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ABSTRACT

This study evaluated the extent to which hazardous or contaminating chemical substances in
building materials recovered from renovation and demolition activities limit their reuse and
recycling potential within a circular economy framework. Four material categories were
examined: concrete, timber, steel and PVC based products, selected based on their significant
presence in construction related waste streams and their established pathway for circular
use. These material categories were examined on their chemical acceptability and technical
suitability. A quantitative research methodology was adopted using secondary data from
peer-reviewed scientific studies that reported measured contaminant concentration and
material properties. The concentration reported for recovered concrete, timber and steel-
related electric arc furnace dust were compared with the Swedish Environmental Protection
Agency guideline values for sensitive land use and less sensitive land use, while restricted
phthalates in PVC based products were compared with the applicable EU REACH Annex
XVII limit. The result showed that contamination patterns differed considerably between
material categories. Heavy metal concentrations in recovered concrete were generally below
the comparative guideline values, whereas some concrete fractions, particularly those
exposed to tar or bituminous materials, contained polycyclic aromatic hydrocarbons (PAH)
above both guideline levels. Recovered timber showed substantial variation between average
and maximum contaminant concentration with preservative treated and surface treated
wood contributing to elevated levels of several hazardous substances. Steel maintained strong
circular potential when recovered intact, but remelting through electric arc furnace (EAF)
generates EAF dust containing heavy metals at concentrations exceeding both KM and MKM
thresholds. Some recovered PVC products contained restricted legacy phthalates above the
REACH limit. The material properties analysis further showed that chemical contamination
did not always cause direct deterioration of technical performance, as some treated or
chemically modified materials retained acceptable or improved selected properties. The study
concluded that chemical contamination represented a conditional rather than an absolute
barrier to circular use. Safe circularity required contamination assessment, knowledge of
material history, effective sorting, targeted chemical testing and consideration of both
chemical acceptability and technical performance when selecting reuse, recycling, treatment

or disposal pathways.

Keywords: Chemical contamination, recovered building materials, circular economy,
construction and demolition waste, hazardous substances, reuse, recycling, material
properties.
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SUMMARY

The construction industry is known to be one of the biggest consumers of natural resources
used in the production of building materials and as such also generates a large quantity of
these materials as waste during construction renovation and demolition activities. Therefore,
circular economy strategies seek to reduce these impacts by keeping building materials in use
for longer through direct reuse, recycling and recovery. However, these recovered building
materials may contain hazardous chemical substances introduced during production, surface
treatment, and/or service life and if such materials are reuse or recycled without proper
assessment, they pose a risk of reintroducing hazardous substances into the new built

environment.

The purpose of this study was to evaluate the extent to which hazardous or contaminating
chemical substance in building materials recovered from renovation and demolition activities
limit their reuse and/or recycling potential within a circular economy framework. The study
also examined whether contamination or contamination related conditions affected material
properties relevant to future reuse/recycling and considered how contaminated materials
could be managed without unnecessarily excluding suitable materials form circulation. The
study focused on four selected material categories namely: Concrete, Steel, Timber and PVC

(Polyvinyl Chloride) based products due to their established pathway for reuse and recycling.

The study adopted a quantitative research methodology that relied solely on secondary data
collected from peer-reviewed scientific studies. The data collected from peer-reviewed
scientific studies includes measured concentration of chemical substances in concrete,
timber, steel and PVC based products recovered from construction renovation and
demolition waste and also data on measured material properties of recovered concrete,
timber, steel and PVC products containing chemical contaminations. The measured
concentrations were then compared to the Swedish Environmental Protection Agency
(Naturvardsverket) guideline values for sensitive land use (KM) and less sensitive land use
(MKM) and the European Union (REACH Annex XVII) to understand if the concentration
level reported in the studies exceed regulatory limits which will in turn hinder their reuse and

recyclability.

The results showed that contamination did not occur uniformly across the four material
categories. Recovered concrete generally contained heavy metals below the comparative
guideline values. However, PAH contamination was considerably more variable. Several
recycled concrete fractions exceeded the KM for PAH groups, and some exceeded both KM
and MKM values. Particularly high concentrations of PAH were found in concrete previously

exposed to tar or bituminous treatments. In some cases, the contamination had migrated



beneath the visible surface, demonstrating that superficial removal or visual inspection alone

may not be sufficient to determine the chemical suitability of recovered concrete.

Recovered timber showed the most variation between average and maximum contaminant
concentrations. Some mixed wood streams have comparatively moderate average values,
while individual samples contained high concentration of arsenic, cadmium, chromium,
copper. Lead and zinc. Preservative treated and surface treated wood were seen to be the
most important contamination source. This showed that an average concentration across a
mixed recovered wood stream may conceal a smaller number of heavily contaminated pieces.
If these pieces are shredded and mixed with cleaner recovered timber, their contaminants

may become distributed throughout the newly manufactured wood product.

For steel, the principal chemical concern identified in the measured concentration analysis
arose during recycling through electric arc furnace remelting as steel product when recovered
undamaged are not considered hazardous at the point of recovery. The resulting furnace dust
contained very high concentration of zinc, lead, cadmium and several other metals with
concentration levels that far exceed both KM and MM thresholds. Indicating that even
though the circular use of recovered steel is not restricted, the chemical contamination in the
EAF dust produced as a by-product in the steel remelting process points to the fact that steel

products are not without contamination.

Recovered PVC based products presented a legacy -additive problem. Phthalate plasticizer
had originally been added to provide flexibility, but some of these substances were
subsequently restricted under current chemical legislation. PVC products like flooring,
electrical wire, and other flexible PVC product contained restricted phthalates above the
applicable REACH limit. The degree of contamination was dependent on product type and
original formulation. Mechanical recycling of these products could therefore retain the PVC

material in circulation while also carrying restricted legacy substances into new products.

The material properties analysis showed that chemical contamination did not always
correspond with immediate technical deterioration. In concrete, much of the observed
reduction in strength was associated with the physical characteristics of recycled aggregates,
while contaminants such as chlorides created additional long-term durability and corrosion
concerns. Preservative treated timber retained, and in some cases improved certain
properties in particleboard they were used in creating despite containing hazardous
chemicals. Residual elements in steel could have beneficial or harmful effects depending on
their concentrations and interactions. Their effects depend on the element concentration and
overall steel composition. Controlled concentration could retain or improve some properties,

whereas excessive concentration of elements like copper has shown to substantially reduce



tensile strength, hardness and impact performance. In PVC, plasticizers reduced stiffness and
hardness and provided the flexibility required for the product’s function, even though some

of the same substances created regulatory concerns when the material was recovered.

These findings demonstrated that chemical acceptability and technical suitability are
separate but connected considerations. A recovered material may retain mechanically useful
while being chemically unsuitable for a particular new application. Conversely, a material
may contain relatively low contaminant concentrations but lack the technical performance
required for high value reuse. Chemical contamination should therefore be regarded as a
conditional rather than an absolute barrier to circularity. Its significance depends on the
contaminant, concentration, material history, intended future application and available

treatment or separation option.

Safe circular construction requires a selective approach to material recovery. Potential
contamination should be identified before or during renovation and demolition through
knowledge of the material’s previous use, visual assessment and targeted chemical testing
where necessary. Contaminated and uncontaminated fractions should be separated before
shredding or processing, particularly for timber and PVC. Materials that remain technically
suitable and chemically acceptable should be prioritised for direct reuse where possible.
Materials that are chemically suitable but no longer meet their original performance
requirements may be directed towards appropriate recycling or low demand applications.
Localised contamination may be managed through cleaning, coating removal, selective
separation or treatment, while materials presenting risks that cannot be adequately

controlled should be removed from further circulations.

The study concluded that increasing reuse and recycling rates alone does not guarantee
sustainable circularity. The benefits of reducing virgin resource extraction and construction
waste can only be fully realised when recovered materials are also chemically safe and
technically appropriate for their intended new use. Therefore, integrating contamination
assessment into material recovery decisions can allow suitable materials to remain in
circulation while preventing hazardous substances from being transferred into future

buildings, products and environments.
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ABBREVIATIONS

Abbreviation

[PVC]
[PCBs]
[PAHSs]
[PFAS]
[DEHP]
[EU]
[REACH]

[ECHA]

[SVHC]
[Naturvardsverket]
[KemI]

[KM]

[MKM]

[SDGs]
[CRDW]
[SRWW]
[IRWW]
[EAF Dust]

Description

[Polyvinyl Chloride]
[Polychlorinated Biphenyls]
[Polycyclic Aromatic Hydrocarbons]
[Per- and polyfluoroalkyl]
[di(2-ethylhexyl) phthalate]
[European Union]

[Registration, Evaluation, Authorization and
Restriction

[European Chemical Agency]

[Substance of Very High Concern]

[Swedish Environmental Protection Agency]
[The Swedish Chemical Agency]

[Kanslig Markanviandning (Sensitive Land Use)]

[Mindre Kanslig Markanvandning (Less Sensitive
Land Use)]

[Sustainable Development Goals]

[Construction Renovation and Demolition Waste]
[Swedish Recovered Wood Waste]

[Imported Recovered Wood Waste]

[Electric Arc Furnace Dust]
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1 INTRODUCTION

1.1 Background

Over the years, the construction industry has been known to be one of the biggest consumers
of natural resources (Benachio et al., 2020), consuming an average of 32% of the worlds
natural resources, 12% of water, 40% of energy and in addition to these, about 40% of raw
materials extracted from the earth, plus 25% of virgin wood extracted from the forest which
are all used for construction and production of construction materials (Jacob et al., 2025;
Yeheyis et al., 2013). Through its high material extraction and use, the construction industry
accounts for about 12% of the total greenhouse gas emissions through raw material
extraction, manufacturing and transport (Chen & Chandan, 2024; Sai, 2025; P. Santos et al.,
2024; United Nations Environment Programme & Yale Center for Ecosystems +

Architecture, 2023).

In order to ensure that the construction needs of the current generation are met without
compromising the ability of future generations from being able to meet their own
construction needs, it is important to employ the circular economy approach in the use of
building materials and reduce the continuous depletion of natural and earth resources for the

production of new building materials.

The goal of circular economy is to keep materials and resources in the economy for as long as
possible in order to avoid constant exploitation and depletion of the natural resources
(Akanbi et al., 2019) and this is done by reducing consumption of raw materials, choosing to
reuse materials rather than discarding them as waste, and recycling them by processing them

into new products (P. Santos et al., 2024).

Apart from the high consumption of materials by the construction industry which continues
to pose a big threat to the sustainability of natural resources, the materials used in
construction also tends to have negative impact on the environment as most of these
materials tend to contain different chemical compounds and substances that are detrimental
to humans, the indoor and outdoor environment (Ding, 2014). These chemical compounds
are usually of different chemical compositions and properties and are found in different
building materials, for example PFAS, Lead, Mercury, and volatile organic compounds
(VOCs) found in coatings and paints and asphalt, Asbestos found in insulations materials,
PAHs found in asphalts and wood products, Phthalates found in PVC based products, PCBs
and Mercury found in electrical and lightning equipment (Torgal et al., 2012), causing several

health problems like asthma, itchiness, skin irritation, headaches, dizziness, irritation of the
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nasal system, fatigue, impairment of child development before birth and after birth, immune
system suppression, disruption of the endocrine system etc (Pacheco-Torgal & Jalali, 2011).
Recovered building materials such as concrete, bricks, timber, PVC based products are some
of the major materials that are mostly reused or recycled, when considering circular
strategies for the construction industry and they are the materials that have also been found

to contain harmful chemical compounds and substances.

