) (Figure 3b).
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(c) tested fly ash.

At the beginning of the research, an analysis of oxide and heavy metal contents was
carried out. The obtained results (Tables 1 and 2, respectively) were compared with the
requirements concerning, among others, the chemical properties of fly ash used as a type II
additive for the production of concrete [40] (PN-EN 450-1:2012). The main phase components
of fly ash from the municipal solid waste incineration plant were CaO and SiO2.
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Table 1. Contents of oxides (%) in the tested fly ash.

Parameter Symbol Fly Ash
Requirements for Fly Ash for the

Production of Concretes
(PN-EN 450-1:2012) [40]

Silicon dioxide SiO2 29.50
41.60 ΣSiO2, Al2O3 i Fe2O3 ≥ 70Iron (III) oxide Fe2O3 2.81

Aluminum oxide Al2O3 9.29
Manganese (II, III) oxide Mn3O4 0.12 nr **

Titanium dioxide TiO2 2.23 nr **
Calcium oxide CaO 30.10 nr **

Magnesium oxide MgO 2.60 ≤4.0
Sulfur trioxide SO3 8.71 ≤3.0

Phosphorus pentoxide P2O5 1.77 ≤5.0
Sodium oxide Na2O 2.67 nr **

Potassium oxide K2O 1.95 nr **
Barium oxide BaO 0.22 nr **

Strontium oxide SrO 0.06 nr **

** nr—no requirements.

Table 2. Heavy metal concentrations, expressed in mg/kg.

Parameter Symbol Fly Ash

Zinc Zn 7242.0
Copper Cu 325.0

Lead Pb 586.0
Nickel Ni 113.0

Chrome Cr 334.0
Cadmium Cd 23.3

Arsenic As 7.3
Vanadium V 39.1
Thallium Tl <1.0
Mercury Hg 0.02

The concentrations of heavy metals in the dry mass of tested FA were high, and the
sequence was as follows: Zn > Pb > Cr > Cu > Ni > V > Cd > As > Tl > Hg. The highest
value was reported for zinc, which reached 7242.0 mg/kg, while the lowest was recorded
for thallium (<1.0 mg/kg).

4. Methods

The testing procedure was planned and carried out in such a way as to determine the
characteristics of the fly ash from the MSWI plant with respect to the physical and chemical
properties that are important in the context of the use of fly ash as a partial replacement for
cement. The impact on the environment was also taken into account. The testing procedure
included eight stages:

• Testing the physicochemical properties of the fly ash;
• Preparation of the aqueous extract with fly ash considering the impact on the environment;
• Designing and preparing mortars with the 4% and 18% addition of fly ash;
• Testing the flexural and compressive strengths of the mortars (beams 40 × 40 × 160 mm)

produced with 4% and 18% addition of FA as compared to the reference sample;
• Preparation of aqueous extracts with crushed mortars after 28 days of curing, and

executing chemical tests, with an evaluation of the impact on the environment;
• Designing and preparing mortars with 4% and 8% addition of fly ash modified with

nanomaterials;
• Testing the flexural and compressive strengths of the designed cement mortars (beams

40 × 40 × 160 mm) with 4% and 8% addition of FA modified with nanomaterials as
compared to the reference sample;
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• Preparation of aqueous extracts with crushed mortars after 28 days of curing, and
executing chemical tests, with an evaluation of the impact on the environment.

4.1. The Procedure for the Preparation of the Aqueous Extract with Fly Ash

The aqueous extract was produced according to the standard PN-EN 12457-2:2006 [42].
From the 2 kg of sample ash, a representative laboratory sample was prepared. For the
purpose of the analysis, the tested ash was sieved through the screen of a 2 mm mesh.
From this sample, an aqueous extract was prepared with a liquid/solid ratio (L/S) of
10 L/kg. The elution water was distilled water with pH 7.4 and electrical conductivity
of 61.18 µS/cm. The prepared samples were shaken in a laboratory shaker for 24 h, and
the obtained extracts were left for 15 min for decantation of solid particles, followed
by filtering. The pH was determined using an Elmetron CPC-501 device (PN-EN ISO
10523:2012, PN-EN 27888:1999) [43,44]. The analysis of the aqueous extracts of fly ash
included a number of specifications. The content of chlorides was determined via the Mohr
method with the use of silver nitrate as a titration agent and potassium chromate as an
indicator (PN-ISO 9297:1994) [45]. Sulfates (VI) (SO4

2−) were determined via a gravimetric
method with barium chloride (PN-ISO 9280:2002) [46]. The contents of sodium, calcium,
potassium, lithium, and barium in the aqueous extracts from fly ash were determined
via flame emission spectrometry (PN-ISO 9964-3:1994) [47]. The phosphorus content was
determined as described in [48]. In order to evaluate the heavy metal composition (Zn,
Cu, Pb, Cd, Cr, Co, Fe, Ni) in the aqueous extract, inductively coupled atomic absorption
spectroscopy (AAS) was performed using GBC’s AVANTA PM apparatus.

4.2. Composition and Methodology of Preparation of Cement Mortars with the Addition of Fly Ash

The subject of the test was cement mortars with the addition of fly ash from the
municipal waste incineration plant, with and without modifications with nanomaterials.
The mortars were produced with Portland cement CEM I 52.5R (ÓRAŻDŻE CEMENT S.A.,
Poland) meeting the requirements of PN-EN 197-1 [49], and a standardized sand of fraction
0 ÷ 2 mm, compliant with PN-EN 196-1 [50]. Four cement mortars were prepared: CEM-I
reference mortar; CEM I+4% FA—mortar with 4% fly ash from the incineration plant; CEM
I + 4% FA + N—mortar with the addition of nanomaterial; and CEM I + 8% FA + N—mortar
with 8% fly ash from the incineration plant and nanomaterial. The compositions of the
mortars are specified in Table 3.

Table 3. Composition of the concrete mortars, expressed in grams.

Type of Waste Symbol of Mortar CEM I Nano Al Water Sand Acc. (PN-EN 196-1) [50]

Reference sample from Portland
cement 52.5R CEM I 450 - 225 1350

CEM I 52.5R + 4% fly ash CEM I + 4% FA 402.5 - 171 1350
CEM I 52.5R + 18% fly ash CEM I + 18% FA 354.21 - 171 1350

CEM I 52.5R + 4% fly ash + nano-Al CEM I + 4% FA + N 402.50 10.5 171 1350
CEM I 52.5R + 8% fly ash + nano-Al CEM I + 8% FA + N 386.36 10.5 171 1350

Tests of the water demand of the cement grout and fly ash were carried out using a
Vicata automatic device according to the standard PN-EN 196-3c:2016-12 [51]. Determi-
nation consisted of measuring the time required from mixing the grout components to
the commencement and completion of the binding process. Subsequently, three beams of
dimensions 4 × 4 × 16 cm and compliant with the standard PN-EN 196-1 [50] were made
from each mortar. The samples were removed from their forms after 24 h and stored in
water at a temperature of 20 ◦C ± 2 ◦C for 28 days. After 28 days of concrete curing, the
flexural and compressive strengths of the samples were tested according to the standard
PN-EN 196-1 [50].
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4.3. The Procedure of Preparing Aqueous Extracts from the Crushed Cement Mortars with the
Addition of Fly Ash

The aqueous extracts from the crushed mortar cement after 28 days of concrete curing
were prepared according to the standard PN-EN 12457-4:2006 [52]. The mortars were
crushed to a grain size of <10 mm and then shaken for 24 h, maintaining a liquid–solid
ratio (L/S) of 10. The elution water was distilled water with pH 7.4 and conductivity
of 61.18 µS/cm. After the completion of shaking, the obtained extracts were filtered.
The analysis of the aqueous extracts from the crushed cement mortars was performed as
described in Section 4.1.

5. Results and Discussion
5.1. The Evaluation of the Leachability of Hazardous Substances and Heavy Metals from the Fly Ash

Table 4 presents the leachability from fly ash of hazardous substances and heavy metals
that may be a nuisance to the environment and negatively affect the properties of the concrete
mix, potentially affecting the concrete’s strength. The obtained results were compared to the
binding national [41] and European [53] legal regulations. The tested fly ash was characterized
by a strong alkaline reaction—above pH 12. The leachability of chlorides (Cl−) and sulfates
(SO4

2−) from tested fly ash did not exceed the acceptable levels for depositing wastes other
than hazardous and neutral wastes in landfills. Only the barium content (Ba) exceeded the
permissible values for wastes other than hazardous and dangerous stored in landfills (by
about 36%). The leachability of heavy metals in the tested fly ash could be considered to be
low. The contents of Zn, Cr, and Pb did not exceed the permissible values, and in some cases
(i.e., Cu, Cd, Ni) the contents were below the limit of quantitation.

Table 4. Leachability of hazardous substances and heavy metals from fly ash, expressed in mg/kg.

Parameter Symbol Fly Ash
Criteria for Landfills [41,53]

For Non-Hazardous Waste For Hazardous Waste

pH pH 12.9 min. 6 -
Chloride Cl− 352.51 15,000 25,000
Sulfate SO4

2− 12,350.23 20,000 50,000
Phosphate PO4

3− <0.005 - -
Potassium K 49.82 - -
Calcium Ca 459.90 - -
Lithium Li 1.90 - -
Sodium Na 55.81 - -

The sum of chloride and sulfate (Cl− + SO4
2−) 12,702.74 60,000 100,000

Barium Ba 156.90 100 300
Zinc Zn 9.55 50 200

Copper Cu <0.20 50 100
Lead Pb 4.93 10 50

Cadmium Cd <0.05 1 5
Chrome Cr 2.26 10 70
Cobalt Co 0.50 - -

Iron Fe 0.40 - -
Nickel Ni <0.40 10 40

5.2. Evaluation of the Degree of Immobilization of Contaminants from Cement Mortars with the
Addition of Fly Ash

The cement batch with the addition of 4% fly ash showed higher water demand. The
use of FA in the MSWI plant as a partial replacement for cement required the addition
of more water when producing the concrete mix or concrete batch. Replacing 4% of the
cement mass with FA resulted in minor shortening of the early binding time. The early
binding time was 11 min shorter than in the reference batch, for which the manufacturer
of cement 52.R guarantees an early binding time of 186 min. Figures 4 and 5 present the
designed cement mortars with 4% and 18% fly ash from the incineration plant, respectively.
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Figure 5. Cement mortar with the addition of 18% fly ash from the MSWI plant (CEM I + 18% FA):
(a) outer surface; (b) internal structural view.

