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Waste Foundry Sand (WFS) is a byproduct from metal casting processes, often
contaminated with heavy metals, acids, and carbon residues. As disposal costs
rise, there is growing interest in repurposing WFS as an alternative to traditional
aggregates in constructionmaterials such as bricks, tiles, and concrete. However,
concerns about the potential leaching of harmful chemicals into soil and
groundwater pose significant barriers to its widespread use. By reducing the
chemical pollutants, WFS becomes a competitive option for sustainable
construction materials. This study aims to address these concerns by
developing methods to extract WFS from the production cycle before it
exceeds regulatory limits, thereby enhancing its suitability for recycling and
reducing disposal costs. We assessed waste foundry sand (WFS) samples from
various production cycles, following permissible guidelines, by mixing them with
cement in proportions of 1%, 3%, and 5%. Our evaluation focused on their
effectiveness as construction materials. The results indicated that the sample
with 1% cement slightly exceeded the permissible limits for polycyclic aromatic
hydrocarbons (PAHs), whereas the samples with 3% and 5% cement content
complied with all regulatory standards. These findings suggest that WFS,
particularly when combined with higher cement contents, holds promise as a
sustainable construction material. This method not only reduces the need for
extensive treatment and reclamation processes but also presents a cost-effective
and environmentally friendly approach to managing WFS.
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1 Introduction

Effective management of industrial byproducts, such as Waste Foundry Sand (WFS), is
imperative for environmental conservation and resource efficiency (Thiruvenkitam et al.,
2020; Ashish and Verma, 2021). The foundry industry generates millions of tons of spent
materials annually, with WFS constituting a significant portion (Ji et al., 2001; Sabour et al.,
2021). In Germany alone, approximately 460,000 tons ofWFS are produced each year, often
contaminated with heavy metals, acids, and glossy carbon during the production process
(Ashish and Verma, 2021; Ahmad et al., 2022).

Historically, efforts to address the challenges of WFS management date back to the late
19th century when industries grappled with disposal issues and environmental concerns
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(Bagshaw, 1891; Mäsiar et al., 1897). These early endeavors laid the
groundwork for subsequent research on WFS utilization, which
gained momentum in the late 20th century, driven by growing
environmental awareness and regulatory pressures (Riley, 1969;
Barnard et al., 1971; Ostrom, 1989; Javed, 1994; Reddi et al., 1996).

According to Matos et al. (2019), foundry sand is a silica sand-
based material used in creating molds for both ferrous and non-
ferrous metal casting industries. To enhance the casting surface
finish, 2%–10% of pulverized coal is added to the mixture (Sithole
et al., 2022). When the casting process is complete, the product is
removed from the sand mold, and the sand undergoes several
steps to prepare it for potential reuse. WFS is generated after
several reuse cycles, typically between 5 and 10 cycles (Cioli
et al., 2022).

During each reuse cycle, foundry sand is subjected to thermal
and mechanical stresses that degrade its properties (Ghosh, 2013;
Sappinen et al., 2018; Khan et al., 2021). Contaminants such as
metal residues, binders, and other impurities accumulate over
time, eventually compromising the quality of the sand for
further use in casting molds (Cioli et al., 2022). Consequently,
once the sand can no longer meet the required specifications for
mold production, it is considered waste foundry sand. Matos et al.
(2019) suggested the number of times foundry sand can be reused
before it becomes WFS depends on several factors followed by
Cioli et al. (2022). Each industry has its own benchmark based on
the type of metal being cast and the specific properties of the sand
and binders used.

Recent years have seen a surge in research focused on innovative
applications and solutions for WFS utilization, driven by the need
for sustainable waste management practices (Alves et al., 2014;
Mehta, 2024). For instance, the leaching of heavy metals in WFS,
such as copper, iron, cadmium, zinc, nickel, and chromium, can
damage soil quality and contaminate groundwater (Cioli et al., 2022;
Sithole et al., 2022). Therefore, repurposing foundry sand presents a
justified and suitable solution for this waste. Noteworthy
advancements include the exploration of PozzoCrete as a
sustainable alternative in construction applications (Bhimani
et al., 2013; Ghosh, 2013; Kshirsagar et al., 2023) and the
investigation of WFS as a partial or total replacement for natural
sand (Matos et al., 2019; Sithole et al., 2022).