With the knowledge of the fact that numerous building materials can contain several harmful
substances, there is therefore a risk of reintroducing these chemical contaminants into new
building projects through the reuse and recycling of the contaminated recovered building
materials and this has become a factor limiting the circular reuse of these recovered building
materials (Hakkinen & Belloni, 2011), especially now that there are numerous regulations
and threshold on the concentration level of certain chemical substances allowed in built
environment for the safety of humans. Understanding how these contaminating chemical
compounds affects the reuse or recycling potential of recovered building materials is

therefore essential for advancing safe and realistic circular construction practices.

1.2 Aim & Objectives

The aim of this study is to evaluate the extent to which the presence of hazardous or
contaminating chemical substances in building materials recovered from renovation or
demolition activities limits their potential for reuse and recycling within a circular economy

framework.

To achieve this aim, the study identified and compiled measured concentration levels of
hazardous chemical substances present in recovered building materials as reported in peer-
reviewed scientific literatures. The compiled measured concentration levels are then
subsequently compared against established regulatory thresholds, specifically the Swedish
and European Union permissible limits for chemical substances in the built environment, in
order to assess the degree to which contamination exceeds permissible limits for reuse and

recycling.

Furthermore, the study seeks to provide insight into how the risk associated with
reintroducing hazardous chemical substances into new construction through circular
practices can be effectively managed, thereby contributing to the development of safer and

more sustainable circular practices within the construction industry.
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1.3 Research questions

This study seeks to address the following research questions

1. What building materials are favored for circularity and to what extent do hazardous
or contaminating chemical substances occur in them?

2. How do the measured concentration levels of these chemical substances compare to
established regulatory limits for the built environment?

3. To what extent do the presence and concentration of these chemical contaminants
limit the reuse and recycling potential of recovered building materials within a
circular economy framework?

4. What strategies or measures can be implemented to manage the risk of reintroducing
hazardous chemical substances into new construction, while encouraging safe and

effective circular use of building materials?

1.4 Delimitation

The scope of this study is limited to primary building materials generated from demolition
and renovation projects within the construction industry, with a focus on material types
commonly prioritised in circular practices and known to potentially contain hazardous

chemical substances.

This study did not include any primary sampling or laboratory testing of materials as data

used in this study was sourced from secondary data sources.

The geographical boundary of this study is confined to Europe, with a particular focus on
Sweden. This is justified by the shared similarities in building traditions and material
composition across Europe, making the contamination profiles of recovered building
materials more comparable across the studies included. As such, measured concentration
data compiled from the studies can be compared against the same established regulatory
thresholds and framework, specifically the Swedish Naturvardsverket guidelines and EU
REACH Regulation. Including studies from outside of Europe would have introduced
significant variability in regulatory context and materials standards, which would have

complicated the comparative analysis.
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2 LITERATURE STUDY

2.1 Circular Economy and Building Materials Recovery

According to Geissdoerferet et al. (2017), circular economy is not a recent development and
has been gaining traction since the 1970s with several authors giving different explanations
to the concept based on how they viewed its importance, such as the work of Boulding (1966)
that stated that the economy and environment should coexist in an equilibrium as natural
resources influences the economy through constant supply of materials that propels
production and consumption (Pearce & Turner, 1994, pp. 35—36). In recent years, the
concept of circular economy has gotten more refined definitions that contextualises its
essence and importance, one of such definition is that of Geissdoerfert et al. (2017) that
defined circular economy as a regenerative system in which resource input, waste generation,
emissions, and energy wastage are minimised by slowing down, closing and narrowing
materials and energy loop which can be effectively achieved through long lasting designs,

maintenance, repair, reuse, remanufacturing, refurbishing and recycling (Geissdoerfer et al.,

2017, p. 759).

With continuous increase in human population, there certainly will be continuous increase in
demand for home and shelter which will directly or indirectly increase the demand and use of
natural resources for the provision of materials used in building these homes and shelter,
leading to possible recession of resources, disruption in supply and gradual decapitation of
the natural ecosystem to which these natural resources are a part of, and to prevent this, a
circular economy approach is required in the handling, production and use of building
materials (Akhimien et al., 2021, p. 1). MacArthur (2013) in her study of circular economy,
ascertained that circular economy would play a positive role in reducing numerous negative
environmental impacts associated with the production and consumption of building
materials (MacArthur, 2013, p. 12). The lifecycle assessment modelling carried out by
Eberhardt et al. (2019) to compare linear concept in usage of building components to a
circular concept, validated MacArthur (2013)’s assertion that circular economy is able to
reduce the negative impact associated with the use of building materials, as the result of their
study showed that the reuse and recycling of building materials/components help account for
environmental benefits even though the benefits might not be gained immediately but surely
in the nearest future (Eberhardt et al., 2019, p. 7). As such, circular economy seeks to
maintain the value of building materials for as long as possible by keeping them in a

continuous loop of use, reuse and recycle, effectively reducing the negative environmental
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impacts that would have been caused due to high waste generation and emissions from a

linear use concept (Akhimien et al., 2021, p. 1).

Having established that the building industry needs to implement circular concept in their
use and consumption of building materials and that circular practice has the potential of
minimizing the negative environmental impact associated with the use and consumption of
building materials, it is important to understand the barriers and drivers of circular economy
concept within the building sector. Munaro and Tavares (2023) in their study grouped the
drivers and barriers of circular economy within the building sector into five categories

namely, Economic, Information, Technological, Political and Institutional.

The major economic driver of circular economy is the creation of incentives for opting for
circularity that stakeholders in the building sector can see themselves benefiting from
economically. But on the other hand, there are still economic barriers been faced such as lack
of financial aid and subsidies. Lack of awareness of the benefit and importance of the circular
economy concept is one major informational barrier faced by the sector and according to
(Wuni, 2023, p. 821) the knowledge and awareness of circular economy can induce interest in
innovative ideas and technologies, nevertheless, the intentionality with which research and
education on circular economy is being supported remains a big informational driver. Under
the technological category, a major driver is the development of tools and technologies that
promote circular buildings. Lack of knowledge, cooperation between stakeholders, lack of
sufficient governmental policies, regulations and fiscal action have remained a prevailing
institutional and political barrier to circular economy within the building sector (Munaro &
Tavares, 2023, p. 3). Although, Zu Castell-Riidenhausen et al. (2021) in their review of the
national circular economy policies of the Nordic countries stated that the building sector in
the Nordic countries is well represented in terms of circular economy policies, both in

mandatory waste management and prevention plans (Zu Castell-Riidenhausen et al., 2021).

In correlation to the five categories of circular economy drivers and barriers documented by
Munaro & Tavares (2023), Swarnakar et al. (2025) in their study identified five prominent
factors that aids the successful implementation of circular economy in the building sector,
which are (1) Development of markets for circular materials and products, (2) Encouraging
customers to use recycled materials and products, (3) Providing a system for the
procurement of circular materials and products, (4) promoting collaboration between the
building sector, academic sector and governmental stakeholders and (5) Establishment of
clear guidelines and regulations to promote the concept of circular economy within the
building sector. From the analysis of numerous documented barriers impeding the successful
implementation of circular economy by the building sector, Swarnakar et al. (2025) identified

few crucial barriers such as limited market for secondary or recycled materials and reluctance

17



to use recycled products due to concerns relating to the quality of the products and the

potential presence of hazardous compounds (Swarnakar et al., 2025, p. 3).

2.2 Chemical Contaminants in Building Materials

Due to the need to improve the quality and durability of materials used in building
construction, variety of chemical substances and compounds are been used in the production
of building materials (Wicke et al., 2022, p. 1) and these chemicals when introduced into the
built environment can be a major cause of deterioration to the quality of the built
environment (Huang et al., 2022, p. 1). Due to the ability of these chemicals to deteriorate the
quality of the built environment, they are termed toxic and hazardous and these hazardous
chemicals are used in the production of wide range of building materials such as sealants,
paints, woods, solvents, walls, ceiling and flooring materials, steels etc (Gulzar et al., 2022,
pp. 1—11). According to several studies, the most common hazardous chemicals found in
building materials are Asbestos, lead, mercury, volatile organic compounds (VOCs), polyvinyl
chloride (PVC), phthalates, cadmium, formaldehyde, polychlorinated biphenyls (PCBs),
silica, chromium etc (Gulzar et al., 2022, pp. 1—11; NCHH, 2026; Pacheco-Torgal & Jalali,

2011, pp. 281-285).

2.2.1 Asbestos

In building materials, asbestos is commonly found in walls, floors and ceilings, and is
favoured for use due to its insulating and fire resistant properties (Gulzar et al., 2022, p. 5;
Tiller, 2024), According to a recent publication by the American National Centre for Healthy
Housing, asbestos in an intact and undisturbed condition does not necessarily pose problem
to human health but as the fibres which they are made of starts to deteriorate, they become
harmful and can cause respiratory problems like asbestosis, lung cancer, mesothelioma
(NCHH, 2026) and just a little exposure to the damaged fibre is enough to cause these health

issues (Gulzar et al., 2022, p. 5).

2.2.2 Lead

Lead is mostly used in production of pipes, roofing materials and also included in some
paints (NCHH, 2026). Lead is used due to its less corrosive properties (Gulzar et al., 2022, p.
6) and its ability to decay slowly (Oteyola & Ola-Oladimeji, 2022, p. 114) especially when used
in water pipes and roofing materials (Pacheco-Torgal & Jalali, 2011, p. 284), but the older the

materials get, the lead coating starts to form a film of corrosion which over time leaches away
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into the water supplied into the pipe (Pacheco-Torgal & Jalali, 2011, p. 284) and this little
corrosive film is still extremely harmful (Gulzar et al., 2022, p. 6). Lead when in contact with,
is very harmful to humans, most especially infants and newborn as it is known to impede
many biochemical processes such as calcium inhibition within the body leading to
development of abnormalities, causing oxidative stress in adults and disruption to the
development of the central nervous system of exposed children (Oteyola & Ola-Oladimeji,

2022, p. 116)

2.2.3 Cadmium

Similar to Lead, Cadmium is used in building materials due to its resistance to corrosion,
favouring its use for coating steels and iron to protect them from corrosion (Gulzar et al.,
2022, p. 6). Cadmium compounds are also used as colouring agents in borosilicate glass
(Oteyola & Ola-Oladimeji, 2022, p. 118). Cadmium contamination within the built
environment is mostly airborne and when inhaled can cause damage to the heart, brain,

lungs and kidney (Hayat et al., 2019).

2.2.4 Mercury

In building materials, mercury is used in the production of different electrical equipment and
lightning (Gulzar et al., 2022, p. 6) and because mercury is often concealed, the exposure to
mercury occur mostly during demolition and renovation and according to the US department
of health and human service, all materials containing even a little quantity of mercury should
be handled as an hazardous material to prevent damages that can expose the mercury
content in it, because even the smallest amount of mercury exposure can spread rapidly,
contaminating the entire indoor environment (US, NIH, 2024). Exposure to mercury is very
detrimental to the human health as it is classified as a neurotoxin (Gulzar et al., 2022, p. 6)

and can harm the brain and nervous system (Tiller, 2024)

2.2.5 Phthalates

Phthalates are a group of industrial chemicals used to make plastics more flexible or resilient
(NCHH, 2026), making them good plasticizers (Gulzar et al., 2022, p. 3). Polyvinyl Chloride
(PVC) are the plastics that mostly make use of phthalates to make them flexible, but because
the phthalates do not chemically bound to the PVC material, there is the possibility of them
leaching or evaporating into the atmosphere of the indoor environment, contaminating the

indoor environment (Gulzar et al., 2022, p. 3). Phthalate exposure in humans have been
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linked to hormone disruption by interfering with the human reproduction hormone, most

especially testosterone, a male sex hormone (Bornehag et al., 2005).