The results of the flexural and compressive strength tests of the cement mortars with
4% and 18% addition of fly ash from the incineration plant after 28 days of concrete curing
are presented in Figure 6. The compressive strength of a beam with 4% addition of FA was
71.37 MPa, which was about 16 MPa less than the reference value. The flexural strength
of the beam with 4% FA was about 8.85 MPa, which was about 0.75 MPa less than the
reference value.
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Figure 6. Strength of cement mortars with 4% and 18% addition of FA after 28 days of concrete curing:
(a) compressive strength; (b) flexural strength.

In the case of concrete mortars with 18% fly ash, it was noted that the compressive
strength and flexural strength were lower than in the reference sample, by about 52.68 MPa
and 5.08%, respectively. Moreover, a swelling effect was observed (Figure 7). This is an
undesirable effect because it causes volume changes in the concrete, resulting in cracking.
Therefore, such material is useless for the construction industry. It was noted that 4%
content of fly ash in the concrete mass is a limit value that does not negatively affect the
mechanical properties of cement mortars. The use of more than 4% fly ash is impossible
due to the swelling effect that occurs during binding.
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Table 5 presents the results of the leachability of the hazardous substances and heavy
metals from the crushed cement mortars with the addition of 4% and 18% FA. The obtained
results were compared with the highest permissible values for contaminants introduced
to the water environment (Order of the Minister of Marine Economy and Inland Navi-
gation 2019) [54]. The analyzed cement mortars had a highly alkaline reaction—above
pH 11—which may result in high immobilization of heavy metals. The mobility of heavy
metals is controlled by pH. In a highly alkaline environment (pH ≥ 11), FA could solid-
ify/stabilize the majority of tested metals [55–57]. Out of all of the tested parameters
(i.e., Cl− SO4

2−, NH4+, P, K, Ca, Li, Na), excessive values—about 70.47 mg/L—were noted
only for sulfates (SO4

2−) in samples with 18% fly ash. The leachability of heavy metals
in the tested cement mortars was very low—below the limit of quantification. Only for
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barium did the values exceed the highest acceptable value (Order of the Minister of Marine
Economy and Inland Navigation 2019) [54].

Table 5. The leachability of hazardous substances and heavy metals from cement mortars with the
addition of fly ash, expressed in mg/L.

Parameter Symbol CEM I + 4% FA CEM I + 18% FA Highest Permissible Value [54,58]

pH pH 11.6 11.1 6.0–9.0
Chloride Cl− 0.14 0.28 1000
Sulfate SO4

2− 455.28 570.47 500
Ammonium nitrogen NH4

+ blq ** blq ** 10
Phosphorus P <0.005 <0.005 2
Potassium K 5.83 8.75 80
Calcium Ca 144.00 230.80 nr *
Lithium Li 1.10 1.30 nr *
Sodium Na 9.77 13.40 800

The sum of chloride and sulfate (Cl− + SO4
2−) 455.42 570.75 1500

Barium Ba 15.20 35.50 2
Zinc Zn <0.10 <0.10 2

Copper Cu <0.20 <0.20 0.5
Lead Pb <0.50 <0.50 0.5

Cadmium Cd <0.50 <0.50 nr *
Chrome Cr <0.50 <0.50 0.1
Cobalt Co <0.05 <0.05 1

Iron Fe <0.04 <0.04 10
Manganese Mn <0.20 <0.20 nr *

Nickel Ni <0.40 <0.40 0.5

* No requirements, ** blq—values below the limit of quantification.

5.3. Evaluation of the Degree of Immobilization of Contaminants from Cement Mortars Modified
with Nanomaterials with the Addition of Fly Ash

In many kinds of research, it is indicated [59,60] that the mechanical properties of
cement mortars may be improved with the addition of nanosilica. At the next stage of this
research, cement mortars with the addition of 4% and 8% FA were modified with nanosilica.
Figures 8 and 9 present cement mortars with 4% and 8% fly ash from the incineration plant,
respectively, modified with nanosilica.
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Figure 9. Cement mortar with the addition of 8% fly ash modified with nanosilica: (a) outer surface;
(b) internal structural view; (c) crack in the cement mortar.

The results of the compressive strength and flexural strength tests of the concrete
mortars with the addition of fly ash and modified with nanosilica after 28 days of curing are
presented in Figure 10. In the case of mortars with the nanomaterial additive (CEM I + 4%
FA + N), the strength of the samples was similar to or lower than the strength of samples
without the nanomaterial added. The compressive strength of CEM I + 4% FA + N was
69.78 MPa, which is about 1.5 MPa less than that of the mortar without the nanomaterial
additive. Its flexural strength was at the level of 9.00 MPa. In the case of mortars with 8% FA
modified with nanosilica, the compressive strength and flexural strength were 35.06 MPa
and 5.57 MPa, respectively. After modifying the mortar with nanosilica, its flexural strength
increased by about 1 MPa. During visual analysis, cracks were noted in the CEM I + 8%
FA + N mortar (Figure 9c), limiting its application in the construction industry.
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Table 6 presents the leachability of hazardous and heavy metals from cement mortars
with the addition of FA modified with nanosilica. The discussed cement mortars had a
strong alkaline reaction—above pH 11. It was noted that none of the tested parameters
(i.e., Cl−, SO4

2−, NH4
+, P, K, Ca, Li, Na) exceeded the permissible values determined in the

Order of the Minister of Marine Economy and Inland Navigation 2019.

Table 6. Leachability of hazardous substances and heavy metals from cement mortars with the
addition of fly ash modified with nanosilica, expressed in mg/L.

Parameter Symbol CEM I + 4%
FA + Nano

CEM I + 8%
FA + Nano Highest Permissible Value [54,58]

pH pH 11.8 11.1 6.0–9.0
Chloride Cl− 0.28 0.28 1000
Sulfate SO4

2− 285.24 331.86 500
Ammonium nitrogen NH4

+ blq ** blq ** 10
Phosphorus P <0.005 <0.005 2
Potassium K 4.01 6.70 80
Calcium Ca 154.30 145.60 nr *
Lithium Li 1.10 1.10 nr *
Sodium Na 9.06 11.5 800

The sum of chloride and sulfate (Cl− + SO4
2−) 285.52 332.14 1500

Barium Ba 8.70 17.80 2
Zinc Zn <0.10 <0.10 2

Copper Cu <0.20 <0.20 0.5
Lead Pb <0.50 <0.50 0.5

Cadmium Cd <0.05 <0.05 nr *
Chrome Cr <0.50 <0.50 0.1
Cobalt Co <0.50 <0.50 1

Iron Fe <0.04 <0.04 10
Manganese Mn <0.20 <0.20 nr *

Nickel Ni <0.40 <0.40 0.5

* No requirements, ** blq—values below the limit of quantification.

The contents of heavy metals were below the limit of quantification, except for the
barium content, which was excessive. The barium content in the cement mortar with 4%
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FA modified with the nanosilica was two times lower than that of the mortar without the
addition of nanosilica.

6. Conclusions

Growing difficulties in the coal market, the uncertainty of supplies, and the dynamics
of price changes in energy carriers give rise to legitimate concerns in the heating sector.
Waste management regulations, including those for municipal waste, meet the needs of
the market, providing space for the energetic use of the combustible fraction of municipal
waste as fuel in combined heat and power plants and heating plants. However, such
solutions translate into the formation of post-process waste, which is often classified as
hazardous. One such byproduct is fly ash, whose chemical properties, toxicity, and dust
emissions make it impossible to deposit in landfills for hazardous wastes. It should be
noted that the actual method of neutralization of these wastes—i.e., depositing in the salt
mine pits in Germany—slowly depletes. Looking to the future, it is necessary to search for
alternative methods for the management of this waste that are neutral for the environment,
economically justifiable, and compliant with the principles of the circular economy. The
research conducted in this study is a natural response to the needs of the industry, which
currently has limited possibilities for managing environmentally harmful waste products.

Based on this research, the following conclusions can be drawn:

• Tested fly ash from the MSWI plant was characterized by high leachability of sulfur
ions, chlorides, calcium, sodium, zinc, lead, and chrome.

• The addition of fly ash in cement mortars increased the water demand. The use of
fly ash as a partial replacement for cement will require the addition of more water or
appropriate chemicals when designing the concrete mix.

• Replacing 4% of the cement mass with fly ash results in a slight reduction in the
setting time of the cement grout (the beginning of the setting time guaranteed by the
manufacturer is 186 min).

• Using nanosilica as an additive to cement mortar with fly ash does not improve its
compressive and tensile strength.

• Test results proved the high immobilization of hazardous compounds by the C-S-H
phase of the concrete. The leachability test confirmed the almost complete immobiliza-
tion of chlorides and heavy metals by the C-S-H phase. The degree of immobilization
exceeded 99%. Additionally, the leachability of the sulfate was limited to the level of
96–97%. The presented results are preliminary tests in a program designed to limit the
impact of contaminants from the waste generated in the process of incineration of the
mixed municipal waste fraction.

• The addition of nanosilica reduced the leaching of harmful substances (e.g., Cl−,
SO4

2−, Ba) from cement mortar with 4% and 8% municipal waste fly ash. On the other
hand, heavy metal immobilization was very high (99.9%). The level of immobilization
did not depend on the addition of nanosilica to the mortar; in both analyzed variants,
it was at a high level.

• Taking into account the current requirements for types of cement, fly ash from the
incineration of municipal waste could be used only in small amounts (4%) for special
cement that is chemically resistant and not commercially available.

• In the next steps of this research, the designed mortar with the addition of fly ash
should be tested in various environmental exposure classes according to the standard
PN-B-06265:2018-10 [61] to determine whether the leachability parameters change
with the alteration of the structural behavior of concrete in various exposure classes.

• In future research, chemical ash degassing should be carried out to eliminate its
influence on the swelling and cracking of cement mortars. Furthermore, the research
should be continued by introducing it to a geopolymer.

The research conducted in this study is a natural response to the needs of the industry,
which currently has limited possibilities for managing environmentally harmful waste products.
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Abstract: Fly ash is the main by-product of coal combustion characterized by a large specific sur-
face area. In addition to oxides, it also contains unburned coal and trace elements. This study
aimed to investigate the possibility of using fly ash from pit-coal combustion (CFA) for the treat-
ment of benzene-contaminated soil (S). The CFA was used as a mixture with Portland cement
(PC) (70% PC + 30% CFA). The soil was treated with a PC-CFA mixture in amounts of 40, 60, and
80% of soil mass. During the process, the concentration of benzene was monitored with the flame-
ionization detector. Produced monoliths (S+(PC-CFA)x) were tested for compressive strength and
capillary water absorption. The experiment confirmed that the PC-CFA mixture limited benzene
emission. The highest reduction in benzene concentration (34–39%) was observed for samples
treated with the PC-CFA mixture in an amount of 80% (S+(PC-CFA)80). The average compressive
strength of monoliths S+(PC-CFA)40, S+(PC-CFA)60, and S+(PC-CFA)80 was 0.57, 4.53, and 6.79 MPa,
respectively. The water absorption values were in the range of 15–22% dm.