This study presents several novel contributions to the field. We
propose developing efficient methods to remove foundry sand from
the production line earlier in the production cycle, before WFS
parameters exceed guideline values. This early removal minimizes
the need for extensive treatment and reclamation processes. By
evaluating WFS samples from different production cycles for
compliance with regulatory guidelines, we aim to ensure that the
sand can be reused safely and effectively. This compliance-focused
approach is innovative and essential for practical application.
Additionally, our research suggests a cost-effective procedure for
the removal and reuse of WFS, which reduces recycling expenses
and the environmental burden of landfill disposal.

In light of existing research gaps, the primary objective is to
evaluate WFS samples from different production cycles to determine
their compliance with regulatory guidelines. Each foundry operation
has its own benchmark before sand is classified as WFS. Given the
significant environmental concerns and regulatory pressures
surrounding WFS disposal, we hypothesize that confirming WFS

compliance with regulatory guidelines will enable its feasible removal
from foundry operations and reuse as construction material without
extensive reclamation processes. This approach aims to achieve
environmental alignment and provide a cost-effective procedure
for the removal and reuse of WFS, thereby contributing to
sustainable waste management practices in the foundry industry.

2 Methodology

2.1 Materials

Waste Foundry Sand (WFS) was procured from three distinct
foundries: FRITZ WINTER Eisengießerei GMBH & CO. KG,
BUDERUS GUSS GMBH, and WESO-AURORAHÜTTE GMBH.
Additionally, Heidelberg Cement CEM III/A 42.5N was used as an
additive in various proportions.

2.2 Experimental procedures

The solubility behavior of road construction materials utilizing
WFS holds implications for soil chemical properties, intricately tied
to eluted characteristics. To analyze the leaching behavior of
construction materials using WFS, samples from WESO-
AURORAHÜTTE GMBH only were treated as a solid-phase
composites, with consideration given to the chemical load values
specified by LAGA (LAGA-M20, 2020).

Samples obtained from WESO-AURORAHÜTTE GMBH were
divided into three identical portions. The first, second, and third
portions were prepared with an additive ratio of P1%, P3%, and
P5%, respectively, using Heidelberg Cement CEM III/A 42.5N (refer
to Figure 1). The laboratory of Leonhard Weiss GmbH & Co. KG
conducted examinations in accordance with DIN 18123 and DIN
1812 to assess the physical properties and compaction (Gruppe,
2016). This step aimed to ensure the suitability and stability of the
samples for subsequent analysis.

2.3 Chemical laboratory analysis

Following the meticulous preparation of the samples, a
comprehensive chemical laboratory analysis was undertaken to
examine the solubility behavior of the chemical composition. Samples
were subjected to comprehensive testing to determine the presence and
concentration of various organic and inorganic components.

Organic compounds, including Mineral oil hydrocarbons, BTEX
(Benzene, Toluene, Ethylbenzene, Xylene), Benzol, Chlorinated
hydrocarbons (CHCs), Aldrin, DDT (Dichlorodiphenyltrichloroethane),
Phenols, PCB (Total Polychlorinated Biphenyls), PAH (Total
Polycyclic Aromatic Hydrocarbons), and Naphthalene, were
quantified at Dr. Graser’s laboratory (CLG, 2016). Inorganic
parameters such as Antimony, Arsenic, Lead, Cadmium,
Chromium, Cobalt, Copper, Molybdenum, Nickel, Mercury,
Selenium, Zinc, Tin, Cyanide, and fluoride were conducted with
meticulous attention to detail and adherence to stringent quality
control measures, ensuring the accuracy and reliability of
the results.
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FIGURE 1
Experimental Setup for Elution Test. Note: In accordance with the LAGA guideline, each sample underwent washing in a glass vessel at a 10:1 ratio of
deionized water to solid, left for an elution time of 24 h, and stirred at a rotational speed of approximately 500 rpm (Photo: Vorndran, M.). Note: Different
composition prepared in the laboratory of Leonhard Weiss GmbH & Co KG with (A) 1%, (B) 3%, and (C) 5% using Heidelberg Cement CEM III/A 42.5N
(Photo: Vorndran, M.).