2.2.6 PAHs

Polycyclic aromatic hydrocarbon (PAHs) are a large group of organic compounds containing
two or more benzene rings fused together (X. Li et al., 2022, p. 2). Some building materials in
which PAHs are found are impregnated wood, asphalt pavements, roofing felts, floor fillers
etc (Kozicki & Niestochowski, 2020, p. 9). Of the several PAHs that can be emitted into the
environment, 16 of them are considered as pollutants of high priority naphthalene,
acenaphthylene, acenaphthene, fluorene, phenanthrene, Anthracene, fluoranthene, Pyrene,
benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
dibenz(a,h)anthracene, benzo(g,h,i)perylene, and indeno(1,2,3-c,d)pyrene (Teixeira et al.,
2024). The persistent and bio-accumulative properties of PAHs causes different health issues
in humans, ranging from cancerous issues like breast, colon and lung cancer to noncancerous

but detrimental health issues like deformities and decreased fertility (X. Li et al., 2022, p. 2).

2.2.7 PFAS

Per- and polyfluoroalkyl (PFAS) are a family of fluorine containing synthetic compounds with
unique properties (NCHH, 2026) used in the production of building materials due to their
water and oil repellent properties (Janousek et al., 2019). Some of the building materials that
have been found to contain PFAS in them are sealants, adhesives, glass, roofings, fabrics etc
(Fernandez et al., 2021). Human exposure to PFAS is known to cause adverse health issues
and the severity of the health issue can be dependent on the mode, duration and magnitude
of exposure (Fenton et al., 2020, p. 607). According to Fenton et al. (2020), PFAS exposure
has been stated to suppress human immune response reducing the ability of the exposed

human’s immune system to fight off diseases.

2.3 Recovered Building Materials Favoured for Circular Use and their

Associated Chemical Contaminants

In the construction sector, materials such as timber, concrete, steel, PVC based products,
gypsum and insulation materials constitute a large proportion of the material input used in
building and construction projects and because these materials are typically used in
substantial quantities, during renovation and demolition activities they are generated in

significant volumes. As a result, they have received considerable attention for circularity due
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to their potential for recovery, reuse and recycling when properly handled and sorted. These
materials are therefore frequently highlighted as priority material streams for improving
material circularity in the construction industry (Cudecka-Purina et al., 2024; Ranasinghe et
al., 2024). Among them, concrete represents the largest share of construction and demolition
waste by mass, which makes it a key target for circular resource strategies such as recycled
aggregate production and component reuse (Ranasinghe et al., 2024, p. 2; Silva et al., 2018,
p. 20). Steel is similarly regarded as a highly circular construction material because it can be
reused or recycled multiple times without significant degradation of it mechanical properties
(Tingley & Allwood, 2014). Timber has also gained renewed attention within circular
construction framework, particularly with the increasing adoption of engineered wood and
mass timber systems that enables reuse and extended material lifetime (Huuhka &
Vestergaard, 2019, p. 12). While PVC based products, gypsum and insulation materials are
increasingly being addressed in circular economy initiatives across Europe, driven by the
need to improve resource efficiency and reduce construction waste through a closed loop

recover and recycling system (Doschek-Held et al., 2024; Klotz et al., 2024a).

Due to their significant material flow in construction and demolition waste stream and their
established pathways for reuse and recycling, this study will focus on only concrete, steel,

timber and PVC based products.

2.3.1 Concrete

Circular strategies for concrete depend on local use and context. In some context, recovered
concrete are used to make new concrete, requiring no new virgin materials, while in other
context, they are used in landfilling or road base constructions which is usually the most

common practice for concrete reuse (Driessen & Gronlund, 2024, p. 2).

Kiipfer et al. (2023) stated that the value of the reuse of recovered concrete component is
dependent on the structural requirement for the component in the new design solution and
those of the donor structure. Their study further divided the reuse strategies of concrete into
two levels, (i) Downcycling (ii) Upcycling. Downcycling is the most common form of concrete
recycling, where structural elements are mechanically crushed into aggregates or granulates
which are then reused as low-grade materials thereby losing its original value in the process.
The major point in downcycling is that the value in the reuse is usually far less than the value
of the concrete in its original structure before demolition and recovery. Upcycling on the
other hand focuses on preserving or enhancing the original value and structural strength of
the recovered concrete. In upcycling, the recovered concrete is reused in structures that has
similar or higher strength requirement in comparison to the original structure it was

recovered from (Beukers, 2022, p. 19; Kiipfer et al., 2023, p. 2).
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Beyond the mechanical considerations, the chemical profile of recovered concrete is equally
important as concrete can accumulate heavy metals and other organic contaminants over its
service life through contact with adjacent materials, coatings and environmental depositions
which may impede the suitability of using the recovered concrete for certain purposes due to
adherence to relevant regulations and environmental standards (Van Praagh et al., 2015a, pp.
186-187).

2.3.1.1 Chemical Contamination Associated with Concrete

According to Sakanakura et al. (2009), the contaminants of utmost concern with regards to
recovered concrete aggregates are heavy metals (Sakanakura et al., 2009), while Liu et al.
(2020) listed these heavy metals and metalloids as arsenic (As), cadmium (Cd), copper (Cu),
chromium (Cr) and lead (Pb). When recovered concrete aggregates containing heavy metals
are recycled for landfilling or other road construction for example, the leaching of heavy
metals is described as one of the main environmental issues as it can cause vegetation to die
off if in high concentrations or percolate down the groundwater table which will in turn
contaminate groundwater and potentially impact human health (Hung et al., 2024).
According to Hung et al. (2024), the leaching of heavy metals from recycled recovered
concrete aggregates is a complex process and is usually influenced by several factors such as
percolation, porosity, particle size of granular aggregates, diffusion, tortuosity, dissolution,
carbonation, acid/base buffering and in addition, the rate of leaching can increase rapidly
with the presence of dissolved organic carbon in the saturated zone. Due to the concerns with
regards to heavy metals contamination, the circular use of recovered concrete is often
constrained less by the concrete itself and more by the contaminants introduced during the
use phase by adhered material or by mixing during demolition and processing (Liu et al.,

2020).

2.3.2 Steel

One of the major peculiarity of steel in building construction is that, steel gets stored in the
building stock for the entire lifespan of the building and at the end of the building life,
regardless of how long or short, majority of the steels are recovered (Tingley & Allwood,
2014, p. 1). Apart from steel been easily recovered from buildings, Sansom & Avery (2014)
claimed that about 96% of steel used in buildings are recovered, and the ability of steel
materials to maintain durability over time is a major reason why it has a high propensity for
reuse and circularity (Bartsch, 2025, p. 2; Sansom & Avery, 2014; Berglund-Brown &
Ochsendorf, 2025, p. 2). Steels when recovered can either be directly reused as beams,

columns or decking or be melted down and processed into new steel products through
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electric arc furnace technology. The direct reuse is considered the more resource efficient
option as it avoids the energy intensive remelting process and preserves the embodied carbon

already invested in the material (Bartsch, 2025, p. 5; Berglund-Brown & Ochsendorf, 2025,
pp- 2—-3).

Despite its strong circular credentials, recovered steels are not without contamination
concerns which can arise from coatings, fire protection layers and anti-corrosion treatment.
These contaminations such as leads, zinc, chromium should be considered before the reuse

assessment of the recovered steel (Gharib & Moselhi, 2025, p. 6).

2.3.2.1 Chemical Contamination Associated with Steel

A primary source of contamination in recovered steel is the range of protective and
decorative coatings applied to steel components during their service life. Anti-corrosion
coatings used on older steel structures often contained lead-based pigments, including red
lead (lead tetroxide) and lead chromate, because of their protective performance and
durability in construction application (Chowdhury, 2022). Although lead-based paints have
been phased out under modern regulatory frameworks, their presence in recovered structural
steel remains a significant occupational and environmental concern when considered for
circularity (Chowdhury, 2022; Gao et al., 2015). Zinc is another heavy metal commonly
associated with recovered steel, introduced primarily through galvanizing processes used to
protect steel against corrosion. When galvanized steel is recycled through electric arc furnace
(EAF) steelmaking, zinc volatilizes and concentrates in furnace dust, creating a metal-rich
residue that requires specialist treatment and recovery (Koide et al., 2023; Wang et al., 2021).
Chromium may also be introduced through stainless steel components and chromium-
containing coatings, and its presence in recovered steel scrap is of concern because steel-
scrap processing can involve chromium(VI)-related risks under certain conditions (Bakker et

al., 2024; Gao et al., 2015).

Beyond heavy metal contamination, polycyclic aromatic hydrocarbons (PAHs) may also be
present on recovered steel surfaces due to combustion-derived deposits and contact with
hydrocarbon-rich materials, including bituminous products and polluted demolition
environments. PAHs are persistent organic contaminants generated largely by incomplete
combustion and are widely recognized for their toxic, mutagenic, and carcinogenic properties
(Patel et al., 2020). Collectively, these contamination profiles underscore the importance of
thorough post-demolition material assessment and surface characterization in determining

the reuse or recycling pathway most appropriate for recovered structural steel.
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2.3.3 Timber

Timber is one of the oldest and most widely used construction materials, valued for its
structural versatility, thermal properties and aesthetic appeal (Ranttila et al., 2025, p. 910).
In the context of circular economy, timber has attracted significant attention due to its
renewability, a potential solution for transforming the building sector from a carbon emitter
to a net carbon sink, especially with the recent use of mass timber products like the cross
laminated timber that have shown to be versatile and durable within their use phase (Kitek
Kuzman et al., 2024; Patrizi et al., 2026, p. 1). Recovered timber from demolition and
renovation projects can be reused structurally or cascaded into lower-value applications such
as particleboard, wood composites, or biomass energy, depending on its condition

(Ottenhaus et al., 2023, p. 2).

Recycling recovered timber is relatively common for non-structural applications such as
flooring, cladding and furniture, where its aged appearance can also add aesthetic and
economic value. In contrast, the circular use of timber for structural purposes remains more
challenging. Although several studies have explored the potential for reusing structural
timber, significant barriers still exist in maintaining its load-bearing function in subsequent
service lives. One of the main challenges is the absence of clear standards and regulations for
re-grading, re-classification and re-certification of salvaged timber for structural use
(Ranttila et al., 2025, pp. 910—911). Existing grading systems are primarily designed for new
timber and therefore do not adequately account for damage that may occur during
construction, use or deconstruction. In addition, uncertainties related to timber species,
origin, strength class, and previous surface treatments or chemical exposure further
complicate the assessment of reclaimed timber for structural applications (Ranttila et al.,
2025, pp. 910—911). In several European waste-wood classification systems, recovered wood
is divided into categories based on contamination, where clean untreated wood is considered
the highest-quality fraction for reuse or recycling, while more contaminated wood requires
restricted recovery options or specialist treatment (United Nations Economic Commission
for Europe, 2023), however, the reuse potential of recovered timber is significantly
influenced by its treatment history, as preservative chemical introduced during its service life
can compromise both its safety for reuse and its eligibility under waste and chemical

regulations (Ranttila et al., 2025, p. 911).

2.3.3.1 Chemical Contamination Associated with Timber

As the end-of-life option for timber products are in recent years switching from incineration
to wide range of recycling options such as particleboards, woodchips, pellets, pulping into

paper etc, the quality of the recovered timber with respect to chemical safety is essential for
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all recycling application (Faraca et al., 2019, p. 137). Recovered timber is mainly associated
with heavy metals contamination and these heavy metals are strongly linked to preservative
treated woods, especially timber treated with chromated copper-arsenate and other copper-
based formulations, which can introduce arsenic, chromium and copper into the recovered
timber streams (Krook et al., 2004; Moghaddam & Mulligan, 2008). Faraca et al. (2019)
stated that although emphasis is mostly placed on the presence of heavy metals in recovered
timber products, there are also concern of organic compounds like PAHs as PAHs
contamination can arise when timber products are treated with creosote. This claim was also
corroborated by Marcotte et al. (2014) in their evaluation of PAH content in used timber
from French rail network and from their study they documented that creosote treated woods
contains substantial amount of PAHs that would pose a big treat to the environment if reused
without treatment or proper handling (Marcotte et al., 2014). With the knowledge of this,
recovered timber cannot be handled as a uniform waste stream when considered for
circularity as the presence of preservative chemicals can restrict reuse options and require

careful sorting, testing and segregation before material recirculation.