Keywords: hazardous waste; VOC; physicochemical stabilization; encapsulation; remediation

1. Introduction

Fly ash is a type of waste generated in coal power plants. Currently, about 35% of
global electricity is produced from coal [1]. The largest coal-consuming economies are
China (nearly half of global coal consumption), India, and the United States. Approximately
60% of electricity in China is produced from coal [2]. In addition, in Poland, electricity
production is based on fossil fuels. In 2018, 48% of produced electricity came from hard
coal, 29% from lignite, 13% from renewable sources, and 7% from gas [3,4]. Recently, a
decreasing trend in worldwide coal consumption has been observed (Figure 1). In 2020,
the decrease in coal consumption was 4% [5]. The main reasons for such changes are the
industrial transformation and the COVID-19 pandemic. In 2020, the world energy demand
decreased by 4.5%. In parallel, the CO2 emissions from energy use fell by 6.3% [5]. It is
estimated that in 2021, energy and coal consumption increased by 4.1% and 5% for G20
countries, respectively [6].

The combustion of coal results in large volumes of solid coal combustion products
(CCPs). Shahzad Baig and Yousaf [7] reported that for every 4 tons of burnt coal, 1 ton of
CCPs is produced. The total volume of CCPs generated globally in 2016 was approximately
1122 million tons [8,9]. From 2011 to 2016, the worldwide production of CCPs increased by
44.4% (Table 1).

The main constituent of CCPs is fly ash. Yao et al. [11] reported that coal fly ash
accounts for 5 to 20% of the mass of coal burned. In 2016, in European (EU-15) power
plants, about 40 million tons of CCPs was generated [12]. The fly ash accounted for
63.8 wt.% of CCPs (25.7 million tons) [12]. In 2016, 3.26 million tons of coal fly ash was
produced in Poland. By 2018, its production had decreased to 2.43 million tons [13,14].

Energies 2022, 15, 565. https://doi.org/10.3390/en15020565 https://www.mdpi.com/journal/energies137
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Figure 1. Coal consumption (data source comes from [5]).

Table 1. Production of CCPs by country/region [8–10].

Country/Region
CCPs Production, Mt

2011 2015 2016

Australia 13.1 12.2 12.3
Canada 6.8 6.2 4.8
China 395 565 565

Europe (EU) 52.6 105 140
India 105 240 197
Japan 11.1 12.6 12.3

Middle East and Africa 32.2 33.3 32.2
United States of America 118 117 107.4

Other Asia 16.7 25.3 29.6
Russian Federation 26.6 26.6 21.3

Total 777.1 1143.2 1121.9

In addition to CCPs, coal combustion contributes to the CO2 emissions. The amount of
CO2 released depends on the type of coal burned [15]. In 2020, about 40% of CO2 emissions
(13.98 billion tons) came from coal [16].

The properties of fly ash are closely related to the type of coal burned and the combus-
tion process. Fly ash with pozzolanic properties is produced during the combustion of hard,
bituminous, and sub-bituminous coal. In the case of combustion of lignite with a higher
lime and sulfur content, ash with hydraulic properties is also produced [9,17]. Fly ash is
characterized by a large specific surface area, which ranges from 250 to 500 m2 kg−1 [18–20].
It is mainly composed of SiO2, Al2O3, Fe2O3, and CaO [21]. Fly ash also contains elements
such as As, B, Cd, Co, Cr, Hg, Pb, Se, and organic constituents, e.g., PAHs and PCBs, which
are responsible for its toxicity [18,22–24]. The inappropriate storage and utilization of
fly ash may pose a threat to human health and the environment. Particularly during the
landfilling of fly ash, toxic constituents can be released into the environment as dust or
leachates [11,25–27]. The highest potential to contaminate waterways and soil is coal ash
ponds. These ponds are a type of landfill whose bottom is unlined. As a result, the coal ash
constituents can leach into the ground and water. The mobility of trace metals contained in
fly ash mainly depends on pH. In turn, the pH of the water-fly ash system depends on the
calcium content in fly ash. The alkalinity of fly ash may attenuate the mobility of Cd, Co,
Cu, Hg, Ni, Pb, Sn, and Zn and enhance the mobility of As, B, Cr, Mo, Sb, Se, V, and W [28].

Due to the chemical composition of fly ash, its agriculture use is also limited. The
use of large amounts of fly ash may adversely affect the soil’s biological and chemical
properties [29–31].

Fly ash is a by-product commonly used in the production of building materials.
Moreover, due to its sorption properties, it can be used as a removal material of metals and
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some organic contaminants. A review of the coal fly ash’s properties and use was presented
by Ahmaruzzaman [32] and Yao et al. [11].

For example, the chemical composition of fly ash from coal combustion enables its
use in clinker production. Moreover, its use as a raw material allows the reduction in the
sintering temperature, thus saving energy [33,34]. It is an important application due to
energy costs and CO2 emissions. It is estimated that during the 1 kg of clinker production,
0.9–1 kg of CO2 is emitted [35]. In 2020, cement production was responsible for 4.7% of
global CO2 emissions (1.63 billion tons) [16]. At that time, the global production of cement
reached the level of 4.1 billion tons [36].

In the case of using fly ash in the production of cement, concrete, or low-cement
binders, the pozzolanic properties are of particular importance. In Europe, the require-
ments for fly ash use in cement and concrete were described in the EN 450-1:2012 and
EN 197-1:2011 [37,38] standard. The use of fly ash in concrete has a beneficial effect on its
functional properties [32,39]. The addition of fly ash improves the workability of concrete.
This is due to the spherical shape of its particles, which provides a lubricating effect in the
concrete. The application of fly ash also improves the homogeneity of the concrete [17].
Moreover, fly ash, when used as a pozzolanic admixture, reacts with calcium hydroxide
and forms a product similar in composition and properties to calcium silicate hydrate
(C-S-H) [40,41]. In parallel, it follows a reduction in the pore interconnectivity of con-
crete, thus decreasing its permeability. The pozzolanic reactions are long-term processes;
therefore, concrete containing fly ash may show a lower strength at a curing period of
28 days [39,42]. To improve the early-age strength, the development of fly ash concrete is
possible by using an elevated curing temperature [43,44]. In addition to delaying binding
and slowing down concrete hardening, a lower temperature rise due to less heat of hydra-
tion is observed [39,40]. The data on the fly ash pozzolanic properties and their reactions in
concrete are presented in the ACI Committee report [39].

Another area of engineering application of fly ash is the production of cellular con-
crete [45–47], lightweight aggregates [48,49], ceramic tiles, and bricks [50]. The important
sector that uses fly ash is mining. Fly ash is used for the back-filling of underground mining
voids [51]. It is a typical method of fly ash recovery in Poland [52].

In 2016, in the EU-15 Member States, 31.5 wt.% of the total fly ash generated was
used as a cement raw material (7.0%), as a constituent in blended cement (7.2%), and as an
addition for the production of concrete (17.3%) [12]. Fly ash was also used in concrete blocks,
reclamation, and for the infill of voids, mine shafts, and subsurface mine working [12,53].
In 2016, the EU-15 achieved a 94% utilization rate of fly ash [12]. In Polish power plants
using hard coal, silicate fly ash is usually obtained. This material is a valuable mineral
resource for the building materials industry. In 2018, Poland achieved a 90.4% recovery
rate of coal fly ash [14].

An interesting application of fly ash is its use as an adsorbent. Due to the specific
properties of fly ash (large specific surface area and porosity), they can be used as a sorbent
for selected organic compounds, e.g., VOCs. The European Union Directive 2004/42/CE
defines VOCs as any organic compound having an initial boiling point less than or equal
to 250 ◦C measured at a standard pressure of 101.3 kPa [54]. The United States of Amer-
ica established a definition of VOCs based on photochemical reactivity. In accordance
with the Code of Federal Regulations (40 CFR 51.100.), VOCs means any compound of
carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or
carbonates, and ammonium carbonate, which participates in atmospheric photochemical
reaction [55]. The volatile organic compounds impose serious environmental problems
such as global warming and ozone depletion [56]. One of the important classes of VOCs
is aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes (BTEX).
Due to toxic, mutagenic, or carcinogenic (benzene, ethylbenzene) properties, the BTEX
compounds are recognized as hazardous environmental pollutants [57]. The International
Agency for Research on Cancer (IARC) classified benzene as carcinogenic to humans [58].
Benzene is used in the manufacture of styrene, phenols, cyclohexane, alkylbenzenes, and
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chlorobenzene. These substances may be used for the production of rubber, resins, nylon,
or detergents. Benzene is also a natural constituent of gasoline. According to the Directive
2009/30/EC, its maximum content in petrol is limited to 1% v/v [59,60].

The BTEX compounds are emitted into the environment mainly from the chemical
and petrochemical industry, motor vehicle transport, coal combustion, or painting [61–65].
BTEX compounds may diffuse into air and water. Furthermore, they penetrate the soil and
cause a loss in soil functionality [66]. They can be adsorbed by organic matter occurring in
soil, and also onto soil mineral surfaces.

One of the methods that can be used for the treatment of soil containing inorganic
and organic (e.g., BTEX) contaminants is the technology of chemical solidification. In this
process, the waste is blended with cement, fly ash, or their mixtures. This technique is
widely used for the treatment of waste contaminated with heavy metals [67]. The inorganic
contaminants show compatibility with cement [68]. As a result, the reduction in water
content, increase in strength, and lowered mobility of contaminants are observed. Moreover,
this method is used, e.g., in construction, to stabilize soils [69]. In the case of treating waste
contaminated with organic compounds, the usefulness of this technique may be limited [70].
The organic compounds do not react with cement and fly ash. However, they can affect
the efficiency of the cement and fly ash hydration process [68,71]. As a result, the products
may show lower compressive strength [72,73].

Despite the application of cement and fly ash for utilization waste contaminated with
organic, there is a lack of studies about the treatment of BTEX-contaminated soils, especially
concerning their amount and characteristics of emissions during the treatment process. In
the chemical solidification process, the BTEX contaminants can be physically trapped in a
hardened binder or adsorbed by additional binding mixture constituents, e.g., activated
carbon. For example, Butler et al. [74] demonstrated that the physical encapsulation of
toluene is possible. The entrapped toluene formed vesicular, randomly placed structures in
cement. To improve the BTEX encapsulation process, it is necessary to use the medium that
will adsorb them and reduce their migration. The additives used for this purpose are fly
ash, organoclays, or activated carbon.

The objectives of this study were (1) to investigate the possibility of using fly ash as a
low-cost material for the treatment of benzene-contaminated soil (the fly ash was used as a
mixture with cement); (2) the analysis of the variations in the benzene level emitted during
the process; (3) the evaluation of physical properties of produced monoliths.