TABLE 1 Substances of significant concern in WFS from (A1, A2, A3, and A4).

Allocation value (mg/kg)

EOX* H18* PAHs* Cd Cr Cu Ni Zn Pb BTEX*

Z2 3 150 20 5 600 300 300 500 100 —

Earth’s Crust — — — 0.2 100 50 84 70 14 —

A1.1 04.2015 <1 60 4.8 0.2 5 6 3 17 4 0.73

A1.2 04.2015 <1 80 2.2 0.2 40 59 12 62 21 0.03

A1.3 04.2015 <1 50 1.3 0.2 9 13 3 16 3 0.06

A1.4 04.2015 <1 50 2.4 0.2 12 18 5 57 5 0.07

A1.5 04.2015 <1 50 0.13 0.2 10 9 4 4 3 n.n.

A1.6 05.2015 <1 50 0.13 0.2 7 10 3 12 3 0.04

A2.1 04.2012 n.b. 29 0.08 n.n. 6.4 4.2 2.7 18 n.n. —

A2.2 02.2013 n.b. 52 n.n. n.n. 4.8 1.2 2.4 17 n.n. —

A2.3 04.2013 n.b. 88 3.26 n.n. 20 18 9.2 28 n.n. —

A2.4 01.2014 n.b. 37 0.95 n.n. 4.7 4.2 2.5 16 n.n. —

A2.5 03.2014 n.b. n.n. 0.73 n.n. 6.7 6.4 3.2 20 n.n. —

A2.6 04.2014 n.b. 90 4.05 n.n. 53 9.2 2.7 18 n.n. —

A3.1 2014 n.b. n.b. n.b. n.n. n.b. n.b. n.b. n.b. n.b. —

A3.2 2015 n.b. n.b. n.b. n.n. n.b. n.b. n.b. n.b. n.b. —

A4.1 2015 1.88 126 n.n. n.n. 16,200 1900 14,800 111 5.6 -

Note: EOX stands for Extractable Organic Halogen Compounds. PAHs (Polycyclic Aromatic Hydrocarbons) are based on guidelines from the United States Environmental Protection Agency

(EPA). The designation “H18” applies to Mineral oil and Hydrocarbons. “n.b.” indicates that a particular substance was not found in the sample, while “n.n.” could signify “not noted” or “no

abnormality.” “BTEX” (Benzene, Toluene, Ethylbenzene, Xylene).
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To ascertain the maximum permissible value of a substance in
accordance with BBodSchV §8 para.1 sentence 2 No.1 (BBodSchV,
1999), three portions of the samples underwent testing in the laboratory
of the geography department at Philipps University of Marburg. The
elutable organic and inorganic substances from these portions were
differentiated. The LAGA protocol guided the treatment sequence as
follows: initially, each sample underwent washing in a glass vessel
(column) at a deionized water/solid ratio of 10:1. Subsequently, they
were allowed an elution time of 24 h while being stirred at a rotational
speed of approximately 500 rpm (refer to Figure 1).

2.4 Experimental setup

The solubility behavior of samples was examined to assess
compliance with regulatory standards. The chemical properties
and analytical results obtained were meticulously processed and
are presented in detail in Tables 1, 2 in the subsequent section. The
experimental procedure consisted of the following steps:

2.4.1 Sample preparation and filtration
Samples were prepared according to the guidelines outlined in

the Revision of the Federal Soil Protection and Contaminated Sites
Ordinance BMUB 2015 directive . This involved the preparation of
samples and filtration procedures conducted at the laboratory of the
geography department at Philipps University of Marburg. The
filtration process aimed to isolate the eluates for subsequent
chemical analysis (LAGA-33, 2002).