2.3.4 PVC Based Products

Polyvinyl Chloride (PVC) is used extensively throughout the construction sector (Wiesinger et
al., 2024, p. 1894) in applications including window frames, pipes, flooring, cable sheathing,
and exterior cladding, due to its physical stability, resistance to cracking under stress and
versatility, making it one of the most prevalent polymer in the built environment (G. Santos
et al., 2024, p. 480). In Europe alone, of all the different plastic used in construction projects,
38% are PVC plastic and of all PVC consumed in Europe, 71% are used in building and
construction (Wiesinger et al., 2024, p. 1894). PVC has been the subject of organized
industry-led recycling initiatives in Europe, particularly the Vinyl 2010 and VinylPlus
programs, which introduced voluntary commitments across the PVC value chain to increase
post-consumer PVC recycling and support more circular material management (Sevenster,

2012).

The material is technically recyclable and mechanical recycling pathways exist for several
PVC product categories, particularly rigid PVC from window profiles and pipes (Lahl &
Zeschmar-Lahl, 2024). However, the circularity of PVC is complicated by the presence of
chemical additives such as plasticizers and stabilizers that are incorporated during
manufacturing (Klotz et al., 2024b, pp. 18686—-18687). The plasticizers contain several ortho-
phthalate compounds such as DEHP, DBP, DIBP, DINP, DNOP, BBP etc. which are used to
ensure the flexibility of the PVC products (Ramungul et al., 2023, pp. 1—2), while the

stabilizers contains compounds like lead, cadmium and tin (Wiesinger et al., 2024, pp. 1894—
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1895). These chemical considerations play a central role in determining whether recovered

PVC can be reintroduced into circular material cycles.

2.3.4.1 Chemical Contaminants Associated with PVC Based Products

The most significant contaminants associated with recovered PVC and PVC-based products
used in building construction are phthalate plasticizers, particularly di(2-ethylhexyl)
phthalate (DEHP), which was widely used in flexible PVC applications for decades before
being subjected to REACH authorization in the European Union because of its reproductive
toxicity and endocrine-disrupting properties (Klotz et al., 2024b, pp. 1894—1895). According
to Klotz et al. (2024), the prevalence of DEHP in PVC applications, especially flooring, has
created a substantial reservoir of legacy contamination in recyclable PVC based products.
This concern is reinforced in their study of PVC flooring in Switzerland, which modelled
plasticizer flows from the 1950s to 2000s and found that, in the absence of targeted
contaminant removal, increased recycling would maintain average DEHP concentrations in
PVC flooring above the legal threshold of 0.1 wt% for several decades. The study further
emphasized that the removal of legacy phthalates from recovered streams of PVC based
flooring is essential if recycling rates are to be increased without compromising consumer

safety.

Similar study was carried out by Wiesinger et al. (2024) to understand the implication the
use of plasticizers and stabilizers have on the recyclability of PVC based flooring and through
a systematic analysis of 151 new PVC flooring products sold in Switzerland, it was discovered
that 16% of samples contained contaminating substances above 0.1 wt%, with lead and DEHP
identified as the principal contaminants. In addition, the same study reported that 29% of
samples contained other ortho-phthalates above the same regulatory threshold, chiefly
diisononyl phthalate (DINP) and diisodecyl phthalate (DIDP), indicating that recycling PVC
based products can also serve as a pathway for reintroducing both legacy and currently less-

regulated plasticizers into newly built environment (Wiesinger et al., 2024, p. 1894).

Wiesinger et al. (2024) went on to point that, although metals contaminations in PVC
flooring have not been extensively studied, metal-based additives represent another
important source of contamination in other PVC based products. Lead- and cadmium-based
stabilizers were historically used in PVC formulations and remain relevant contaminants in
older PVC waste streams. Essentially, the persistence of these substances highlights a
fundamental tension between circular economy objectives and chemical safety goals in
plastics recycling systems (Wagner & Schlummer, 2020, pp. 5—6), which was further
illustrated by Brignon (2021) were he carried out a modelling study to evaluate the cost and

benefit of recycling PVC products contaminated with legacy DEHP, and from the result of the
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study it was stated that although recycling can provide recurring environmental benefits, the
point at which these benefits outweigh adverse human health impacts depends strongly on

the toxicity assumptions applied to the recycled additive itself (Brignon, 2021).

2.4 Effects of Chemical Contamination on the Properties of Recovered

Building Materials

Having established that recovered concrete, steel, timber and PVC based products can
contain different forms of chemical contaminants, it is equally important to understand how
these contaminants may influence the quality and performance of the recovered materials
when considered for reuse and recycling. The presence of chemical contaminants does not
only raise environmental and human health concerns, but may also affect the mechanical,
physical and chemical properties of the recovered materials (Reis et al., 2021, p. 1). This is
particularly important in circular construction because the decision to reuse or recycle a
recovered material is not determined only by its availability, but also by whether the material
can still meet the technical requirements of its intended new application(Abid et al., 2018, p.

2; Reis et al., 2021, p. 11; Silva et al., 2014, p. 202).

2.4.1 Effects of Chemical Contamination on the Properties of Recovered Concrete

As stated earlier according to the report of Ranasinghe et al. (2024) and Silva et al. (2018),
concrete recovered from construction renovation or demolition activities are commonly
recycled into recycled concrete aggregates, which can then be used in new concrete, road-
based construction, or other low-grade applications(Driessen & Gronlund, 2024, p. 2).
However, Pacheco & De Brito (2021) stated that the quality of the recycled aggregates is
strongly influenced by the composition of the original concrete and the presence of unwanted
materials introduced during handling and processing(Pacheco & De Brito, 2021, p. 1).
According to Silva et al. (2014), recycled aggregates from construction and demolition waste
can vary significantly in their physical, chemical and mechanical properties, depending on
the amount of attached mortar, masonry, asphalt, metals and soil present in the recovered
materials stream. Similar concerns were raised by Cardoso et al. (2016) and Vegas et al.
(2015), who showed that the physical quality and suitability of recycled aggregates are
strongly affected by their composition and the presence of impurities such as organic

materials, gypsum, and clay-based constituents (Cardoso et al., 2016; Vegas et al., 2015).

From a mechanical perspective, Debieb et al. (2010) in their study on mechanical and

durability properties of concrete using contaminated recycled aggregates, stated that in
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practice, contaminants in recovered concrete introduced through various sources during
their initial life cycle can reduce the performance of recycled concrete aggregates at fresh
and/or harden states which will further down accelerate the degradation of the concrete
structured to which the recycled concrete aggregate has been made with (Debieb et al., 2010,
p. 421). The study further reported although it is evident that the compressive strength,
tensile strength and durability of the concrete structure made with recycled aggregates is
lower when compared with concrete structure produced using natural aggregates, the effect
of chemical contaminants in the structure made from recycled aggregate concrete does not
seem to be significant until after 28 days of age, where the structure starts to weaken (Debieb
et al., 2010, p. 424). In addition, Abid et al. (2018) reported that gypsum and sulphate-
containing impurities may create expansion related problems and may reduce the bond
between recycled concrete aggregates and cement paste (Abid et al., 2018, p. 1). Identifying
these changes are important because they help determine whether the recovered concrete can

be upcycled or downcycled (Kiipfer et al., 2023, p. 2).

Although the study of Medina et al. (2014) showed that chemical contamination does not
directly influence the physical properties of recycled concrete aggregates, the study was able
to show that the presence of fine particles, dust, soil and mixed demolition residues can
impact the workability, compressive strength, water absorption of recycled concrete
aggregates, pointing to the fact that physical quality of recovered concrete is closely

connected to the sorting quality it is been subjected to (Medina et al., 2014 p 218-224).

As documented by Sakanakura et al. (2009) and Liu et al. (2020) that heavy metals like
Arsenic, cadmium, chromium, copper and lead are the major chemical contaminants of
concerns with regards to recovered concrete, the leaching behavior of these contaminants is
important because recovered concrete is often used in open environment such as road
construction and landfilling (Engelsen et al., 2010; Hung et al., 2024). Therefore, the
chemical properties of recovered concrete is not limited to the total contaminant
concentration alone but also includes the ability of the contaminants to become mobile under
environmental condition, meaning that even when the recovered concrete maintains
acceptable mechanical quality, it’s circular use may still be limited if the leaching of
hazardous substances exceeds environmental guideline values (Butera et al., 2014; Diotti et

al., 2020; Hung et al., 2024).

2.4.2 Effects of Chemical Contamination on the Properties of Recovered Steel

As stated in Section 2.3.2, although steel can be reused directly or recycled through remelting
with relatively limited loss of its inherent material properties, recovered steel from

construction renovation and demolition activities can contain surface coatings, corrosion
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protection layer, fire protection material, paint residues and other substances that may
complicate reuse and recycling. These contaminants are important because steel intended for
direct reuse may require inspection, cleaning and verification, while steel intended for

recycling may require control of chemical composition during remelting.

For direct reuse, the mechanical performance of recovered steel is often influenced more by
its service history, deformation, corrosion and fatigue than by chemical contamination alone
(Kanyilmaz et al., 2023, p. 1408). However, chemical contamination from coating and
corrosion product can still indirectly affect the reuse process (Daehn et al., 2017, p. 6600).
For example, lead-based paints, zinc coatings or chromium -containing surface treatments
may not necessarily reduce the load bearing capacity of the steel section, but they can create
occupational exposure risks during cutting, welding, blasting or surface preparation. As a
result, contaminated coatings may require removal or specialist handling before the steel can

be safely reused in a new structural application (Kanyilmaz et al., 2023, pp. 1400—1409).

For recycling through remelting, the chemical composition of recovered steel becomes more
critical. Steel scrap may contain residual or tramp elements such as copper, tin, lead,
chromium, nickel, zinc and other alloying elements (Dworak et al., 2022). Some of these
elements are difficult to remove once they enter the molten steel, and their accumulation may
affect the quality of newly produced steel (Kapoor et al., 2021, p. 712). Daehn et al. (2017) for
example, reported that concentration of copper over 0.1wt% causes hot shortness, surface
cracking and reduced hot ductility during steel processing. Zinc from galvanized steel can
volatilize during electric arc furnace processing and concentrate in furnace dust, creating
additional waste treatment challenges (Zhang et al., 2019, p. 5). Therefore, chemical
contamination in steel is important not only because of environmental concerns, but also
because it can influence metallurgical quality and determine whether the recovered scrap can
be used for high-grade steel production or downcycled into lower-grade applications

(Kanyilmaz et al., 2023, pp. 1401-1402).