2. Materials and Methods
2.1. Reagents for Preparation of Stabilizing Mixtures

The following materials were used in the benzene-contaminated soil stabilization
research described in this paper: Portland cement CEM I 45.5 R and fly ash from coal-
burning. The cement used in the experiment was characterized by strength class 42.5 and
high early strength (CEM I 42.5 R). The material met the requirements of the EN 197-1
standard [38]. A characteristic of PC is the production of a significant amount of heat
during the setting. As a result, it can be used at low ambient temperatures.

The second component of the prepared stabilizing mixture was fly ash obtained from
a Lower Silesian coal-fired power plant. The CFA contained around 53% SiO2, 24% Al2O3,
6.4% Fe2O3, 3.4% CaO, 2.8% MgO, and 0.5% SO3. The important chemical parameter of fly
ash is loss on ignition (LOI). It has to be noted that LOI does not represent the unburned
carbon in ashes, because of the presence of several other compounds that also decompose
on heating. The high content of unburned carbon increases the water demand of the fly
ash. As a result, the products based on fly ash with high unburned coal content show low
strength. The loss on ignition of used CFA was 3.9%.

2.2. Soil

The research was carried out on soil from rural areas in Lower Silesia (Poland). The
basic material properties, such as humidity and organic matter content, were 3.41% (by
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weight) and 1.97% of dry matter, respectively. The particle-size distribution analysis showed
that the soil was noncohesive (Figure 2). The sand fraction content was greater than 90%
(by weight). Sieve analysis also showed the presence of dust particles with grains below
0.063 mm in diameter (ca. 5.3%). The bulk density of soil amounted to 1.21 g mL−1. The
estimated particle diameters D10, D30, and D60 were, respectively, 0.12 mm, 0.30 mm, and
0.57 mm. Based on substitutive diameters, the uniformity coefficient (CU = 4.91) (1) and
coefficient of gradation (CC = 1.34) (2) were calculated.

CU = D60/D10, (1)

CC = D302/(D10·D60), (2)

Figure 2. Grain size distribution curve of used soil.

According to the applied procedure, 200 g samples of raw soil were contaminated with
0.5 mL of benzene and mixed for 2 min using a Heidolph Reax 20/8 shaker. Soil samples
prepared in this way were stored at 7 ◦C for 24 h and then treated with the PC-CFA mixture.

2.3. Methodology of Contaminated Soil Treatment Process

The benzene-spiked soil samples (S) were processed with the PC-CFA mixture. The
content of PC and CFA in the mixture was, respectively, 70% w/w and 30%. In turn, the
dose of the PC-CFA mixture was 40%, 60%, and 80% of the soil mass.

The homogenization of all components (S+PC-CFA) was performed for 5 min in a
Tecnotest B205/X5 mixer. Monoliths with soil were obtained by the further addition of
water for initiation of the cement hydration process. Homogenization of the wet mix also
took 5 min. The obtained cement-soil mixture was molded and hardened for 28 days.

Temperature conditions have a significant influence on the emission of VOCs. For
this reason, the temperature and relative humidity were monitored throughout the process.
The values were, respectively, 20 ± 0.5 ◦C and 25 ± 3% RH. Measurements were made
using the Hanna Instruments HI 9564 Thermohigrometer.

During the process, the concentration of benzene in the reactor was monitored. The
amount of benzene was measured using a Micro FID flame-ionization detector (Photovac).
The gas samples were transported to the detector through PTFE tubing. Moreover, a
dust filter was installed at the inlet to the PTFE tubing. The FID was calibrated against
methane. The benzene concentration was calculated based on reaction coefficients that
may be applied in the situation of a single contaminant in the atmosphere. To evaluate the
repeatability and stability of the process, all samples were tested three times.

The effectiveness of using the PC-CFA mixture as a stabilizing material for benzene-
contaminated soil was assessed based on a comparative analysis of concentrations in the
phase of homogenization of dry components and reference samples (S+0 (x)). In the case of
zero samples, the PC-CFA mixture was not added. Their composition included only 200 g
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of raw soil contaminated with 0.5 mL of benzene. The parameters of homogenization of
the reference samples were the same as those of the samples with the PC-CFA mixture.

2.4. Compressive Strength

One of the parameters tested to determine the effectiveness of the chemical solidifi-
cation process was compressive strength. The prepared soil-cement-ash mixtures were
placed in cylindrical molds and compacted. After 3 days of maturation, samples were
de-molded and cured for another 25 days. The strength tests of the monoliths with benzene-
contaminated soil (with diameter and height = 50 ± 3 mm) were determined after 28 days
of hardening. Each of the prepared soil-cement-ash mixtures was tested three times.

2.5. Capillary Rise Height of Water

Capillary rise height was evaluated during the first phase of determining mass ab-
sorbability. The experiment was carried out to illustrate the behavior of soil-cement-ash
monoliths deposited in landfills (this especially concerns bottom parts of monoliths ex-
posed to long-term contact with eluates). To determine the speed of water imbibition, dried
soil composites were submerged in water to 1

4 of their height. During the test, water was
absorbed mainly through cylindrical surfaces of monoliths. The height of water imbibition
was measured after 15, 30, and 60 min.

2.6. Water Absorption

Mass water absorption is the ratio of the mass of water absorbed through the monolith
to the weight of the dry monolith. The water absorption capacity test of monoliths was
carried out by the procedure described in the PN-B-04101 standard [75]. According to
the test method, samples were stepwise-immersed in water. Such a treatment is to avoid
the entrapment of air inside the monolith. In the first step, dried monoliths were placed
in a vessel and flooded with water to 1

4 of their height. After 2 h, the water level was
increased to 1

2 of their height, and after another 3 h, up to 3
4 . The samples were left in such

an immersion for 19 h, after which they were completely flooded with water. Finally, the
upper surface of the samples was 2 cm below the water level. Such prepared samples were
left for 24 h. Next, samples were taken from the water and weighed (with the accuracy
of ±0.01 g) in 24 h intervals. The weighing was repeated until a constant weight of the
monolith was achieved.

Water absorption (WA) was calculated according to Equation (3):

WA = [(Ww − Wd)/Wd] · 100%, (3)

where: Ww is the mass of the monolith saturated with water and Wd is the mass of a
monolith in the dry state.

3. Results and Discussion
3.1. Efficacy of the Cement-Fly Ash Matrix

Data on the benzene concentration changes in the mixer during the process are pre-
sented graphically in Figure 3.

The FID measurements showed a sudden increase in benzene concentration at the
beginning of the mechanical mixing of components. Concentrations of benzene recorded by
the FID were in the following ranges: (i) <0.1–2596 ppm C6H6 for zero samples, (ii) 1.8–2280
ppm C6H6 for series of samples stabilized with PC-CFA mixture in an amount of 40% of
soil mass, (iii) <0.1–1923 ppm C6H6 for series of samples stabilized with PC-CFA mixture in
an amount of 60% of soil mass, and (iv) 0.3–1486 ppm C6H6 for series of samples stabilized
with PC-CFA mixture in an amount of 80% of soil mass. The highest concentrations
were measured for reference samples (S+0 (x) samples). For all samples, the maximum
concentration of benzene was recorded between the 30th and the 45th seconds of the
process (Figure 3). The research confirmed that the risk of releasing significant amounts of
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gaseous contaminants occurs mainly during the homogenization of dry components (soil
and PC-CFA mixture) [76,77].

The introduction of the PC-CFA mixture caused a decrease in maximum momen-
tary benzene concentration. The level of the decrease was in the range of (i) 12–19%
for S+(PC-CFA)40 samples, (ii) 24–35% for S+(PC-CFA)60 samples, and (iii) 40–46% for
S+(PC-CFA)80 samples (Table 2). Nevertheless, the introduction of fine-grain-size materials
(PC and CFA) did not influence the dynamics of the analyzed solvent release. In each
trial, the emission of 90% of the total quantity of benzene released during the process
occurred between 100 and 150 s of the homogenization phase. The properties of the solvent
and used removal material have a significant influence on gaseous contaminant emission
characteristics [77]. The main mechanisms of the discussed benzene removal technology
are adsorption and physical encapsulation processes. Benzene is a nonpolar compound,
which is slightly soluble in water [78]. In the soil environment, it can be adsorbed on soil
particles or fill soil pores as a gas [79]. One of the factors determining its adsorption in
the liquid–solid interface is soil organic matter content [80]. Lake et al. [81] reported that
benzene interacts with hydrophobic groups of humic acid. The used soil was characterized
by low organic matter content, which could affect the adsorption of benzene. Another
factor that influences the adsorption efficacy is soil particle size. Sun et al. [82] showed that
as the particle size decreases, the adsorption efficiency of benzene increases. It is a result of
the increase in the specific surface area of the soil particles. In comparison to silty soils or
clay soils, sandy soils characterize the lower specific surface area. The sand fraction content
in the used soil was greater than 90% (by weight). Another factor that affected benzene
release is the speed of mixing soil with stabilizing-binding components. The applied rotary
speed was 140 rpm. During the mixing, the particles of contaminated soil violently collide.
As a result, the increase in the processes of desorption and volatilization of vapors collected
in soil pores is observed [82]. Thus, when treating benzene-spiked soil, lowering the mixing
speed of dry components may have a positive impact on the initial volume of gaseous
pollutants released.

Figure 3. Comparison of benzene emissions during the chemical solidification process of soil using
cement-fly ash mixture. Code of the sample: S—soil, PC-CFA—Portland cement-coal fly ash mixture,
40/60/80—PC-CFA mixture dose expressed as a percent of soil mass, (1)/(2)/(3)—sample number.

An important moment of the chemical solidification process is the hydration stage. The
required amount of water depends on the quantity of cement and immobilizing additives,
their properties, as well as the water demand of the processed waste. When treating soil
contaminated with VOCs, limiting their release during the homogenization stage may
result in a higher concentration of pollutants in the process air during the hydration stage.
Donaldson et al. [83] reported that the introduction of water accelerates the removal from
the soil of hydrocarbons found in gasoline. This phenomenon was observed in research of
the neutralization of soils contaminated with ethylbenzene or xylenes [76,77]. Water fills
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the pores of the soil and blocks minerals’ specific surface area. As a result, a lowering in
the adsorption capacity of the organic vapors is observed [84]. In the research, water was
added in the 300th second of the dry components’ mixing. The temporary stabilization
or a slight increase in benzene concentration was observed for samples treated with the
PC-CFA mixture in amounts of 40 and 60% of soil mass (S+(PC-CFA)40 and S+(PC-CFA)60,
respectively) (Figure 3).

Table 2. PC-CFA mixture efficacy.