The prescribed procedure only specifies a 2:1 water/solid ratio. In
principle, a higher ratio facilitates the dissolution of more substances
compared to a lower ratio. The samples were placed on a sieve,
maintaining a distance of 5 cm from the bottom of the elution
basin to prevent damage. After 24 h, 1 L of eluate was transferred
to a glass cylinder. Following a 15-min settling period for coarser
particles, the supernatant liquid was decanted and centrifuged at 2000 x
g for 30 min, exerting a force equivalent to 2,000 times the gravity at sea
level (approximately 9.81 N per kg). Post-centrifugation, the liquid
underwent filtration through a 0.45 µm membrane filter.

2.4.2 Chemical analysis
The eluates obtained from the WFS samples were analyzed to

determine their chemical properties. The results of the chemical
analysis were provided in the laboratory of Dr. Graser (CLG, 2016).
Dr. Graser’s laboratory, accredited under DIN ISO 17025, specializes
in a wide range of analyses related to environmental substances. The
laboratory adheres to rigorous quality assurance measures to ensure
accurate and reliable results (refer to Table 3).

3 Analysis and interpretation of results

In essence, the comprehensive analysis and interpretation of
results in this study draw from a multidisciplinary perspective,
encompassing environmental geochemistry, sedimentary metal
indices, and practical applications of metal pollution assessment
methodologies. This approach ensures a nuanced understanding of

TABLE 2 Substances of eluted characteristics in WFS from (A1, A2, A3, and A4).

Elute allocation value (µg/L)

PH EC* F-* DOC* Cd Cr Cu Ni Zn Pb NH4+* PI* As*

Z2 5.5–12 1,000 1,000 250,000 10 150 300 150 600 200 1,000 1,000 1,000

A1.1 04.2015 9.8 340 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. 70 <7

A1.2 04.2015 9 220 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. 30 <7

A1.3 04.2015 8.7 100 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. 20 <7

A1.4 04.2015 9.6 270 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. 40 <7

A1.5 04.2015 6.7 20 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. 13 <7

A1.6 05.2015 7.6 70 n.b. n.b. <0.5 <5 <5 <5 <50 <9 n.b. <10 <7

A2.1 04.2012 9.48 n.b. 930 1800 n.n. n.n. n.n. n.n. n.n. n.n. n.b. 70 8.2

A2.2 02.2013 9.95 n.b. 700 2,200 n.n. n.n. n.n. n.n. 33 15 n.b. 10 32

A2.3 04.2013 10.03 n.b. 200 7,400 n.n. n.n. n.n. n.n. n.n. n.n. n.b. 60 10

A2.4 01.2014 10.1 n.b. n.n. 18,500 n.n. n.n. n.n. n.n. 37 n.b. n.b. 180 23

A2.5 03.2014 10.2 n.b. 730 8,500 n.n. n.n. n.n. n.n. n.n. n.n. n.b. 15 15

A2.6 04.2014 9.91 n.b. 1,100 23,000 n.n. n.n. n.n. n.n. 37 n.n. n.b. 190 12

A3.1 2014 9.85 n.b. n.n. 1,500 n.n. n.n. n.n. n.n. n.n. n.n. n.b. 20 5

A3.2 2015 10.1 358 1800 11,300 n.n. n.n. n.n. n.n. n.n. n.n. 310 14 28

A4.1 2015 8.83 n.b. 32,000 3,700 n.n. n.n. n.n. n.n. n.n. n.n. n.b. 170 n.n.

Note: DOC refers to Dissolved Organic Carbon, EC stands for Electrical Conductivity, and Ammonium is represented as NH4+. Additionally, Arsenic is indicated, along with PI for Phenol

Index, F- for Fluoride.
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the intricate relationship between element concentration, solubility,
and the broader environmental implications, contributing to the
advancement of knowledge in this field.

The obtained results underwent a particular analysis to unravel
the complex relationship between element concentration and
solubility. This analysis was contextualized within relevant
standards and guidelines, particularly LAGA M20, to gauge the
suitability of road construction materials for recycling and to assess
potential environmental impacts. The ensuing discussion delves into

solubility patterns, and potential applications of WFS in
construction materials.

3.1 Assessment of unbound foundry
residual sands

This comprehensive evaluation underscores the significance of
these findings in the context of groundwater protection and soil

TABLE 3 Analysis of eluted substances in accordance with BBodSchV.