2.4.3 Effects of Chemical Contamination on the Properties of Recovered Timber

In section 2.3.3, it was reported according to several authors like Ottenhaus et al. (2023) and
Ranttila et al. (2025) that timber recovered from construction renovation and demolition
activities may be reused as structural timber, non-structural applications or recycled into
particle boards. But due to the possibility of these recovered timbers containing chemical
contaminants introduced into them throughout their lifecycle either from the use of
preservatives, paints, adhesives or fire retardant, the quality of the wood in terms of its
mechanical, physical or chemical properties become questionable and requires attention

(Faraca et al., 2019).
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From a mechanical perspective, the effect of chemical contamination on recovered timber
depends on the intended reuse or recycling pathway. For s structural reuse, the main concern
is whether the recovered timber has retained sufficient load bearing capacity for a new
service life, and this requires reliable assessment of the mechanical properties before use
(Brandner & Ottenhaus, 2022). According to Ranttila et al. (2025), the presence of harmful
chemicals in recovered timber can potentially affect the mechanical properties of the wood
and the grading of the wood, limiting its suitability for reuse as structural timber (Ranttila et
al., 2025, p. 913). In addition, the study by Cavalli et al. (2016) on the mechanical properites
of aged and salvaged timber concluded over the life span of a timber product, several factors
including both chemical and biological can degrade the wood quality, thereby compromising
its strength and reliability but does not render the recovered timber unrecyclable (Cavalli et
al., 2016, p. 686). Therefore, when chemical contamination occurs together with other form
degradation, recovered timber intended for structural reuse requires inspection, grading and
certification before it can be accepted for a new load-bearing application (Brandner &

Ottenhaus, 2022; Cavalli et al., 2016; Ranttila et al., 2025).

In the consideration of how chemical contamination can affect the physical properties of
timber, Yang et al. (2024) in their study of the physical and mechanical properties of
particleboard made with treated wood showed that particleboards made with treated wood
contaminated with alkaline copper had improved physical properties when compared with
particleboards made with untreated wood (Yang et al., 2024). This is similar to the result of
study conducted by Azambuja et al. (2018) on recycling wood waste from construction
demolition to produce particleboards which showed that particleboards made from timber
waste have better physical properties when compared to particleboards made from medium

density fireboards (Azambuja, Castro, et al., 2018).

The chemicals properties of recovered timber are particularly sensitive because timber
treated with preservative chemicals can introduce hazardous substances like arsenic,
chromium and copper into recovered wood stream (Krook et al., 2004, p. 4). These
hazardous substances can restrict reuse and recycling because there is a potential risk of
these substances escaping into the surrounding environment if not treated properly (Krook et
al., 2004, p. 2). Nevertheless, Rautkoski et al. (2016) were able to conclude that although
chemical contaminants introduced into timber through preservatives raises chemical safety
concerns, they do not necessarily impar the key properties of the final product, therefore with
proper treatment, recovered timber can be efficiently recycled and reused (Rautkoski et al.,

2016).
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2.4.4 Effects of Chemical Contaminations on the Properties of Recovered PVC Based

Products

Santos et al. (2024) in their study on recycling construction, renovation and demolition
plastic waste, reported that many plastics used in construction contain additives that are
necessary for their intended material properties, but these additives may also be toxic or
harmful and can limit the recyclability of construction, renovation and demolition plastic
waste in relation to both chemical safety and mechanical or physical property retention. In
the case of recovered PVC, this means that the substances originally added to improve
product performance may later become contaminants when the material is recovered for
recycling, especially where the additive is now restricted or no longer accepted in new

products.

When considering the mechanical quality of the recovered PVC product considered for
recycling, Yarahmadi et al. (2003) in their study on PVC floorings as post-consumer products
for mechanical recycling and energy recovery, obtained old PVC flooring materials from
apartment blocks built in 1964, 1971 and 1974 and examined them in parallel with newly
manufactured PVC flooring to investigate how the important properties of PVC flooring
changes during their life span due to ageing, the result of their study showed that PVC
floorings can be mechanically recycled in the form in which they are recovered, without
adding new plasticizer, which indicates that some recovered PVC products can retain
sufficient mechanical quality after long service life. However, the same study revealed that
when PVC flooring is glued unto concrete, the high alkalinity of the concrete can lead to
decomposition of the plasticizer, making mechanical recycling of the recovered PVC flooring
less favorable (Yarahmadi et al., 2003, p. 447). This shows that recovered PVC may retain
useful mechanical properties, but its recycling performance is influenced by its service

condition, bonding method and the chemical stability of its additives.

The physical properties of recovered PVC products are not directly influenced by the
hazardous chemical substances introduced as additives during production but rather by high
contamination from other construction materials (G. Santos et al., 2024, p. 483). Yarahmadi
et al. (2003) found that gluing makes mechanical recycling of PVC products less favorable
because dismantling becomes troublesome, and the recovered PVC product may contain glue
contamination. Therefore, physical contamination does not necessarily change the polymer
chemistry of PVC, but it can reduce the purity, ease of separation, appearance, consistency
and processing quality of the recovered material stream, which may limit its use in high-

quality recycled products.

Considering the chemical properties of PVC based products as affected by chemical

contamination, one important effect is the loss or decomposition of plasticizers from flexible
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PVC products. Plasticizers are added to PVC to improve flexibility and processability, but
they can migrate from the PVC matrix because they are generally not covalently bonded to
the polymer structure (Czogala et al., 2021, p. 2; Ma et al., 2020, p. 1). In construction
applications, this migration or decomposition can be accelerated by specific chemical
exposure conditions. Bjork et al. (2003), in their study of flooring systems exposed to humid
and alkaline environments, showed that constituents from plasticized PVC flooring and
water-based adhesives can degrade under alkaline and humid conditions, and that concrete
itself can create such an environment (Bjork et al., 2003, p. 213). Chino et al. (2009) further
reported that moisture with high pH in concrete slabs and self-levelling sub-flooring
materials can react with DEHP in PVC flooring and ester-containing compounds in
adhesives, leading to the formation and emission of 2-ethyl-1-hexanol. Therefore, when
recovered PVC flooring has been in contact with moist concrete, alkaline screed or adhesive
residues, its chemical properties may be altered through hydrolysis of ester-based
plasticizers, loss of plasticizer content and formation of degradation products (Chino et al.,
20009, p. 1337). This is important for recycling because the recovered PVC may no longer have
the same additive composition as the original product, and the presence of degradation

products or adhesive residues may reduce the chemical quality of the recycled material.

2.5 Swedish and European Union Regulations

The regulation of chemical contamination in building materials within the European Union
(EU) and Sweden is governed by a combination of chemical legislation, environmental policy,
and construction-related standards. These frameworks establish threshold values and

restrictions for hazardous substances in order to protect human health and the environment.

At the European union level the main regulation that is in place to ensure that humans and
the environment are protected from the risk that are associated with hazardous chemical
substances is the Registration, Evaluation, Authorization and Restriction (REACH)
regulation (Alaranta & Turunen, 2021, p. 116). The REACH regulation (EC) No

1907/2006 focuses on ensuring that all chemical substances manufactured, imported, sold,
used on their own, in mixtures or in products are documented with the European Chemical
Agency (ECHA) in order to be able to effectively identify and manage the risks they may pose
to human health and the environment. The regulation allows the EU to evaluate chemical
substances of very high concerns (SVHC) and where necessary, implement restrictions,
replace with safer alternatives or require specific authorizations for the use (Jagadeeswaran
& Sriram, 2022, pp. 237—240). A key regulatory threshold under REACH is the 0.1% weight
by weight (w/w) limit for SVHCs according to the REACH Annex XVII criteria. The substance
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of concern listed under the criteria includes, heavy metals such as Lead, nickel, cadmium
mercury, organic pollutants such as phthalates, PAHs, PFAS and other carcinogenic toxicants
(SE et al., 2019). The restriction limit can be higher or lower depending on the type of
products the chemical substance is used in, for example, soluble chromium VI of more than
0,002% is prohibited in cement, concentration of cadmium in plastic products should not

exceed 0,01%w/w (European Union, 2007).

In addition to the REACH regulation, the Waste Framework Directive (WFD 2008/98/EC)
set in place the waste hierarch as shown in Figure 1 below, which lay emphasis on the
importance of proper waste management, recovery and recycling techniques to reduce
pressure on resources use and limit disposal. The WFD further established strict protocols
regarding the handling of contaminated materials such as the Annex III of the directive
which listed several properties that renders a waste hazardous, such as presence of chemical
substances that can leach into the environment contaminating soil and water when in

contact, preventing their reuse or recycling unless treated (European Union, 2008).

PREPARING FOR RE-USE

RECYCLING

RECOVERY N WASTE

Figure1:  European Union waste hierarchy in accordance with the Waste Framework Directive (WFD
2008/98/EC) (European Union, n.d.)

While Sweden implements EU chemical regulations, the country also applies national
environmental policies guided by the precautionary principle embedded in the
Environmental Code (Miljobalken 1998:808), which aims to protect human health and the
environment against potential harm. The Swedish Chemicals Agency (KemI) and the Swedish
Environmental Protection Agency (Naturvardsverket) play central roles in chemical and
environmental risk management. Naturvardsverket provides generic guideline values for
assessing contamination risk under two land use scenarios: Sensitive land use (KM) and less
sensitive land use (MKM). Although these guideline values were originally developed for the
assessment of contaminated soil, they are also used as reference values in the assessment and
management of contaminated masses and can provide guidance when evaluating the

suitability of recovered materials for construction and other applications. They are therefore
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adopted in this study as a comparative reference framework for evaluating the measured
concentrations of hazardous substances in recovered concrete, timber and steel related
material streams. The latest guideline values, including updates introduced in August 2025

are presented in Table 1 in milligrams per kilogram of total solid (mg/kg TS)

Table 1: The Swedish Environmental Protection Agency (Naturvardsverket) guideline values for contaminated

lands (Sensitive land use (KM) and less sensitive land use (MKM)) (Naturvdardsverket, 2025)

Chemical Substance KM value (mg/kg TS) MKM value (mg/kg TS)
Antimony 12 30
Arsenic (As) 10 25
Barium (Ba) 200 300
Lead (PDb) 50 180
Cadmium (Cd) 0.7 2.5
Cobalt (Co) 15 35
Copper (Cu) 80 200
Chromium (Cr) 8o 150
Chromium (VI) (CrVI) 2 8
Mercury (Hg) 0.25 2.5
Molybdenum (Mo) 40 100
Nickel (Ni) 40 120
Vanadium (V) 100 200
Zink (Zn) 250 500
Penta-chlorophenol (PCP) 0.5 3
PCB -7 0.008 0.2
PAH -L 3 15
PAH-M 3.5 20
PAH-H 1 10

2.6 Relation to Sustainable Development Goals

The encouragement of circular practices in construction is closely linked to several
Sustainable Development Goals (SDGs), particularly SDG 12 on Responsible Consumption
and Production, which lay emphasis on resource efficiency and waste reduction within
material systems. In the construction sector, the recovery and reuse of materials are widely

recognized as key strategies for reducing construction and demolition waste and improving
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material circularity, thereby also contributing to SDG 11 on Sustainable Cities and

Communities and SDG 13 on Climate Action (Gherman et al., 2023; Moustafa et al., 2025).

At the same time, the circular use of building materials is not without challenges. In
particular, the presence of hazardous substances has been identified as a critical factor
influencing the feasibility and safety of material reuse. These contaminants may originate
from historical material formulations, surface treatments or use-phase exposure and can
persist in recovered materials. As a result, efforts to increase recycling and reuse rates may
introduce trade-offs between resource efficiency and the protection of human health and the
environment, which are central to SDG 3 on Good Health and Well-being. Therefore, there is
need to consider both material circularity and chemical safety in parallel, as failure to
account for contamination may lead to the unintended circulation of hazardous substances

within material loops.
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3 METHODS

3.1 Research Design

This study adopted a quantitative research approach based on the collection and analysis of
secondary data obtained from peer-reviewed scientific literature to evaluate the extent to
which chemical contamination limits the reuse and recycling potential of building materials
recovered from renovation and demolition activities. No primary sampling or laboratory

analysis was conducted.

The analysis focused on four recovered building material categories: Concrete, timber, steel
and PVC based products. These materials categories were selected based on their significant
occurrence within construction, renovation and demolition waste streams, their established
potential for reuse or recycling, and the evidence in scientific literature that they may contain

hazardous chemical substances.