Series Sample
Maximum Momentary

Concentration, ppm C6H6

Average Concentration, ppm C6H6 Immobilization Efficacy, %

Homogenization
Stage

Hydration
Stage Process Homogenization Stage

(1)

S+0 2463 430 - - -
S+(PC-CFA)40 2154 386 5.20 194 10
S+(PC-CFA)60 1844 309 5.72 156 28
S+(PC-CFA)80 1486 262 3.93 132 39

(2)

S+0 2531 450 - - -
S+(PC-CFA)40 2060 363 5.53 183 19
S+(PC-CFA)60 1923 337 5.61 170 25
S+(PC-CFA)80 1438 289 3.98 145 36

(3)

S+0 2596 397 - - -
S+(PC-CFA)40 2280 364 4.99 183 8.3
S+(PC-CFA)60 1675 308 6.23 156 22
S+(PC-CFA)80 1395 262 4.58 132 34

The continuous measurements showed that the most neuralgic stage of the benzene-
contaminated soil chemical solidification process is the homogenization phase. The average
concentration, as well as the total amount of emitted benzene in the first stage of the process,
was several dozen times higher than in the hydration stage (Table 2). Nevertheless, the
introduction of the PC-CFA mixture lowered the averaged benzene concentration in the
reactor. A decrease in the concentration increased the PC-CFA dose.

The highest reduction in average benzene concentration in the homogenization stage
(in the range 34–39%) was recorded for samples S+(PC-CFA)80. In the case of samples
S+(PC-CFA)60, the benzene immobilization efficacy was in the range of 22–28%. The lowest
effectiveness (from 8 to 19%) was observed for composites S+(PC-CFA)40 (Table 2). The
main factor determining the effectiveness of the analyzed process is the unburned carbon
content (UBC). The UBC mainly depends on fly ash dose. In turn, the carbon content
in fly ash depends on the type of coal and its combustion conditions [85,86] Thus, the
presented results are adequate only for similar process parameters (temperature, humidity,
and soil and fly ash properties). An important element of the used treatment process
is the interaction of cement with fly ash. During the hydration process, cement paste
may physically block the internal fly ash pores [81]. As a result, its adsorption capacity
may be limited. One of the factors that may improve the benzene adsorption may be the
introduction of fly ash before cement addition. As a result, benzene associated with fly ash
can be coated with hydrated cement [81]. In this way, its volatilization can be reduced.

The greatest problem in monitoring benzene emission during the chemical solidifica-
tion process was high concentrations of particulate pollutants in the air inside the reactor.
This was especially true for the stage of homogenizing binding components with soil. In
the case of continuous measurements, mineral particles were eliminated in a filter mounted
before a combustion chamber. Nevertheless, the limitation of process airflow by solid
particles accumulated on the filter and in ducts might affect the quality of continuous mea-
surements in the phase of hydration. In the conference paper [87], the authors compared
the results of continuous measurements of benzene concentration in the reactor and its
mass adsorbed on activated carbon.
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3.2. Compressive Strength

Compressive strength is one of the parameters determining the efficiency of the
chemical solidification process. To be suitable for deposition and transport, monoliths must
be characterized by some minimum value of stress. Knowledge of the stress that does
not change monoliths’ shape and structure enables, among others, the determination of
the maximum thickness of waste in the landfill. Unfortunately, no normative regulations
according to the compressive strength of solidified waste are currently in force in Poland.

The compressive strength tests of solidified benzene-contaminated soil were per-
formed after 28 days of hardening. Measurements were taken in three replications. The
impact of the applied PC-CFA mixture dose on the strength of the monoliths with benzene-
contaminated soil is illustrated in Figure 4.

Figure 4. Dependence of the compressive strength of the monoliths with benzene-contaminated soil
on PC-CFA mixture dose.

The average compressive strength (fc) of monoliths S+(PC-CFA)40, S+(PC-CFA)60, and
S+(PC-CFA)80 was 0.57 MPa, 4.53 MPa, and 6.79 MPa, respectively (with water–binder ratio
0.77, 0.64, and 0.54, respectively). The worst mechanical parameters (avg. fc = 0.57 MPa)
were found in samples solidified with the binding mixture in an amount of 40% of soil
mass. Such a level of compressive strength corresponds to the characteristics of poor
cement-lime mortar. Increasing the stabilizing-binding mixture dose from 40% to 80% of
soil mass resulted in an almost twelvefold increase in strength value. The use of cement-
fly ash mixtures is beneficial from a cost perspective and organic contaminants sorption.
Nevertheless, it is known that cement-fly ash mixtures show a lower early compressive
strength compared to the samples based on cement without fly ash. The fly ash reacts
with cement hydrates (portlandite) and forms extra C-S-H gel that helps to achieve a more
compact structure. Nevertheless, the rate of pozzolanic reaction in 28 days is slow. At
a curing period of 28 days, the cement-fly ash mixtures are characterized by a higher
percentage of voids. The strength is particularly influenced by the presence of voids
bigger than 20 nm [88]. As a result, the strength of monoliths mainly depends on the
amount of introduced cement. In addition, the presence of mineral particles smaller than
0.063 mm may be particularly important. This fraction increases water absorbability and
sticks agglomerate grains, thus diminishing the zone of contact with pure agglomerate. The
impact of introducing soil spiked with benzene should also be considered. Ezeldin et al. [89]
showed that replacing fine aggregate in concrete with benzene-contaminated soils causes
a decrease in mechanical properties of concrete, especially when silty sand was used.
However, the pozzolanic reaction improves to a limited extent the strength of monoliths
based on cement blended with fly ash with an increase in the curing time [90,91].
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3.3. Capillary Rise Height of Water

In addition to a high degree of encapsulation of processed soil and sufficiently high
compressive strength, monoliths must be characterized by low permeability and low liquid
penetration. Both high mass absorbability and capillary pull-up have a destructive effect on
the durability of products of the chemical solidification process. The properties mentioned
are especially essential in the case of depositing solidified waste in landfills (this especially
concerns bottom parts of waste exposed to long-term contact with eluates). In addition,
the low tightness of monoliths may cause the secondary emission of organic pollutants’
built-in matrices of hydraulic binders. Thus, the formation of monoliths characterized by
high tightness is essential.

Soil-cement-ash monoliths elaborated in the experiment were characterized by the
mass ratio of water to PC-CFA mixture from 0.54 for sample S+(PC-CFA)80 to 0.77 for
sample S+(PC-CFA)40. The height of water imbibition was measured after 15, 30, and
60 min of contact with water. Analysis of capillary action after 28 days of maturation
showed that all monoliths were characterized by the high content of capillary pores. In
the case of sample S+(PC-CFA)40, water reached 3.5 cm high in only 60 min (Figure 5).
Increasing the dose of the PC-CFA mixture to 80% of soil mass (S+(PC-CFA)80) resulted in
a reduction in capillary rise height to 1.3 cm (after 60 min of contact with water). Long-term
moistness of the solidified waste with liquids of high salinity may lead to the structural
destruction of cement slurry. The high permeability of prepared monoliths might be a result
of the formation of a higher percentage of voids in mixtures containing fly ash (after 28 days
of maturation) and a poor bonding of benzene-contaminated soil with hydrated cement
paste. Generally, the pore structure of cement paste is closely related to the water–cement
ratio and hydration period [92].

Figure 5. Cumulative height of water absorbed by capillarity of the solidified samples.

3.4. Water Absorption

Data on the water absorption capacity of monoliths with benzene-contaminated soil
are shown in Figure 6. The test showed a decrease in the water absorption capacity of the
samples with an increase in the proportion of the PC-CFA mixture. All the tested specimens
based on the PC-CFA mixture exhibited high water absorption capacities by 15–22% dm.
Samples solidified with the mixture in amounts of 60% and 80% of soil mass (S+(PC-CFA)60
and S+(PC-CFA)80, respectively) were characterized by similar values of water absorption,
at the level of about 15–16% dm (Figure 6).

The highest value was presented by sample S+(PC-CFA)40, which was 22% dm.
Moreover, the monolith S+(PC-CFA)40 was unstable upon water immersion. Degradation
of the sample S+(PC-CFA)40 was observed on the 6th day of its immersion in water. High
water absorption creates a significant risk in the case of exposure to sub-zero temperatures.
An increased volume of water in pores during a phase transition weakens the structure of
monoliths mainly through internal crack growth [93].
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Figure 6. Water absorption capacity of solidified specimens.

4. Conclusions

The evaluated data led to the following conclusions:

• Continuous measurements of benzene concentrations showed that its emission had a very
dynamic course. In all tests, the emission of 98% of the total amount of benzene released
in the chemical solidification process already occurred in the homogenization phase.

• Experiments confirmed the possibility of limited use of the PC-CFA mixture as a
low-cost material to remove benzene. The results showed that the PC-CFA mixture
could limit the volume of benzene released during the process. The introduction of
the cement-ash mixture in an amount of 80% of contaminated soil (by weight) reduced
benzene emission in the first phase of the process by avg. 36%.

• The research did not show any significant influence of the amount of the stabilizing-
binding mixture on emission dynamics of the analyzed solvent.

• The adsorption properties of the fly ash mainly depend on unburned carbon content
(UBC). The UBC depends on the type of coal and its combustion conditions. Thus, the
presented results are adequate only for the used fly ash type and process conditions
(the proven efficiency of the PC-CFA mix applies to the following conditions: humidity
of 25% RH and temperature of 20 ◦C).

• Mechanical tests confirmed a strict relationship between the value of mechanical
compressive strength and the dose of binding materials. The highest strength (more
than 6 MPa) was observed in samples that were treated with the PC-CFA mixture
in an amount of 80% of the mass of processed soil. The possible explanation of low
compressive strength values may be a poor bonding of benzene-contaminated soil
with hydrated cement paste or slow pozzolanic reaction of fly ash.

• The capillary imbibition of water after 28 days of maturation showed that all monoliths
were characterized by the high content of capillary pores.

• The water sorption capacity of the spiked soil sample solidified with the PC-CFA
mixture in an amount of 40% of soil mass was 22% dm. The monolith S+(PC-CFA)40
was unstable, and its degradation was observed on the 6th day of its immersion
in water.

• The increase in the dose of the ash-cement mixture resulted in a reduction in capillary
imbibition of water and its absorption by immersion.

In conclusion, the cement-ash mixture can be considered a cheap and effective material
for the treatment of soils containing low levels of benzene. The analyzed process can
be used in developing countries without infrastructure for hazardous waste treatment.
Nevertheless, due to the parameters that affect the effectiveness of benzene entrapping (e.g.,
temperature conditions, and soil and fly ash properties), the use of the PC-CFA mixture
may be limited.
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component for Portland cement clinker synthesis. J. Therm. Anal. Calorim. 2009, 96, 363–368. [CrossRef]
34. Lechtenbergy, D. Power Plant Ashes as Substitute Raw Materials. Global Cement Magazine. 2012. Available online: https:

//www.globalcement.com/magazine/articles/735-power-plant-ashes-as-substitute-raw-materials (accessed on 5 April 2021).
35. Kourti, I.; Delgado Sancho, L.; Schorcht, F.; Roudier, S.; Scalet, B.M.; Joint Research Centre, Institute for Prospective Technological

Studies. Best Available Techniques (BAT) Reference Document for the Production of Cement, Lime and Magnesium Oxide:
Industrial Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control). Publications Office. 2013. Available
online: https://data.europa.eu/doi/10.2788/12850 (accessed on 7 January 2022).