BBodSchV evaluation basis Scenarios (SI, SII, and SIII)

Inorganic substances Reference Z2 SI- 1% ZEF(SI) SII- 3% ZEF(SII) SII- 5% ZEF(SIII)

Antimony 10 <2 0.5 <2 0.5 <2 0.5

Arsenic 10 6.79 0.68 1.91 0.19 3.62 0.36

Lead 25 7.29 0.29 6.80 0.27 7.08 0.28

Cadmium 5 0.92 0.18 0.12 0.02 0.57 0.11

Chromium, Cr IIIandVI 50 13.44 0.27 4.57 0.09 14.32 0.29

Chromate 8 <5 0.63 <5 0.63 <5 0.63

Cobalt 50 1.01 0.02 0.16 0.01 0.43 0.01

Copper 50 3.17 0.06 1.96 0.04 2.24 0.04

Molybdenum 50 <10 0.2 <10 0.2 <10 0.2

Nickel 50 4.79 0.1 2.24 0.04 4.26 0.09

Mercury 1 0.15 0.15 0.09 0.09 0.08 0.09

Selenium 10 4.88 0.49 0.44 0.04 1.79 0.08

Zinc 500 5.84 0.01 0.97 0 1.71 0.18

Tin 40 <5 0.13 <5 0.13 <5 0.13

Cyanide, total 50 <5 0.1 <5 0.1 <5 0.1

Cyanide, easily settling 10 — — — — — —

Fluoride 750 210 0.28 180 0.24 170 0.23

Organic substances Reference value SI-1% SII-3% SIII-5%

Mineral oil hydrocarbons 200 <0.01 <0.01 <0.01

BTEX 20 n.n. n.n. n.n.

Benzol 1 n.n. n.n. n.n.

LVHH 10 n.n. n.n. n.n.

Aldrin 0.1 <0.05 <0.05 <0.05

DDT 0.1 n.n. n.n. n.n.

Phenole 20 <10 <10 <10

PCB, (polychlorinated biphenyls) total 0.05 n.n. n.n. n.n.

PAH, (polycyclic aromatic hydrocarbons) total 0.2 0.28 0.19 0.11

Naphthalene 2 0.37 0.25 0.16

Note: This table provides a breakdown of both organic and inorganic elutable substances from the samples, categorized in accordance with BBodSchV. It includes the maximum permissible

values as outlined in compliance with BBodSchV §8 para. 1 sentence 2 No.1.
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quality. One notable aspect of this analysis is the considerable
variation in the number of samples evaluated across various
production phases, in accordance with the legal requirements
specified in LAGA. The concentrations in both the eluted and
solid components of the samples were compared against the
Z2 requirements of LAGA M20, ensuring adherence to its
maximum permissible values as detailed in Tables 1, 2.

The first sample set (A1) exhibited concentration values within
regulatory standards, remaining within the allowable range. PAH
compounds in the subsequent sample sets (A1,A2, A3, and A4)
were lower than those in the guidelines, consistent with the findings
of Ji et al. (2001). However, organic compounds as reported by Zhang
et al. (2014), showed high concentration but remined below the
permissible levels. This contrast is due to the differentiation in
selecting production cycles. In addition, for all sample sets, the
allocation values for BTEX and EOX were not negligible. In the
subsequent sample sets (A1, A2, and A3) fluoride values generally
adhered to the allowable range, with aminor (10%) exceedance noted in
A2.4 and a more significant (80%) exceedance in A3.2. Results from
earlier production cycles (A1, A2, and A3) showed concentrations
below permissible levels. However, in the fourth cycle (A4.1), the solid
allocation values of chromium, copper, and nickel surpassed the limits
established in 2015 (refer to Table 1).

The fluctuation pattern within the measurement series from all
production cycles were evaluated for elute allocation values in
accordance with §13 “Evaluation of the measurement results of
quality monitoring.” Importantly, all substances met the
requirements outlined in the Ordinance on the Specification of
Requirements for the Introduction or Discharge of Substances into
Groundwater (refer to Table 2). This compliance aligns with the
Installation of Replacement Building Materials (IRBM) and the
Revision of the Federal Soil Protection and Contaminated Sites
Ordinance (BMUB, 2015). However, in the fourth sample set (A4),
fluoride concentrations surpassed the permissible limit. These
adjustments aim to enhance consistency and clarity in presenting
information regarding the sample sets and their concentrations.