The study was carried out in two main stages, the first stage involved the collection of
measured concentration data for hazardous chemical substances identified in recovered
building materials and comparison of the reported concentrations with selected Swedish and
European regulatory reference values. The second stage involved the collection of measured
material property data from studies investigating the effect of chemical contamination or
other contamination related condition on the technical properties of recovered materials for

reuse and recycling.

3.2 Literature Search and Study Selection

Scientific literature used in this study was identified through academic databases including
Scopus, DiVA and Google Scholar. The searches were conducted using combinations of
keywords related to recovered building materials, construction and demolition waste,
chemical contamination and material properties. Search terms included combinations of
phrases such as recovered building materials, construction and demolition waste, chemical
contamination, hazardous substances, recycled concrete aggregate, recovered wood waste,
preservative-treated wood, recycled steel, electric arc furnace dust, recovered PVC product.
More specific combinations were used depending on the material category and the type of

data being sought.
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Examples of the search combinations included “recycled concrete aggregate” AND “chemical
contamination”, “recovered wood waste” AND “chemical contamination”, “electric arc
furnace dust” AND “chemical composition”, “recycled steel” AND “chemical contamination”,

»  «

“mechanical and physical properties” AND “recycled concrete aggregate”, “material

properties” AND “recovered wood waste”, “material properties” AND “recovered steel”,

“material properties” AND “recovered PVC”.

Following the database searches, the full texts of potentially relevant studies were accessed
through publisher platforms including ACS Publications, BioMed Central,
Elsevier/ScienceDirect, Frontiers, SpringerLink and Taylor & Francis. Reference lists of
relevant studies were also examined where necessary to identify additional scientific

literature related to the selected material categories.

The literature search focused on studies published from 2000 onwards. Studies published in
the 1990s or earlier were excluded from the quantitative data extraction. The search for
studies reporting measured concentration of chemical contamination in recovered building
materials to be compared to Swedish and EU regulatory thresholds was geographically
restricted to Europe. This was justified by similarities in building traditions and material
composition across European countries and enabled the measured concentrations to be

assessed within a Swedish and European regulatory context.

For the collection of data relating to chemical contamination and material properties, studies
were selected where measured numeric data were reported for recovered concrete, timber,

steel recycling stream and PVC based products.

3.3 Data Extraction and Organization

The selected studies were reviewed individually, and the relevant measured data were
extracted and organized according to the four material categories considered. For the
chemical-contamination analysis, the extracted information included the material or sample
type, chemical substance, measured concentration and reported unit. Where studies reported
several samples, particle-size fractions, mean values or minimum and maximum
concentrations, these values were retained where relevant to represent the variability

reported in the original study.

For the material-property analysis, the extracted information included the material
composition or contamination-related condition, the property measured and the

corresponding numerical result. The extracted data were subsequently organized into result
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tables to support comparison between material conditions and interpretation of the effects on

reuse and recycling potential.

3.4 Regulatory Threshold comparison

The measured concentrations of hazardous chemical substances in recovered building
materials were compared with relevant regulatory thresholds and guideline values
established under the Swedish and European Union framework. For concrete, timber and
steel EAF dust streams, the Naturvardsverket guideline values for sensitive land use (KM)
and less sensitive land use (MKM) were used as the comparative reference framework. For
PVC based products, the REACH Annex XVII limit of 0.1wt% for phthalate compounds
(DEHP, DBP, BBP and DIBP) was applied. This comparison provided an overview of where
and to what extent the applicable regulatory thresholds were exceeded and supported the
assessment of the implication for the reuse and recycling potential of each material

categories.

Before comparison, reported concentration units were harmonized where necessary.
Concentration reported in weight percentage were converted to milligrams per kilograms, or
vice versa, using the conversion 1wt% = 10 000 mg/kg. This allowed measured values from

different studies to be compared with regulatory reference value expressed in different units.

Measure concentrations were presented alongside their applicable regulatory thresholds in
the result tables. Values exceeding the KM guidelines values but remained below the MKM
were highlighted in brown, while values exceeding both KM and MKM were highlighted in
red. For PVC based products, concentration of restricted phthalates that exceeds the REACH

Annex limits were also highlighted in red.
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4 RESULTS

4.1 Measured Concentration of Chemical Contaminations and

Comparison with Regulatory Thresholds.

This section presents measured concentration of hazardous chemical substances identified in
building materials recovered across peer-reviewed scientific studies and compares the
reported values directly with applicable regulatory thresholds. For concrete, timber and steel
EAF dust, the Swedish Environmental Protection Agency (Naturvardsverket) guideline values
for sensitive land use (KM) and less sensitive land use (MKM) are used as the reference
framework. For PVC based products, the EU REACH Annex XVII concentration limit of 0.1
wt% is used for the restricted ortho-phthalates. The applicable regulatory values are
presented alongside the measured concentration in each result table, and the measured
values that exceed only the KM threshold were highlighted in brown, whereas those that
exceed both the KM and MKM thresholds and also REACH Annex XVII limit were
highlighted in red.

4.1.1 Concrete

Ahkola et al. (2024) conducted a study to evaluated whether hazardous substances present in
demolition waste could hinder material circularity. The study tested for several groups of
hazardous substances in building materials recovered from demolition activities, including
fine fractions representative of crushed concrete. The fine crushed concrete fraction samples
were sampled from a stockpile of materials originating from demolition waste and analyzed
for heavy metals and PAH compounds. As shown in Table 2, the measured heavy metal
concentrations were generally below the applicable KM thresholds. Lead (31 mg/kg),
chromium (26 mg/kg), copper (23 mg/kg), nickel (11 mg/kg) and zinc (191 mg/kg) all
remained below the corresponding KM and MKM values. The quantified PAH concentrations
were grouped into PAH-L, PAH-M and PAH-H for regulatory comparisons. The three
quantified PAH-M compounds alone (phenanthrene, fluoranthene and pyrene) gave a
combined concentration of 4.6 mg/kg, while fluorene and anthracene were each reported
below 0.5 mg/kg. The PAH-M concentration can therefore be expressed as 4.6 to <5.6 mg/kg,
which exceeds the KM guideline value of 3.5 mg/kg but remains below the MKM value of 20
mg/kg. PAH-L was below the KM value, whereas the exact PAH-H concentration relative to
the KM value could not be determined because most PAH-H compounds were reported

below the analytical reporting limit. The results therefore indicate relatively low heavy-metal
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contamination in this concrete fraction, but a PAH-M concentration that may restrict use in

applications associated with sensitive land use.

Table 2: Hazardous substances found in recovered fine crushed concrete fractions (Ahkola et al., 2024, p. 5).

Heavy Metals and PCBs Polycyclic Aromatic Hydrocarbons (PAHs)
Substance Con(mg/kg) | KM | MKM | Substance Con(mg/kg) MKM
Cadmium 0.21 0.7 | 2.5 Benz(a)anthracene <0.5 -
Chromium 26 80 | 150 Chrysene 0.53 -
Copper 23 80 | 200 | Benzo(b)fluroanthenes | <0.5 -
Nickel 11 40 | 120 Benzo(k)fluroanthenes | <0.5 -
Lead 31 50 | 180 Benzo(a)pyrene <0.5 -
Zinc 191 250 | 500 Indeno(1,2,3-cd)pyrene | <0.5 -
Nephtalene <0.5 - - Dibenzo(ah)anthracene | <0.5 -
Acenaphthylene | <0.5 - - Benzo(ghi)perylene <0.5 -
Acenaphthene <0.5 - - PAH -H 0.53 - <4.03 10
PAH - L <1.5 3 15

Fluorene <0.5

Phenanthrene 1.5

Anthracene <0.5 - -

Fluroanthene 1.6 - -

Pyrene 1.5 - -

PAH -M 3.5 | 20

Butera et al. (2014) investigated the composition and leaching characteristics of construction

and demolition waste with the aim of identifying inorganic and organic compounds across

different waste fractions. 33 individual samples were collected from eleven recycling facilities

across Denmark, which included clean unmixed concrete, mixed masonry and concrete,

asphalt and freshly cast concrete cores, encompassing both old and new generated

construction and demolition waste. Table 3 reports the mean concentration across the 33

samples. All the substances tested had concentration levels below the applicable KM and

MKM thresholds. The result therefore indicate that the average heavy metal contamination of

the sampled concrete fractions was below the sensitive land-use guideline values.

Table 3: Mean of the chemical substances found in 33 samples of concrete (Butera et al., 2014, p. 304).

Substances Mean — 33 samples (mg/kg) KM MKM
Antimony 0.53 12 30
Arsenic 3.4 10 25
Cadmium 0.21 0.7 2.5
Cobalt 5.7 15 35
Chromium 23 80 150
Copper 18 80 200
Molybdenum 0.8 40 100
Nickel 13 40 120
Lead 33 50 180
Vanadium 32 100 200
Zinc 67 250 500
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Vollpracht & Weiler (2021) examined the recycling potential of slightly contaminated
demolition waste, arguing that contaminants accumulated during a material’s service life
within the built environment must be accounted for before recovered materials can be reused
or recycled. Numerous samples of recycled aggregates were collected from commercial
recycling plants and analyzed in granular form across four particles size fractions (2, 4, 8 and
16 mm). The inorganic contaminants shown in Table 4 were reported at concentrations well
below the applicable KM and MKM values. Their PAH analysis, however, showed

pronounced variability between concrete fractions. As shown in Table 5, the PAH individual

compounds were summed according to the Naturvardsverket PAH-L, PAH-M and PAH-H

classifications. Crushed masonry remained below KM for all three PAH groups. Crushed

concrete 1 and 3 had PAH-M concentrations of 6.72 mg/kg and PAH-H concentrations of

6.03 mg/kg, exceeding KM but remaining below MKM. Crushed concrete 2 showed the

highest contamination: PAH-L was 3.39 mg/kg and therefore slightly above KM, while PAH-
M (28.06 mg/kg) and PAH-H (20.90 mg/kg) exceeded both KM and MKM. The result

demonstrates that PAH contamination in recovered concrete can be highly heterogeneous

and that certain fractions may be unsuitable for more sensitive applications without further

assessment or treatment. This indicates that while PAH contamination is not universally

problematic, certain concrete fractions can carry PAH with levels that would restrict their

reuse in application classified under sensitive land use such as residential areas, likely as a

result of contact with tar or bitumen during the service life of the structure.

Table 4: Overview of test result for inorganic contaminants (Vollpracht & Weiler, 2021, p. 91).