36. Cembureau The European Cement Association. Activity Report, Brussels. 2020. Available online: http://www.cembureau.eu/
library/reports/ (accessed on 7 January 2022).

37. EN 450-1:2012; Fly Ash for Concrete. Definition, Specifications and Conformity Criteria. British Standards Institution: London,
UK, 2012.

38. EN 197-1:2011; Cement–Part 1: Composition, Specifications and Conformity Criteria for Common Cements. British Standards
Institution: London, UK, 2011.

39. ACI Committee 232. Use of Fly Ash in Concrete; ACI 232.2R-96; American Concrete Institute: Farmington Hills, MC, USA, 1996.
40. Mehta, P.K.; Monteiro, P.J. Concrete: Microstructure, Properties and Materials, 2nd ed.; McGraw-Hill: New York, NY, USA, 2006.
41. Hashmi, A.F.; Shariq, M.; Baqi, A. An investigation into age-dependent strength, elastic modulus and deflection of low calcium

fly ash concrete for sustainable construction. Constr. Build. Mater. 2021, 283, 122772. [CrossRef]
42. Hashmi, A.F.; Shariq, M.; Baqi, A.; Haq, M. Optimization of fly ash concrete mix—A solution for sustainable development.

Mater. Today Proc. 2020, 26, 3250–3256. [CrossRef]
43. Elsageer, M.; Millard, S.; Barnett, S.J. Strength development of concrete containing coal fly ash under different curing temperature

conditions. In Proceedings of the World of Coal Ash (WOCA) Conference, Lexington, KY, USA, 4–7 May 2009.
44. Dong, P.S.; Tuan, N.V.; Thanh, L.T.; Thang, N.C.; Cu, V.H.; Mun, J.-H. Compressive Strength Development of High-Volume Fly

Ash Ultra-High-Performance Concrete under Heat Curing Condition with Time. Appl. Sci. 2020, 10, 7107. [CrossRef]
45. Jitchaiyaphum, K.; Sinsiri, T.; Chindaprasirt, P. Cellular Lightweight Concrete Containing Pozzolan Materials. Procedia Eng. 2011,

14, 1157–1164. [CrossRef]
46. Liu, X.; Ni, C.; Ji, H.; Tan, S.; Hong, B. Construction Techniques and Quality Test and Evaluation of Lightweight Cellular Concrete

Mixed with Fly Ash as Subgrade Material. Adv. Mater. Sci. Eng. 2019, 2019, 5402679. [CrossRef]
47. Sasovsky, T.A.; Chorna, I.V.; Shalay, S.V.; Lysiak, O.M. Methods of cellular concrete production using fly ash. Bull. Odessa State

Acad. Civ. Eng. Archit. 2021, 82, 114–122. [CrossRef]
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Abstract: According to the assumptions of the European Union, by 2050 it is planned to achieve
climate neutrality. For this purpose, a document called the “European Green Deal” was established,
which is a set of policies of the European Commission. One of the assumptions is a circular economy
that takes into account the use of waste in subsequent production cycles. In order to meet the
latest trends in environmentally friendly materials and use of waste in the production of building
materials, composites of rigid polyurethane foam with 10 wt.% of waste were produced. Fly ash
from coal combustion after modification was used as a filler. Three types of modifications were
used: silanization, sieving, and both processes together. The silanization process was carried out for
1 and 2% silane ([3-(2-aminoethylamino)propyl]trimethoxysilane) concentration in relation to the
fly ash mass. The sieving was aimed at reaching a fraction with a particle diameter below 75 µm.
Six composites with modified fillers were compared and one material containing unchanged fly ash
was used as a reference. A comparative analysis was carried out on the basis of surface analysis,
thermal stability and physical properties. It turned out that the polyurethane materials modified fly
ash silanized with 1% and 2% silane solution proved the best results in performed tests. On the other
hand, the polyurethane foam containing sieved ash was characterized by the lowest flammability
and the lowest emission of smoke and CO. The use of modified fly ash in technology of polyurethane
foams can be a good method of its disposal and can increase the applicability of the composites.

Keywords: fly ash recycling; silanization; polyurethane composites

1. Introduction

Currently, all over the world there is a trend of creating environmentally friendly
polymer materials with a reduced amount of petrochemical products, often replaced with
plant substrates or fillers [1]. The majority of fillers have got hydrophilic nature. It causes
low adhesion between filler and polymer matrix [2]. The use of fillers may disturb the
structure of the material and deteriorate the properties of the material. To increase the
compatibility between a modifier and a polymer matrix, modifications of the filler are
used. The following methods are used in the literature: alkalization (change of surface
topography with roughness) and silanization (introducing functional groups to fillers).
After the silanization process, the silane molecule acts as a coupling agent to form a chemical
bond between the solid modifier and the polymer matrix [3]. This modification method
is successfully used in dental composites [4], bone cement formulations [5], esophageal
stents [6]. Silanization has not only been widely used in medicine, but also in engineering.
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An example could be a silanized filler in resin composites [7,8], polyurethane foams [9,10]
and in epoxy-based laminates [11].

In this work, fly ash from coal combustion was subjected to the silanization pro-
cess. In the world literature, there are articles whose purpose was to modify the fly ash.
Goh et al. [12] added silanized fly ash to the epoxy resin and on the basis of the results of
the SEM analysis and strength tests showed that the modification of the additive surface
increased the filler-polymer interfaces. Şen et al. [13] showed that the silanized filler did
not shorten the curing time of the resin and that the silanization of the fly ash reduced
the swelling. What is more silanized fly ash has been used in materials such as poly(vinyl
chloride) composites [14] and in geopolymer [15]. In the available literature, no studies
on the use of silanized fly ash in the rigid polyurethane foam technology were found.
In this paper, the possibilities of filler modification that could improve the properties of
the composite were investigated. Due to the necessity to seek for new environmentally
neutral flame retardants for polymers, ex-tensive research was carried out on the influence
of fly ash on the flammability of the material. There are results available in the literature on
unmodified FA in PU foam, but none of them concern flammability.

Rigid polyurethane foams (RPUFs) are a group of closed-cell polymers whose struc-
ture is characterized by high cross-linking. RPUFs account for 23% of all polyurethane
production in the world [16,17]. RPUFs have good thermal insulation properties, low
apparent density and good mechanical properties. Their advantages also include resistance
to weather conditions. Due to all these features, RPUFs are often used in everyday life,
incl. construction, furniture and vehicles [18–20]. The most important application is in
construction, as thermal insulation materials. According to the data, buildings are respon-
sible for over 1/3 of the total energy consumption in the world [21]. Due to this fact, it is
crucial to use energy in more efficient way. The demand for RPUFs is constantly growing,
which implies that this material is more and more widely researched and described in
the literature.

The polyurethane (PU) industry is strongly related to petrochemical products. For
this reason, polyurethane foams are considered as less environmentally friendly materials.
Additionally, RPUFs are more expensive compared to other thermal insulation materials.
Therefore, in the PU industry inorganic and organic fillers are often used [22]. The use
of fillers improve the mechanical properties, have an influence on the flammability and
other RPUF properties. One of the inorganic fillers described in the literature is silica. This
filler improves the mechanical properties and reduces the flammability of RPUFs [23,24].
Another type of filler that reduces flammability and, on the other hand, deteriorates
mechanical properties is expanded graphite [25]. In PU foams, in order to strengthen them,
inorganic fillers are used carbon fiber, PET, carbon nanotube, nanoclay and talc [26–29].
On the other hand, organic fillers are increasingly described in the literature. One of
the limited fillers used in the synthesis of RPUFs are cellulose nanocrystals. This filler
improves the mechanical properties, dimensional stability and reduces the absorbability of
the obtained composites [30]. Egg shells, walnut shells or chitin extracted from arthropods
are other fillers that modify the properties of rigid foams PU. The conducted research has
shown that a small addition of this type of fillers has a positive effect on the mechanical
properties of the foams [31].

In this article, the effect of modification (silanization and sieving) on fly ash from coal
combustion on polyurethane composites was evaluated. The evaluation was based on the
research results of thermal, mechanical and flammability properties.

2. Materials and Methods
2.1. Characterization of Filler and Its Modification

Fly ash (FA) from the combustion of coal is used as a filler. The fly ash came from
a conventional (pulverized) hard coal combustion boiler from power plant in southern
Poland. The ash was collected from the electrostatic precipitators. The physical density
of the fly ash is 2.15 g/cm3. According to data provided from manufacturer the ash has

153



Energies 2022, 15, 2014

category A (taking into account the loss on ignition). The filler particles size are varied
from a few to about 500 µm. In this work, fly ash was introduced into polyurethane in an
unmodified form and after the silanization and sieving process. Conventional fly ash is
characterized by the presence of unburned porous carbon particles which could affect the
flammability of the material. Therefore, it was decided to sift the filler on a sieve with a
mesh diameter of 75 µm. The fly ash was modified by sieving and silanizing it. In earlier
work, the authors investigated the effect of particle size on their chemical composition [32].
It turned out that above the particle diameter of 75–100 µm, the amount of unburned
carbon particles increased significantly. Therefore, it was decided to modify the fly ash,
which consisted in screening and separating the fraction below 75 µm. The second part
of modification was silanization, the main purpose of which was to increase the adhesion
of the particles. On the other hand, the chemical composition of fly ash depending on the
particle sizes (apart from carbon content) practically does not differ from each other (before
and after sieving). Fly ash consists mainly of: SiO2 (52.3%), Al2O3 (27.4%), Fe2O3 (7.9%),
K2O (4.1%), CaO (2.9%), TiO2 (1.4%) and MgO (1.4%) [33,34]. The analyzed fly ash belongs
to the group of silicate fly ash due to the large amount of SiO2 and in accordance with the
ASTM C 618 standard, it is classified as an ash of the group F. Figure 1 shows the structure
of fly ash and two characteristics types of particles: microspheres and unburned carbon.
These elements occur in pulverized fly ash, they are not formed during the combustion of
coal in a fluidized bed. The screened residue can be seen in photo d, EDS analysis showed
that this fraction contains large amounts of carbon.
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The next step of the content modification is silanization. Figure 2 shows the scheme of
silanization process.
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Figure 2. Scheme of silanization process.