Further discussion will delve into the implications of these results
and their relevance in the broader context of environmental
stewardship (Reimann and Caritat, 2000). underscore the intrinsic
flaws of Enrichment Factor (EF)s in environmental geochemistry,
shedding light on the complexities involved in interpreting
enrichment factors. The EF method assesses the relative enrichment
of elements in relation to the reference element and, typically compared
to a baseline concentration in the Earth’s crust or background
concentration. In selecting a reference element, Zinc (Zn) emerges
as a practical choice. Its relative immobility, abundance, and common
use in geochemical studies make it a versatile and widely applicable
reference. The stability of Zinc compounds, coupled with its resistance
to leaching or mobility compared to some other metals, positions it as a
robust reference element unaffected by specific geological or
environmental processes. Birch, (2023) contributes to this discourse
by reviewing and critically assessing sedimentary metal indices
employed in gauging anthropogenic changes in coastal
environments. Jeong et al. (2020) focus on the assessment of metal
pollution in road-deposited sediments and marine sediments around
Gwangyang Bay, Korea, providing valuable insights into real-world
applications of metal pollution assessment methodologies. Meanwhile,
Taylor & McLennan, (1985) provide insights into the composition and

evolution of the continental crust, offering a foundational
understanding. Given these values, EF will be calculated using the
following formula:

EF Sample
Reference

� Concentration ofElement in sample

Concentration ofElement in Background

/ Concentration ofZinc in sample

Concentration ofZinc in Background

The EF is calculated by dividing the concentration of a specific
element in the sample (CES) by its concentration in the Background
(CEB). This ratio is then divided by the ratio of the concentration of
Zinc in the sample (CZS) to its concentration in the
Background (CZB).

The average crustal abundance of elements can vary depending
on the source and the method of calculation. However, one widely
cited source for such estimates are reginal document accordance
with BBodSchV – Z2 or the composition of the Earth’s crust as
proposed by Clarke 1924. Clarke’s composition values have been
refined and updated over the years by various researchers (Taylor,
1964) and organizations (Staudigel et al., 1998).

If EF > 1, it indicates enrichment, suggesting that the element
concentration in the sample is higher than what is typically found in
the Earth’s crust. If EF = 1, the concentration is similar to the
background, and if EF < 1, it suggests depletion.

Based on the data presented in Figure 2, the Enrichment Factor
(EF) values for chromium and nickel in the first set of samples (A1.1 to
A1.6) are less than 1, indicating that their concentrations are depleted
relative to zinc compared to the typical crustal abundances. However,
the concentrations of copper and lead are enriched relative to zinc
compared to crustal abundances. It is noteworthy that chromium
exhibits exceptionally high values, ranging from a maximum of
17.5 mg/kg to a minimum of 1.13 mg/kg, indicating significant
variation in its concentration across the samples. However, the
situation changes for the second set of samples (A2.1 to A2.6). In
this case, the Enrichment Factor (EF) values for the elements examined,
as compared to references, indicate depletion relative to zinc when
compared to background abundances from Z2. This suggests that the
concentrations of these elements in the second set of samples are lower
compared to typical crustal levels, particularly in relation to zinc. The
third sample set (A3.1, and A3.2) were analyzed not for concentration
but for eluted elements in water. Therefore, comparisons based on
concentration levels were not considered for this set of samples. In the
case of the fourth sample set (A4), none of the elements examined
exhibited enrichment factors (EF) below one when compared to the
reference values of 103 mg/kg for chromium, 115 mg/kg for nickel, and
31 mg/kg for copper. In line with Cioli et al. (2022), the heavy metals
most commonly found in WFS are chromium, nickel, and zinc. These
results leave little room for negotiation, indicating that the
concentrations of these elements in the fourth cycle are consistently
elevated compared to the references.