Substances | 2mm 4mm 8mm 16mm KM | MKM
Arsenic <0.009 <0.007 <0.009 <0.009 10 25
Cadmium <0.0005 <0.0005 <0.0004 - 0.0017 | <0.0004 - 0.0066 0.7 2.5
Chromium | <0.0004 - 0.01 <0.0015 - <0.0004 - 0.0118 | <0.0004 - 0.0134 80 150
0.035
Copper <0.0006 - 0.0075 | <0.004 - 0.025 | <0.006 - 0.003 <0.006 - 0.00415 80 200
Lead <0.01 <0.006 <0.006 <0.006 50 180
Mercury <0.0002 <0.0002 <0.0002 <0.0002 0.25 | 2.5
Nickel <0.003 <0.001 - <0.0006 - 0.003 | <0.0006 - 0.00415 | 40 120
0.0041
Zinc <0.0008 <0.003 <0.003 <0.00052 — 0.0011 | 250 | 500
Table 5: Total PAH (mg/kg) content in recycled aggregate (Vollpracht & Weiler, 2021, p. 80).
Substances Crushed Crushed Crushed Crushed KM MKM
Masonry | Concrete (1) | Concrete (2) | Concrete (3)
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

Naphthalene 0.00202 | 0.0346 1.04 0.0346

Acenaphthylene 0.00171 0.00936 0.338 0.00936

Acenaphthene 0.00232 | 0.0273 2.01 0.0273

PAH - L 0.00605 | 0.07126 0.07126 3 15

Fluorene 0.00341 | 0.0119 0.77 0.0119

Phenanthrene 0.0349 1.75 6.62 1.75
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Anthracene 0.00951 | 0.113 2.11 0.113

Fluoranthene 0.0825 2.76 10.4 2.76

Pyrene 0.0755 2.09 8.16 2.09

PAH-M 0.20582 3.5 20
Benz(a)anthracene 0.0409 1.17 5.59 1.17

Chrysene 0.0448 1.16 4.12 1.16

Benzo(b)fluranthenes 0.0381 1 4.78 1

Benzo(k)fluoranthenes 0.0212 0.563 2.01 0.563

Benzo(a)pyrene 0.0366 0.773 1.17 0.773

Indeno(1,2,3-cd) pyrene | 0.0283 0.188 0.107 0.188
Dibenzo(ah)anthracene | 0.0129 0.636 1.69 0.636

Benzo(ghi)perylene 0.0263 0.537 1.43 0.537

PAH - H 0.2401 [[6;027 7 [ISOISOUNNNN6.027 ] 1 10

Rodrigues et al. (2020) carried out a test to evaluate the ecotoxicological potential of using
recycled concrete aggregates and fly ash in the production of concrete products rather than
the conventional process of using natural aggregates and Portland cement. A leaching test
was then carried on the concrete products and the eluates obtained from the leaching test
was assessed for presence of chemical substances. Although the chemical properties
assessment was carried on the eluates from the recycled aggregates, fly ash and three
different concrete mixes produced by mixing the recycled aggregate, fly ash and other
materials, this study focused only on the chemical properties of the recycled aggregate (RA).
As shown in Table 6 below, the reported concentration of heavy metals in the recycled
aggregate eluate were all below the applicable KM and MKM thresholds. These values were
also lower than those reported in other concrete studies, indicating a comparatively low-level

contamination in the recycled concrete aggregate analysed.

Table 6: Chemical properties of leaching eluates from recycled concrete aggregates from construction

(Rodrigues et al., 2020, p. 8)

Substances Conc (mg/kg) KM MKM
Arsenic <0.4 10 25
Barium 4.0 200 300
Cadmium <0.1 0.7 2.5
Chromium <0.5 80 150
Copper <1.0 8o 200
Molybdenum <0.3 40 100
Nickel <0.4 40 120
Lead <0.5 50 180
Zinc <0.5 250 500

Van Praagh et al. (2015) carried out a study to verify if the removal of the outer surface of
contaminated surface can reduce the total content of pollutant in the concrete and the
remaining recovered concrete can be recycled and reused. The used concrete recovered from
3 industrial sites in: A tar impregnated military storage, a military tar track depot as well as

concrete structures used for the disposal of pesticide production surplus and residues. For
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the purpose of this study, only the result of the test conducted on the concrete recovered from
the tar treated military structures were considered. The result from the test conducted on the
samples from the pesticide production site were excluded as they fall outside of the scope of
the typical building construction considered in this study. Table 7 below shows the total

concentration of chemical compounds in the recovered concrete from the tar treated military

structures. From the result in Table 7 we can see a strong contrast between heavy metal and

PAHs. The heavy metals concentrations remained blow the applicable KM and MKM

thresholds, whereas the PAH concentration increased remarkedly beneath the treated

surface. In the outer 1mm layer, PAH H (5.1 mg/kg) exceeded the KM threshold but
remained below the MKM threshold, while PAH M (180 mg/kg) exceeded both the KM and
MKM thresholds. In the inner 5 mm sample, PAH L (155 ng/kg), PAH M (2400 mg/kg) and
PAH H (1100 mg/kg) all exceeded both the KM and MKM thresholds by large margins. The

study attributed these elevated internal concentrations the leachability of PAH compounds

from the tar treatment on the structure, which has migrated into the concrete core over time.

If such recovered concrete materials were to be reused, continued leaching could occur into

the surrounding soil profile, potentially contaminating surrounding groundwater.

Table 7: Measured concentration of hazardous substances in recovered concrete from demolished tar treated

military structure (Van Praagh et al., 2015b, p. 190)

Military Storage (mg/kg) Military Tar Track-depot
(mg/kg)

Substances Un-treated Treated | Outer 1 mm Treated | Inner 5 mm KM MKM
PAHL 0.063 0.075 0.82 0.11 3 15

3.5 20
PAH H 1 10
Arsenic <3 <3 <3 <3 <3 10 25
Cadmium <0.1 <0.1 <0.1 <0.1 <0.1 0.7 2.5
Chromium 14 13 13.2 14 14 80 150
Copper 11 9.5 62 15 15 80 200
Nickel 9.1 6.3 24 10 11 40 120
Lead 9.6 5.2 11 10 11 50 180
Zinc 40 21 38 35 32 250 500

4.1.2 Timber

According to Krooket al. (2004), large volumes of recovered wood waste originating from

construction and demolition activities are generated annually in Sweden, and this material

stream represent a potential source of heavy metal contamination. Their study examined the

environmental and resource implications of metal occurrence in recovered wood waste by

analysing metal concentrations in Swedish recovered wood waste (SRWW), imported

recovered wood waste (IRWW), and uncontaminated stem wood pine and spruce as a
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reference baseline. Table 8 shows that recovered wood sample was consistently more
contaminated than the reference stem wood sample. The SRWW arsenic concentration (53
mg/kg) exceeded both KM and MKM thresholds, consistent with the historical use of
chromated copper arsenate preservative in older timber. Lead in the IRWW (110 mg/kg)
exceeded KM but remained below the MKM threshold, while zinc in both SRWW (440
mg/kg) and IRWW (330 mg/kg) exceeded KM but remained below MKM. These results
demonstrates that the chemical history of recovered timber can directly constrain its reuse or
recycling potential. The concentrations in both SRWW and IRWW substantially exceed those
measured in uncontaminated stem wood across all metals, indicating significant
contamination of the recovered wood waste stream. The notable elevated arsenic
concentration in SRWW of 53mg/kg is consistent with the use of chromated copper arsenate
(CCA) as wood preservative in Sweden before the 2000s and this noteworthy as majority of
the building undergoing demolition and renovation in recent years were built during the

times when their CCA preservatives were widely used.

Table 8: Metal contamination in recovered waste wood in Sweden (Krook et al., 2004, p. 8).

Concentration (mg/kg)
Substances Swedish RWW | Imported RWW | Stem wood of pineand | KM MKM
(mg/kg) (mg/kg) spruce (mg/kg)

Atsenic I 0.03 o | %
Cadmium 0.5 0.7 0.069 0.7 2.5
Chromium 60 39 0.063 80 150
Copper 59 26 0.75 8o 200
Mercury 0.06 0.1 0.001 0.25 2.5
Nickel 3.5 2.5 0.097 40 120
Lead 33 0.069 50 180
Zinc 9.6 250 500

In a follow-up study, Krook et al. (2006) identified likely pollution sources responsible for
the heavy-metal contamination observed in recovered wood waste. Six materials were
analysed: surface-treated wood, preservative-treated wood, soil, plastic, iron/steel and
concrete. As shown in Table 9, preservative-treated wood contained very high arsenic (1400
mg/kg), chromium (1190 mg/kg) and copper (1060 mg/kg), all exceeding both KM and MKM
reference values. Surface treated wood also contained elevated lead (182 mg/kg) and zinc
(2070 mg/kg), while plastic showed an especially high lead concentration of 4000 mg/kg.
Although the table represent source material rather than the mixed recovered wood stream
itself, it helps explain why contamination in recovered timber can vary substantially

depending on coatings, preservatives and foreign material attached to the wood.

Table 9: Estimated average metal composition (mg/kg) in selected pollution sources (Krook et al., 2006, p. 163).
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Substances Surface-treated | Preservative Plastic | Iron/Steel | Concrete KM | MKM
wood treated wood

Arsenic - 5.2 10 25

Chromium 80 150
50 180
8o 200
250 500

Mercury 0.25 2.5

Nickel - - 14.9 - - 418 40 120
Cadmium 0.7 - 0.54 - 0.2 0.7 2.5

Faraca et al. (2019) examined the resource quality of wood waste intended for recycling,
noting that both physical and chemical impurities can reduce their quality and hinder reuse
and recycling. Approximately eight tonnes of wood waste were collected from three Danish
recycling centres and subdivided into 34 individual samples which were then analysed for
chemical impurities. Table 10 shows the mean and maximum measured concentration across
the 34 samples. The mean concentration of arsenic, cadmium, chromium, copper and lead
were below the KM thresholds. However, several maximum concentrations exceeded the
reference values. Maximum arsenic (10.3 mg/kg) slightly exceeded KM but remained below
MKM, while maximum cadmium (4.1 mg/kg), chromium (6634.4 mg/kg), copper (1275.7
mg/kg), lead (187.9 mg/kg) and PCP (9.3 mg/kg) exceeded both KM and MKM. The contrast
between the relatively low mean concentrations and substantially higher maximum
concentrations demonstrates the heterogeneity of the recovered wood stream and indicates
the probable presence of individual heavily treated or contaminated timber pieces within the

mixed waste stream.

Table 10: Measured levels of chemical elements in the sampled wood waste analysed (Faraca et al.,

2019, p. 20 supplementary data).

Substances Mean value in Max value in KM MKM
sampled wood sampled wood
(mg/kg) (mg/kg)

Arsenic 0.8 10 25
Cadmium 0.3 0.7 2.5
Chromium 26.7 80 150
Copper 74.4 80 200
Lead 16.7 50 180
Pentachlorophenol (PCP) 0.5 0.5 3

In another study by Humar (2010) on the presence of inorganic pollutants in recovered
wood, 30 samples of recovered wood from waste sorting sites in Slovenia were collected with
majority of the woods from demolition projects containing woods used in making windows,

decking, poles, fences etc. The 30 wood samples were then analysed for concentration of
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selected elements. Table 11 shows the result of the analysis reported in min and max and
mean. The mean zinc concentration of 910 mg/kg exceeded both KM and MKM, while the
maximum concentrations of chromium (260 mg/kg), copper (958 mg/kg), zinc (7545 mg/kg)
and lead (451 mg/kg) exceeded both thresholds. Mean lead was 79 mg/kg and therefore
exceeded KM but remained below MKM. The results show that a recovered-wood stream can
contain relatively moderate average concentrations while individual pieces or batches exhibit

much higher contamination.

Table 11: Min, Max and Mean Concentration of selected heavy metals in wood samples from recovered wood

waste (Humar, 2010, p. 53).