This alteration of filler was made by toluene method according to [35] in room temper-
ature (23 ◦C) and for 24 h. The silanization was performed for various silane concentrations.
The weight of silane in filler is 1% (1SFA) and 2% (2SFA) of the weight of fly ash. Addition-
ally fillers were sieved before silanization to obtain two more fillers (1SPFA, 2SPFA).

For all fillers elemental analysis of carbon, nitrogen and hydrogen was performed
using LECO CHN628 device. The analysis of particle size of fillers was performed used the
methods of laser light diffraction and the Mastesizer 2000S apparatus (Malvern Instruments
Ltd., Malvern, UK). The particle size distribution of fillers is shown in Figure 3. It can be
seen that the screened fly ash (PFA) and screened and silanized fly ash (1SPFA, 2SPFA)
have a particle diameter below 100 µm, therefore it contains much less unburned carbon
particles (approx. 6–7%), which is confirmed by elemental analysis. On the other hand,
non-sieved (FA) and non-sieved and silanized fly ash (1SFA, 2SFA) has a lot of particles
with a diameter of several hundred µm, which is related to the higher content of unburned
carbon (approx. 9–10%). The specific surface area (SSA) of samples was determined using
the multipoint BET adsorption method (ASAP 2010, Micromeritics Instrument Corporation,
Norcross, GA, USA). Explanation of filler symbols and analysis results are presented in the
Table 1.
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Table 1. Elemental analysis of C, H, N and SSA of fillers.

Filler Description C (%) H (%) N (%) SSA (m2/g)

FA unmodified fly ash 9.46 0.00 0.19 5.47

PFA sifted fly ash 6.93 0.02 0.17 3.23

1SFA fly ash silanized with 1% silane solution 9.95 0.15 0.30 2.24

2SFA fly ash silanized with 2% silane solution 10.47 0.19 0.49 0.95

1SPFA sifted fly ash silanized with 1% silane solution 6.52 0.08 0.27 1.09

2SPFA sifted fly ash silanized with 2% silane solution 6.42 0.04 0.21 2.21

The sieved fillers, i.e., PFA, 1SPFA, 2SPFA were characterized by the smallest amount
of carbon, about 30% less unburned carbon particles compared to the FA filler. The raw fly
ash (not sieved and unsilanized) is characterized by the highest value of the SSA, which
amounts to over 5 m2/g. The other values do not create any dependence, therefore the
research should be extended in terms of the mechanism of SSA formation.

2.2. Preparation of Modified Polyurethane Foams

The main components of polyurethane rigid foam are additives (10 wt.% of fly ash,
modified fly ash), polyol system with blowing agent, fire retardants, catalyst (component
A). The last element of the material is isocyanate prepolymer (component B). Polyurethane
foams were prepared using the two-component commercial system EKOPRODUR PM4032
(PCC Group, Brzeg Dolny, Poland). Components were mixed at a ratio of 100:110 by weight
(according to product characteristic). Firstly the polyol was mixed with the fly ash until the
homogeneous mixture was obtained, after that the isocyanate was poured into the mixture
and it was mixed together by mechanical agitator for 8 s at 1200 rpm. The well mixed
polyurethane-fly ash mixture was poured into square mold. The composites were left in the
forms for 24 h. After this time, the foams were removed from the mold and prepared for
tests. The production process of polyurethane composite modified with fly ash is presented
in the Figure 4.

Energies 2022, 15, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 3. Particle size distribution of fillers. 

2.2. Preparation of Modified Polyurethane Foams 
The main components of polyurethane rigid foam are additives (10 wt.% of fly ash, 

modified fly ash), polyol system with blowing agent, fire retardants, catalyst (component 
A). The last element of the material is isocyanate prepolymer (component B). Polyure-
thane foams were prepared using the two-component commercial system EKOPRODUR 
PM4032 (PCC Group, Brzeg Dolny, Poland). Components were mixed at a ratio of 100:110 
by weight (according to product characteristic). Firstly the polyol was mixed with the fly 
ash until the homogeneous mixture was obtained, after that the isocyanate was poured 
into the mixture and it was mixed together by mechanical agitator for 8 s at 1200 rpm. The 
well mixed polyurethane-fly ash mixture was poured into square mold. The composites 
were left in the forms for 24 h. After this time, the foams were removed from the mold 
and prepared for tests. The production process of polyurethane composite modified with 
fly ash is presented in the Figure 4.  

 
Figure 4. Schematic presentation of the production of polyurethane composites. 

2.3. Methods 
The foaming process. The foaming process was analyzed by determining character-

istic times: cream time–the time from mixing components A and B to the beginning of the 
increase in the volume of the resulting mixture, rise time–the time after which it is 
achieved there is a maximum increase in RPUFs, tack free time–time after which a non-
sticky layer form on the RPUFs surface. 

Figure 4. Schematic presentation of the production of polyurethane composites.

2.3. Methods

The foaming process. The foaming process was analyzed by determining characteristic
times: cream time–the time from mixing components A and B to the beginning of the
increase in the volume of the resulting mixture, rise time–the time after which it is achieved
there is a maximum increase in RPUFs, tack free time–time after which a non-sticky layer
form on the RPUFs surface.

Microstructure. The RPUFs microstructure was observed with the scanning electronic
microscope (SEM; Nova NanoSEM 200; FEI Company, Hillsboro, OR, USA). Samples of
dimensions 50 × 50 × 50 mm3 were sputtered with gold and analyzed at an acceleration of
10 kV.

Thermal analysis. Thermogravimetric (TG) analysis of the obtained materials was
performed on a Discovery TGA 550 (TA Instruments, New Castle, DE, USA) to evalu-

156



Energies 2022, 15, 2014

ate the thermal properties of the obtained RPUFs. The thermal behavior of a samples
(ca. 10 mg) was analyzed in platinum pans under nitrogen atmosphere (20 mL/min) and in
the temperature range 20–700 ◦C at a heating rate of 10 ◦C min−1.

Density. The density for RPUFs was determined in accordance with the standard EN
ISO 845:2009. The sample used for the tests had a volume of 100 cm3.

Friability. Friability was determined during an experiment carried out according to
the ASTM C421-08 standard. Twelve cubic cubes of foam were weighted. Then they were
rotated with the oak cubes in an oak box for 10 min at speed 60 r/min. After the process,
the foam samples were reweighted.

Dimensional stability. The dimensional stability for RPUF at 70 ◦C was determined
after 48 h. The measurement was carried out in accordance with the ASTM D2126-09
standard. The change in length was calculated.

Water absorption. Water absorption was calculated according to ASTM D570-98
standard. The samples were immersed in distilled water and their weight was deter-mined
after 48 h.

Limited Oxygen Index. The limitation of the oxygen index (LOI) was the test was mea-
sured according to ISO 4589-2: 2017. The samples used for the test were 150 × 10 × 10 mm3.

Heat release intensity. The average heat release rate (HRR), maximum heat release rate
(PHRR), effective heat of combustion (EHC), time to ignition (TTI), percent mass loss (PML)
of the tested sample were determined on the conical calorimeter. The test was measured
according to ISO 5660:2015. The samples used for the test were 30 × 100 × 100 mm3.

Flammability. Flammability tests were carried out using the UL 94V. A vertical burning
test was performed. For the test, samples with dimensions of 125 × 13 × 13 mm3 were
used. The sample was placed in a holder and a burner was located underneath it.

Reaction to fire. Reaction to fire tests of the samples were also carried out by deter-
mining the gross calorific value (LECO AC500 isoperibolic calorimeter). The measurement
was performed in accordance with the ISO 1716:2018 standard. A sample with a mass of
80 mg placed in a calorimetric bomb was completely burnt in an atmosphere of oxygen
under pressure.

3. Results and Discussion
3.1. Foaming Characteristics of Polyurethane Composites

The impact of fillers and their modification on foaming kinetics of composites was
assessed by foaming parameters such as cream time, rise time and tack-free time. The
obtained samples and characteristic times can be found in the Table 2.

Table 2. Foaming parameters of polyurethane composites.

Foam Code Cream Time (s) Rise Time (s) Tack Free Time (s)

PU_FA 45 236 350

PU_PFA 51 251 330

PU_1SFA 42 281 310

PU_2SFA 45 284 310

PU_1SPFA 49 266 305

PU_2SPFA 50 259 300

Based on the analysis of the results presented in the Table 2, it was found that the
modification of the filler affects the kinetics of foam forming. The screened fly ash filler
increased the forming time of the foams. This is due to its higher density, which affects
the viscosity of the polyol-fly ash mixture. As a result it has a significant impact on foam
behavior and increases reaction time [36,37]. For composites containing silanized fillers
(1SFA and 2SFA), the rise time is higher compared to others. It is caused by the reaction
of the hydroxyl groups present in the filling material after the silanization process, which
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react quickly with isocyanate groups and influence the correct stoichiometry of the material
synthesis [38].

3.2. Properties of Polyurethane Composites

Apparent density is an important parameter that affects the mechanical properties of
the RPUFs.

The apparent density presented in Table 3 for PU_FA with unmodified filler was
38.4 [kg·m−3]. The modification of the filler by silanization resulted in a reduction of the
apparent density of the foams. This is due to the fact that the filler’s silanization process
improves its compatibility with the polyurethane matrix. Foams with a higher cross-link
density are created. For this reason, the apparent density value for foams with silanized
filler decreases [38]. The modification of the filler by sieving and its subsequent silanization
had the opposite effect. The PU_PFA, PU_1SPFA and PU_2SPFA foams have a higher
apparent density value than the reference foam. Typical RPUFs should have an apparent
density in the range of 28–60 [kg·m−3] [39]. The obtained foams have density within the
recommended range.

Table 3. Results of apparent density, dimensional stability and water absorption of RPUFs.

Sample
Apparent
Density

(kg·m−3)

Dimensional
Stability

(∆l, 48 h, 70 ◦C) (%)

Loss in Mass
(∆m, 48 h, 70 ◦C)

(%)

Water
Absorption

(48 h, 21 ◦C) (%)

PU_FA 38.4 1.20 0.45 48.68

PU_PFA 39.8 0.40 0.55 76.16

PU_1SFA 37.3 1.40 0.43 45.45

PU_2SFA 37.8 0.70 0.41 45.29

PU_1SPFA 39.8 0.40 0.50 77.92

PU_2SPFA 40.8 0.45 0.54 76.23

The change of linear dimensions (∆l) and weight loss (∆m) of the analyzed RPUFs after
conditioning at 70 ◦C for 48 h is presented in Table 4. Based on the results of accelerated
aging tests for the obtained RPUFs with modified fillers, it was observed that the weight
loss was in the range of 0.41–0.55%. The PU_2SFA sample had the lowest weight loss.
Additionally, the change in linear dimensions did not exceed 1.40%. The PU_PFA and
PU_1SPFA samples are the most thermally stable. In general, it can be seen that the results
obtained are random and there is no logical cycling in them. However, the described
foams comply with the provisions of the building code, which indicate that polyurethane
materials subjected to the increased temperature cannot show changes in linear dimensions
greater than 3% [22,40].