3.2 Assessment of dissolving properties in
bound foundry residual sands

The comprehensive concentrations of both organic and
inorganic substances across three distinct WFS scenarios,
meticulously documented in Table 3. The following salient
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observations emerge from this detailed analysis. These result
underscore substances deemed of considerable concern in road
construction scenarios incorporating WFS.

Inorganic Substances: All concentrations meticulously adhere to
the designated (limited) range, meticulously aligning with and
surpassing regulatory standards.

Organic Substances in the First Scenario (P1%): A scrupulous
evaluation exposes the delineation of two key substance
values—polycyclic aromatic hydrocarbons (PAHs; 0.28/0.2 μg/L)
and naphthalene (0.31/0.2 μg/L)—exceeding the stipulated
allocation range. This revelation resonates with antecedent
reports (Susset and Leuchs, 2008), which found
PAHs >20 mg/kg. Notably, turbidity in water monitoring,
reflective of dissolution tendencies, garners attention due to its
low grain binding.

Second (3%) and Third (5%) Scenarios: Results emanating from
these scenarios unveil heightened stability, marked by a substantial
decrease in turbidity concurrent with escalating cement content.
Rigorous investigations underscore the reduction of substances
within the diluted samples to levels below the permissible
threshold, meticulously aligning with the tenets of BBodSchV.

When comparing the element value to the permissible rate
(Figure 3), the concentration of the element in the sample meets
regulatory standards and thresholds. This comparison is
typically to determine the samples rate is safe for its intended
(e.g., road construction propose) use. The permissible rate
represents the maximum allowable concentration of the
element in the sample.

Figure 4A, illustrates the stabilization of leaching inorganic
substances from WFS through mixing with varying proportions
(P1%, P3%, and P5%) of Heidelberg Cement CEM III/A 42.5N.

Additionally, raw samples from WESO-AURORAHÜTTE GMBH
were analyzed alongside WFS mixed with cement at P1%, P3%, and
P5% proportions in line with regulatory guidelines, ensuring that no
allocation value exceeds these guidelines.

The results reveal notable trends: except for Arsenic and Zinc, all
values remained below the allocation value before mixing. Cadmium
displayed the highest stabilization, with levels of 0.92 μg/L (P1%),
0.12 μg/L (P3%), and 0.57 μg/L (P5%). Nickel levels were 4.79 μg/L
(P1%), 2.24 μg/L (P3%), and 4.26 μg/L (P5%), followed by Lead and
Copper. Notably, all mixed portions showed stabilized
substance levels.

Upon analysis, scenarios P3% and P5% emerged as strong
candidates for mixing WFS with cement due to lower
concentrations of potentially harmful elements and relatively
stable results. Overall, these findings suggest that increased
cement content in scenarios P3% and P5% contributes to a more
stable condition, with substances remaining below
permissible limits.

As depicted in Figure 4B, the concentrations of most organic
compounds in the mixed scenarios (P1%, P3%, P5%) remain
consistent with the raw samples. Specifically, EOX, Oil, PAH,
and Aldrin show minimal variation between the mixed
scenarios and the raw samples. Furthermore, concentrations
of BTEX, LHKW, PCB, DOC, and Ammonium are consistently
negligible in both the mixed scenarios and the raw samples.
Phenol concentrations, however, remain consistent across all
scenarios and the raw samples. Based on these analyses, all
portions (P1%, P3%, and P5%) appear to be stable candidates for
mixing WFS with Cement due to their stabilized concentrations
of low potentially harmful elements in line with
regulatory standards.

FIGURE 2
Enrichment Factor of Zinc Concentrations Relative to Earth’s Crust References and Z2 Standards in first and second Production Cycles. The left
figure represents the first cycle, and the right figure represents the second cycle.
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RemovingWFS early in the production cycle can significantly
reduce the expense of chemical reclamation (Bentz et al., 2012;
Ghormley, 2017; Khan and Mahajani, 2024). This early removal
minimizes the accumulation of contaminants, thereby
decreasing the treatment required to make the WFS suitable
for reuse (Gedik et al., 2018). Different manufacturers, such as
those producing construction materials, can select WFS that is
free from environmental risks and customize its physical
properties to suit their specific production needs. Studies
have demonstrated the successful application of WFS in
various construction materials, showcasing its mechanical
properties and environmental safety (Siddique et al., 2010;
Khatib et al., 2013; Ferrazzo et al., 2024). For instance, the
use of WFS in concrete production has been shown to provide
both environmental and performance benefits, supporting its
suitability for diverse construction applications (Naik, 2002;
Pendhari and Nagarnaik, 2020). Additionally, the influence of
particle size distributions on the properties of cement and
concrete highlights the ability of manufacturers to tailor WFS
to meet specific requirements (Bentz et al., 2012).

