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Abstract

Soil contamination from industrial activities is a major environmental challenge, especially due to heavy metals
that threaten ecosystems and human health. Solidification and stabilization (S/S) is an effective remediation
technique that reduces contaminant mobility; however, its dependence on ordinary Portland cement results in high
energy consumption and carbon emissions. This study proposes a theoretical mix-design approach for sustainable
soil remediation using industrial by-products as alternative binding materials. Municipal solid waste incineration
fly ash, ground granulated blast furnace slag, and marble sludge were evaluated as partial cement substitutes.
Contaminated soil samples underwent chemical, physical, and geotechnical characterization, while the alternative
materials were analyzed using SEM/EDS, XRD, thermogravimetric analysis, particle size distribution, and
leaching tests. The results show that the selected by-products have favorable mineralogical and chemical properties
that enhance contaminant immobilization, reduce leachability, and improve mechanical behavior. The proposed
SIS mixtures show strong potential for reducing environmental impact while promoting waste reuse and circular
economy strategies. This work provides a solid theoretical foundation for future experimental validation and
practical application of sustainable soil remediation technologies.

1. Introduction
Soil contamination from industrial, agricultural, and urban activities has become a major environmental concern
worldwide. In Europe, nearly half of the land area is affected by surface soil pollution, mainly due to the
accumulation of heavy metals and hazardous compounds. These contaminants pose serious risks to ecosystems,
groundwater quality, and human health. Traditional remediation methods are often expensive, energy-intensive,
or environmentally intrusive, creating a need for more sustainable and effective solutions.
Among available remediation technologies, solidification and stabilization (S/S) has emerged as one of the most
reliable and widely used techniques. This method reduces contaminant mobility by encapsulating pollutants within
a solid matrix (solidification) and chemically transforming them into less soluble forms (stabilization). S/S is
particularly effective for soils contaminated with heavy metals and inorganic pollutants.
However, the extensive use of ordinary Portland cement (OPC) in S/S processes raises sustainability concerns due
to its high energy consumption and significant CO- emissions. To address this issue, recent research has focused
on replacing or partially substituting cement with industrial by-products such as fly ash, ground granulated blast
furnace slag (GGBFS), and marble sludge. These materials not only reduce environmental impact but also improve
the mechanical and chemical performance of treated soils.This study presents a theoretical mix design approach
for soil remediation using green materials derived from industrial waste. The aim is to optimize binder
compositions that effectively immobilize contaminants, enhance mechanical properties, and support circular
economy principles.

2. Materials and Methods

This study utilized a theoretical framework to examine the solidification and stabilization (S/S) of contaminated
soils through the application of sustainable materials. Soil samples were collected from an industrial region in
Naples, Italy, and thereafter homogenized via the quartering approach. The soils underwent comprehensive
chemical, physical, and geotechnical characterization to ascertain moisture content, particle size distribution,
concentrations of heavy metals, and leaching behavior.
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Figure 1. Various techniques for soil contamination remediation
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Figure 2. Particle size distribution curve: (a) SOILL, (b) SOIL2, (c) SOIL3, (d) SOIL4, (e) SOILS5, (f) SOILS.

Industrial by-products including fly ash, ground granulated blast furnace slag, and marble sludge were identified
as potential partial replacements for traditional Portland cement. The materials were analyzed using advanced
techniques including scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), X-ray
diffraction (XRD), thermogravimetric analysis, particle size distribution assessment, and leaching tests to
determine their capacity for contaminant immobilization. Informed by the characterization findings, a theoretical
mix design methodology was formulated to diminish contaminant leachability and enhance soil stability, thereby
establishing a foundation for prospective experimental validation.

3. Results and Discussion
The soil analysis showed that the samples were mainly sandy gravel soils with moderate moisture content.
Chemical tests indicated high levels of heavy metals, especially arsenic and hexavalent chromium, which exceeded
permissible limits in several samples and confirmed the need for remediation. Leaching tests revealed that some
metals, such as chromium, arsenic, lead, and zinc, were close to or above regulatory limits, posing potential
environmental risks.
Table 1. Characteristics of Pelletization Process.

Parameter Units Tested Values ~ Optimal Value Results
Rotation speed rpm 15-45 45 Best granule quality and consistency
Inclination angle degrees 30-45 45 Best granule cohesion and pellet formation
Moisture content % 5-15 10 Best cohesion during granulation
Granulation time min 10-20 15 Best pellet formation and granule consistency

The characterization of green materials showed that fly ash, ground granulated blast furnace slag, and marble
sludge have suitable chemical and mineralogical properties for solidification and stabilization. These materials
reduce contaminant leachability, improve soil stability, and decrease permeability. Overall, the results indicate that
using industrial by-products as partial cement replacements is an effective and environmentally sustainable
approach for soil remediation.

4. Conclusion
The results of this study confirm that solidification and stabilization is a reliable method for remediating
contaminated soils. Incorporating industrial by-products such as fly ash, ground granulated blast furnace slag, and
marble sludge enhances contaminant immobilization and improves soil stability. This approach reduces
dependence on ordinary Portland cement, thereby lowering carbon emissions and environmental impact.
Additionally, reusing waste materials supports circular economy principles. The proposed methodology provides
a strong foundation for future experimental validation and practical implementation.
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