Table 4. Characteristics of thermal degradation of the PU composites.

Sample T1% (◦C) T5% (◦C) T10% (◦C) T50% (◦C) TDTGmax (◦C) Residue at
600 ◦C (%)

PU_FA 250 276 290 378 305 32.0

PU_PFA 250 277 291 382 308 32.9

PU_1SFA 251 277 291 379 306 31.7

PU_2SFA 248 274 288 372 303 29.6

PU_1SPFA 250 277 291 386 308 33.0

PU_2SPFA 251 278 292 388 307 32.7
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In porous materials water absorption is related to the number of closed and open cells
in their structure [41]. Table 3 presents the results of water absorption for the RPUF with
modified fillers. Foams with silanized filler-PU_1SFA and PU_2SFA are characterized by
low water absorption. This is due to the fact that PU_1SFA and PU_2SFA have a more
uniform structure and a larger number of cells with smaller diameter. Such cells cannot
store large amounts of water [42]. On the contrary, the modification of the filler by sieving
causes an increase in water absorption by about 30%. Connection between apparent density
and water absorption is presented in the Figure 5. The foams with a higher apparent density
were characterized by significantly higher water absorption parameters.
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The brittleness of the tested foams was in the range of 4.39–6.22%. The PU_1SFA
sample showed the lowest weight loss in the friability test, which indicates a positive effect
of FA silanization on the properties of foams. As we mentioned earlier, the mechanical
properties, including friability, are closely related to the shape of cells in the foam structure
and its apparent density [43]. PU_1SFA analysis indicated that it has the lowest apparent
density value among the analyzed materials. The positive effect of introducing the filler
into the RPUF was also observed by Barczewski et al. [44]. In contrast, modification of the
filler by sieving and silanization increased the friability of the foams.

3.3. Microstructure Analysis of Polyurethane Composites

The influence of filler modification on the porous microstructure of RPUFs was carried
out using scanning electron microscopy (SEM). Exemplary images of the morphology of
the analyzed materials are presented in the Figure 7.

The morphology of the foam with unmodified filler (PU_FA) depicted in Figure 7a
shows that the size and distribution of the cells are heterogeneous. Closed cells were
characteristic for the foam structure.
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PU_2SPFA (f).

Modification of the filler by sieving has a positive effect on the morphology of RPUFs
as the size and distribution of cells are more homogeneous (Figure 7b) compared to the
reference foam (Figure 7a). Additionally, modification of the filler by silanization reduces
the size of the cells. The analysis of PU_1SPFA and PU_2SPFA morphology showed a
greater number of damaged cells.

The morphology of the silanized FA modified RPUFs is shown in Figure 7c,d. The in-
troduction of this type of filler causes the structure to become uniform and the thickness of
the cells’ walls is reduced. The filler silanization process reflects in more spherical shape of
the cells [45]. In the case of PU_2SFA, a greater number of open cells is associated with a
reduced adhesion between the polymer matrix and the surface of the filler [29].

3.4. Thermal Properties of Polyurethane Composites

The thermal stability of RPUFs was determined by TG method. Table 4 shows the
characteristic temperatures, i.e., with a 5% and 50% weight loss of the tested sample and
the char residue after thermal treatment. Polyurethane composites containing modified
fillers are less thermally stable than the reference foam (PU_FA). The PU_FA degradation
process starts at 194 ◦C, while for foams with silanized filler it is already at 186 ◦C, and
for foams with sieved and then silanized ash it is already at 191 ◦C. Filled modified foam,
on the other hand, has a lower maximum weight loss than the reference foam, with the
exception of PU_2SFA. Partial deterioration of thermal properties may be related to the
uneven distribution of the filler in the polymer matrix [1]. The TG analysis showed that
foams containing the modified fillers have a higher residue after analysis than PU_FA.
Only PU_2SFA had less residual. The faster process of PU_2SFA foam degradation may be
influenced by the higher content of open cells (Figure 7d).

As can be seen from the TGA results (Table 4 and Figure 8) incorporation of flay ash-
based additives does not change the thermal stability of the polyurethane matrix. The first
mass loss is related to the evaporation of moisture and unreacted volatile subtances and
unreacted isocyanate monomers that remained in the materials [46]. Themal decomposition
of all investigated composites starts above 250 ◦C. The maximum degradation rate and
the selected percentage of mass loss occur at similar temperatures for all PUR composites.
As can be seen from DTG curves, degradation process in analyzed materials takes place in
two overlapping stages at ca. 250–500 ◦C. In the first stage, the hard segments of the RPUFs
structure are degraded, which is related to the braking of urethane bonds. In the second
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stage, degradation of the polyol-based soft segments of the RPUFs structure occurs and
leads to formation of some kinds of aliphatic ethers or alcohols [46].
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3.5. Flammability

The effect of filler modification on the gross calorific value of polyurethane composites
was determined using a calorimetric bomb is summarized in Table 5.

Table 5. Gross calorific value, LOI values, UL-94 vertical burning behaviors of polyurethane composites.

Sample Gross Calorific Value (MJ·kg−1) LOI (%) UL94

PU_FA 24.4 22.0 N.R.

PU_PFA 23.5 21.8 N.R.

PU_1SFA 23.2 21.8 N.R.

PU_2SFA 23.5 21.9 N.R.

PU_1SPFA 23.7 22.0 N.R.

PU_2SPFA 23.7 22.0 N.R.

The obtained results showed that the modifier treatment influenced the value of the
gross calorific value of polyurethane composites. The highest value is shown by the foam
that contains unmodified fly ash (24.4 MJ·kg−1) The same value was characteristic for the
rigid polyurethane foam containing 10% fly ash addition in other published studies [47].
Nonetheless, the lowest value (23.2 MJ·kg−1) was obtained for sample PU_1SFA. The
decrease in the heat of combustion value in the case of PU_FA and PU_1SFA is 5%. This
means that, for the same amount of filler in the foam, it is possible to further reduce the
heat of combustion by modifying the filler. Sieving also decreased the combustion heat
value. Moreover, the Table 5 summarizes the results of LOI and vertical tests performed
in accordance with the UL94 standard. The oxygen index values for all samples oscillate
around 22%. Meanwhile, all samples have no rating (N.R.) in vertical burning tests.
It means that 10% addition of unmodified and modified fly ash is not sufficient to retard
the flame. In the literature, no UL94 and LOI results were found for rigid polyurethane
foams containing fly ash.

The cone calorimeter tests were carried out to assess the flammability and smoke
production. The measuring instrument is effective in assessing the flame retardance of
materials as it reflects the fire under real conditions [47]. The Table 6 presents the results of
the time to ignition (TTI), effective heat of combustion (AEHC), maximum heat release rate
(pHRR), time to pHRR (T-pHRR), fire growth rate (FIGRA), maximum average rate of heat
emission (MARHE) and total smoke release (TSR).
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Table 6. Cone calorimeter results of polyurethane composites.

Sample TTI (s) AEHC
(MJ/kg)

pHRR
(kW/m2) T-pHRR (s) FIGRA

(kW/m2s)
MARHE
(kW/m2) TSR (m2/m2)

PU_FA 2 28.1 207.8 26 7.99 177.16 679.9

PU_PFA 6 18.1 164.1 32 5.13 136.52 579.5

PU_1SFA 6 19.3 178.2 86 2.07 131.35 571.2

PU_2SFA 6 19.0 180.9 44 4.11 144.95 555.9

PU_1SPFA 4 20.6 197.2 70 2.82 151.63 544.5

PU_2SPFA 4 21.8 187.6 32 5.86 157.24 552.2

The shortest TTI time was obtained for PU_FA. The highest ignition delay (4 s. in rela-
tion to PU_FA) was achieved for PU_PFA and PU_1SFA samples. The highest values of
AEHC and pHRR were found for the foam with unmodified FA and the lowest for foam
with sieved fly ash. Sifting out of fly ash of the unburned carbon fraction and reducing the
filler particles allowed to reduce the maximum HRR by 21%. Silanization of the modifier
allowed to reduce pHRR by 13% in relation to the PU_FA. FIGRA is important index for
heat risk assessment. It is defined as the ratio of the maximum HRR (p-HRR) value to
the time the peak occurred (T-pHRR) [48]. Due to the FIGRA parameter, PU_FA was
characterized by the greatest heat risk. A similar dependence of the results was observed
for the MARHE parameter. The TSR decreased with each modification of the foam filler.
The best value was obtained for the foam with the filler subjected to both modifications:
sieved and silanized (PU_1SPFA).

The Figure 9 shows the charts of heat release rate (HRR), total heat release (THR), CO
emission, CO2 emission.
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The HRR plots of PU composites have the largest peak with a maximum value of
approx. 208 kW/m2 (Table 6). The lowest peak of the HRR curves was obtained for PU_PFA.
On the basis of the analysis of the curves, it was observed that after 160 s to about 300 s, the
foam containing unmodified ash continued to emit heat of about 20 kW/m2. In the case of
the HRR curves, the highest value for the TSR curves was obtained for PU_FA and then
PU_2SPFA. The lowest value of the curve (maximum approx. 14 MJ/m2) was determined
for the PU_PFA plot. The highest emissions of CO and CO2 were also obtained for the
foam containing unmodified fly ash.

4. Conclusions

In the study, three modifications of the filler (fly ash) were performed: silanization, siev-
ing, silanization and sieving, and the influence of the filler on the properties of polyurethane
composites was investigated. The reference foam was a foam containing unmodified coal
fly ash.

The foams containing sieving fly ash (PU_PFA, PU_1SPFA, PU_2SPFA) were char-
acterized by higher apparent density, water absorption and friability compared to the
other samples. Despite the low values of the above parameters, they were characterized
by reduced flammability, the lowest flammability values were obtained for the PU_PFA
sample. As a result, the authors proved that a simple modification, which is sieving, re-
duces the amount of heat released and the emission of CO and CO2 during combustion of
polyurethane material.

Samples containing silanized fillers were characterized by the lowest apparent densi-
ties and water absorption. The lowest brittleness values of the material were obtained for
the PU_1SFA sample. PU_1SFA foam also showed good flammability properties, however,
they were still worse than PU_PFA.

The use of fly ash in technology of PUR foam is a great solution that reduces the
amount of petrochemical products in the production of polyurethane materials and is a
good method of waste disposal. The modifications presented in the article may improve the
properties of the fly ash-polyurethane composite, however, before starting the adjustment
process, the material properties to be improved should be selected and the appropriate
modification method adjusted.
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