For instance, the absence of soil contamination in the selected
WFS underscores its suitability for recycling in road construction.
Studies have shown that WFS can be effectively used in road and
pavement construction without significant environmental risks
(Khatib et al., 2013; Morais et al., 2023). The incorporation of
appropriate cement content plays a crucial role in shaping the
dissolving properties of WFS, thus influencing its environmental
sustainability in construction practices. High cement content can
immobilize contaminants, reducing the potential for leaching and
making the material safer for use (Siddique et al., 2010; Upadhyay
et al., 2024).

4 Conclusion

This study represents a significant advancement in
understanding the composition of untreated substances within
Waste Foundry Sand (WFS) and their potential application in
construction materials, addressing a notable gap in current
research. Through the analysis of samples from WESO-

FIGURE 3
Comparison of Eluted Substance Values for Organic and Inorganic Measurements: Fig. (A) (Inorganic) and Fig. (B) (Organic) show values scaled on
the left (bottom-up) and in accordance with Z2 standards on the right (top-down).
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AURORAHÜTTE GMBH, no detectable release of substances was
observed, marking a crucial discovery regarding the
behavior of WFS.

A key component of this study was assessing the movement of
contaminants through the Waste Foundry Sands cycle. The goal
was to remove the foundry sand before it pollutes beyond
acceptable guidelines and to save on costs for
reclaiming the sand.

We tested different mixes of 1%, 3%, and 5% cement to see how
well they prevented contaminants from seeping into the soil and
groundwater in case of leaks. By applying a mass ratio of 10:1
(water/solid) and examining the solubility of organic and
inorganic substances across three scenarios, it was found that
the second (P3% cement content) and third (P5% cement
content) scenarios met emplacement requirements. However,
the first scenario (P1% cement content) exhibited a slight
exceedance of legal thresholds for PAHs (Polycyclic Aromatic
Hydrocarbons), according to guidelines from the United States
Environmental Protection Agency.

Overall, the results indicate that samples from the second and
third scenarios can be safely utilized as recycled products in road
construction without significant environmental risks. While
organic and inorganic substances generally remained within
acceptable concentration ranges, there was a minor fluoride
exceedance in the second and third analytical results [A2nd]
and [A3rd].

This approach not only addresses the pressing issue of WFS
disposal costs but also offers significant environmental benefits
by reducing the demand for virgin raw materials and mitigating
the environmental impact associated with traditional
construction practices. By providing actionable insights for the
early removal and reuse of foundry sand, this study contributes to
sustainable waste management practices in the foundry industry

and promotes the development of eco-friendly
construction materials.

5 Future directions

Given the potential significance of this topic, we plan to explore
it further in future research endeavors. We aim to conduct economic
assessments to evaluate the cost-effectiveness and feasibility of
implementing Waste Foundry Sand (WFS)-based construction
solutions in real-world scenarios.

Recognizing the need for further investigation and validation,
particularly with an individual benchmark for the appropriate
production cycles, is essential. Although the current study’s scope
limits extensive analysis, expanding the research scope and
dedicating additional time to comprehensive data analysis across
every industry with planned monitoring are recommended.

This expanded research work could facilitate the identification
of spatial patterns and correlations between element concentrations
and solubility, utilizing spatial analysis with solubility maps. Future
steps may involve developing statistical models to predict solubility
based on concentrations of various elements, leveraging machine
learning techniques for this purpose.

Continued pursuit of knowledge in these areas is crucial for
advancing sustainable practices in waste management and
construction material usage.
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