Substances Min (mg/kg) | Max (mg/kg) | Mean (mg/kg) | KM MKM
Chromium 0 10 80 150
Copper 0 67 80 200
Zinc 9 250 500
Barium 0 200 300
Lead 0] 50 180

In the same study, Humar (2010) separately analysed recovered boards produced from
disintegrated wood. As shown in Table 12, the concentrations of chromium, copper, zinc and
lead in the particle board, MDF and HDF samples were all below the applicable KM
thresholds. Compared with the regular recovered-wood samples in Table 11, the board

products therefore showed substantially lower concentrations of the regulated heavy metals

considered.
Table 12: Concentration of heavy metals in recovered board made with disintegrated wood (Humar,
2010, p. 54).
Concentration (mg/kg)
Samples Chromium Copper | Zinc Barium Lead
KM/MKM 80/150 80/200 | 250/500 | 200/300 | 50/180
Particle Board I 0 8 79 4 29
Particle Board 1T 0 0 43 0 16
Particle Board III 0 0 8 0 0
MDF (Medium Density 0 0] 8 0] (o]
Fiberboards)
HDF (High Density Fiberboards) | o 0 6 0 0

In a nine-year case study by Edo et al. (2016) on chemical and material contamination in
waste wood fuels in Sweden, the growing demand for waste wood as fuel in co-combustion
facilities was identified as a concern due to the potential presence of hazardous chemical
substances in the recovered wood streams. A total of 500 waste wood samples were collected
over the nine-year monitoring period at a Swedish co-combustion plant, representing a
mixed recovered wood stream originating from construction and demolition activities,

industrial sources, and imported waste wood. The collected samples were analysed for both
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material and chemical contamination, with the chemical analysis focusing on the
concentration of heavy metals present in the wood waste on a dry basis. The results of the
heavy metal analysis, reported as minimum, maximum, mean and median concentrations
across all 500 samples, are presented in Table 13. The results in Table 13 shows that the
mean concentrations of chromium (47 mg/kg) and copper (51 mg/kg) were below KM,
whereas mean of Lead (81 mg/kg) and zinc (450 mg/kg)exceeded KM but remained below
MKM, and mean of arsenic (27 mg/kg) exceeded both KM and MKM. More importantly, the
maximum concentration of arsenic, cadmium, chromium, copper, lead and zinc all exceeded
the KM threshold, and several exceeded MKM by substantial margins. The results highlight

the variability and contamination risk associated with mixed recovered wood streams.

Table 13: Measured concentration (mean, median, min and max) of heavy metals across 500 wood

waste samples (Edo et al., 2016)

Concentration (mg/kg)

Substances Median KM MKM
Arsenic 10 25
Cadmium 0.7 2.5
Cobalt 15 35
Chromium 80 150
Copper 80 200
Mercury 0.25 2.5
Nickel 40 120
Lead 50 180
Vanadium 100 200
Zinc 250 500

4.1.3 Steel

According to Wahlstrom et al., 2019, the hazardous substance content of recovered steel is
not a concern as long as the coating layer remains intact, as the steel beam itself is not
classified as hazardous under those conditions (Wahlstrom et al., 2019, p. 12). However, the
hazardous substance concern becomes relevant when recovered steel undergoes remelting in
an EAF. The remelting process generates EAF dust, which is a fine particulate by-product
consisting primarily of iron and zinc oxides which accumulates in filter systems and can be

classified as hazardous waste depending on its elemental composition (Hamann et al., 2024,

p.1).

Hamann et al. (2024) measured the chemical composition of EAF dust collected from a

German steel plant for their study investigating selective removal of zinc and lead from EAF
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dust through chlorinated-evaporation reaction. Table 14 shows the mean concentration of all
substances identified in the raw EAF dust expressed in weight percentage (wt%). Weight
percentage expresses the mass of a substance as a proportion of the total sample mass, where
1 wt% is equivalent to 10,000 mg/kg. From the result in Table 14 we can see that almost all
the chemical substances of environmental concerns under the Naturvardsverket guidelines
exceeded the KM and MKM reference values with the exception of Cobalt (22 mg/kg) that
exceeded the KM threshold but remains below the MKM threshold of 35 mg/kg. This
confirms that EAF dust is a highly contaminated by-product of steel recycling and requires

specialised handling and treatment.

Table 14: Chemical composition of the raw Steel EAF dust (Hamann et al., 2024, p. 4).
Substances Mean Conc (wt%) Mean Conc (mg/kg) KM MKM
Zinc 29.9 500
Iron 24.6
Lead 1.63 180
Manganese 2.40 24 000
Magnesium 1.06 10 600
Calcium 2.30 23 000
Potassium 1.07 10 700
Sodium 1.10 11 000
Phosphorus 0.05 500
Aluminium 0.17 1700
Titanium 0.02 200
Sulphur 0.60 6 000
Chloride 1.88 18 800
Fluoride 0.07 700
Vanadium 0.0307 100 200
Cobalt 0.0022 15 35
Nickel 0.0359 40 120
Copper 0.1906 8o 200
Arsenic 0.00537 10 25
Selenium 0.000593
Tin 0,00348
Antimony 0.0074 12 30
Molybdenum 0.0358 40 100
Cadmium 0.0166 0.7 2.5
Mercury 0.0102 0.25 2.5

Note. Elements of hazardous relevance are highlighted in bold

Omran et al. (2019) in a similar study on the selective removal of zinc from an electric arc
furnace dust carried out an analysis to identify the chemical composition of EAF dust and
their concentration. Table 15 shows the chemical composition of the EAF dust samples. The
results as presented in Table 15 shows very high zinc, chromium and lead concentration
which exceeded the KM and MKM thresholds by several orders of magnitude which is
consistent with the broader pattern across several studies on EAF-dust, in which the

recycling process concentrates hazardous metals into the dust fraction.
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Table 15:Chemical composition of the Steel EAF dust sample (Omran et al., 2019, p. 335).

Substance Conc. (wt%) Conc. (mg/kg) KM (mg/kg) MKM (mg/kg)
Zinc 35.76 250 500

Iron 23.50

Chromium 0.47 80 150

MgO 1.07 10 700

MnO 3.99 39 900

SiO2 3.13 31 300

K20 3.21 32 100

Lead 2.15 50 180

Chloride 1.69 16 900

Note. Elements of hazardous relevance are highlighted in bold

Trifunovic et al. (2022) conducted a case study on the physical and chemical characterization

of EAF dust to assess its hazardous waste classification. The EAF used in the study was

collected from a steel plant in Serbia in four separates of 10kg each and marked U1, U2, U3,

U4. The samples were then analysed for physical and chemical characterization, and the

result of the chemical characterization is shown in Table 16. Consistent with other studies,

the four EAF dust samples was seen to have high concentration of Zinc and lead,

astronomically exceeding both the KM and MKM thresholds.

Table 16:

2022, p. 241).

Chemical composition of the representative EAF dust samples U1 — U4 (Trifunovic et al.,

Note. Elements of hazardous relevance are highlighted in bold

Concentration (wt%)
Substance U1 U2 U3 U4 KM MKM
Zinc 0.025 0.05
Iron 22.93 28.28
Manganese 1.48 2.29
Copper 0.008 0.02
Lead 0.005 0.018
Cobalt 0.0015 0.0035
Nickel 0.0099 0.004 0.012
Chromium 0.008 0.015
Molybdenum 0.004 0.01
Arsenic 0.001 0.0025
Cadmium 0.00007 0.00025

Fiore et al. (2008) conducted a waste characterization study of a steel foundry located in

northern Italy, producing approximately 600,000 tonnes per year of mild steel slabs using

ferrous scraps sourced from Italy, France and Great Britain as the primary feed material. The

study characterized the chemical and material composition of the various waste streams

generated during the EAF steelmaking process and evaluated the potential for reuse and

recycling of these materials. Among the waste materials generated, the EAF dust was

analyzed for chemical contamination and the result of the analysis is presented in Table 17.

Similar to other studies, the EAF dust contained high concentration of hazardous substances,
that are seen to be extremely higher than the KM and MKM thresholds.
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Table 17: Concentration of chemical substance in EAF dust sample (Zanetti, 2008, p. 515)
Substances Conc. (wt%) Conc. (mg/kg) KM (mg/kg) MKM (mg/kg)
Sodium 1.4159 14159
Potassium 1.3898 13898
Zinc 28.9289 250 500
Lead 5.1216 50 180
Cadmium 0.0371 0.7 2.5
Copper 0.3142 8o 200
Nickel 0.0254 40 120
Chromium 0.2121 80 150

Note. Elements of hazardous relevance are highlighted in bold

Sofili¢ et al. (2004) conducted a comprehensive characterization study of EAF dust generated

at the Zeljezara Sisak Steel Mill in Croatia, with the aim of examining its chemical and

physical properties in order to assess appropriate disposal and recovery options. Twelve

average monthly samples of EAF dust were collected from the outlet of the dust suppression

system between December 2000 and December 2001 and subjected to chemical analysis

using atomic absorption spectrometry (AAS) and inductively coupled plasma (ICP)

spectrometry. Given the large number of individual samples, the minimum, maximum and

mean concentrations of the key hazardous substances across the 12 monthly samples are

reported in Table 18 below. The result confirms the same general pattern observed in the

other studies with the EAF dust fraction containing several hazardous metal with levels far

above the applicable reference values (KM and MKM).

Table 18: Chemical composition of EAF dust — minimum, maximum and mean concentration across 12 samples

collected monthly (Sofili, 2004, p. 61).

4.1.4 PVC-Based Products

Concentration (wt%)
Substances Mean KM MKM
Chromium 0.008 0.015
Manganese
Iron
Nickel 0.004 0.012
Copper 0.008 0.02
Zinc 0.025 0.05
Arsenic 0.001 0.0025
Cadmium 0.00007 0.00025
Mercury 0.000025 0.00025
Lead 0.005 0.018

The recyclability of PVC products recovered from demolition activities is significantly

constrained by the presence of ortho-phthalates plasticizers which are the primary
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plasticizing used in PVC products. Phthalates such as DEHP do not bind covalently to PVC
polymer and can migrate into indoor environment over time, posing health risk to occupants
of the indoor environment. Restrictions on ortho-phthalates under the EU REACH
Regulations have consequently reduced the feasibility of mechanical recycling for PVC
products containing these substances, as the recycled material would carry restricted

substances into new products (Wagner & Schlummer, 2024).

Wagner & Schlummer, (2024) analysed a representative PVC flooring waste sample collected
from a demolition site in Germany to quantify the phthalate plasticizer content using gas
chromatography-mass spectrometry (GC-MS). Table 19 shows the complete phthalate profile
identified in the sample. DIBP (0.39 wt%), BBP (1.10 wt%) and DEHP (3.69 wt%) exceeded
the 0.1 wt% REACH limit, while DBP (0.05 wt%) remained below it. DEHP was the
predominant restricted phthalate in the sample. These results show that legacy flooring can
contain restricted plasticizers at concentrations high enough to constrain mechanical

recycling into new products.

Table 19: Measured concentration of phthalates compounds found in sampled PVC flooring waste

identified through GC-MS; w=mass fraction (Wagner & Schlummer, 2024).

Phthalate Short form Conc. (wt%) REACH Annex XVII limit (wt%)
dimethyl phthalate DMP <LOD
diethyl phthalate DEP <LOD
diallyl phthalate DAP <LOD

diisobutyl phthalate DIBP 0.1

di-n-butyl phthalate DBP 005 |01

benzylbutyl phthalate BBP ‘ 0.1
diethylhexyl phthalate DEHP ‘ 0.1
di-n-octyl phthalate DNOP 0.05
diisononyl phthalate DINP 2.44
diisoheptyl phthalate DIHP 0.80

Note. The phthalate compounds restricted by the European Union REACH Regulation are highlighted in bold.

Ahkola et al. (2024) also tested several PVC based product types recovered from demolition
activities in Finland for the presence of phthalate compounds. The products tested included
electrical wires, plastic carpets, plastic electric wire cover pipes, soft plastic tubes and regular
plastic tubes. Table 20 shows the measured phthalates concentrations across all six PVC
based products in mg/kg with the 0.1 wt% REACH limit expressed equivalently as 1000
mg/kg for direct comparison. DEHP clearly dominated the exceedances: the electrical wire
contained 120,000 mg/kg (12 wt%) and Plastic Carpet 2 contained 290,000 mg/kg (29 wt%),
both far above the regulatory limit. The remaining measured DEHP values were below the
limit, and BBP, DIBP and DBP also remained below 1000 mg/kg in the tested products.
Together with the Wagner and Schlummer (2024) results, the data show that phthalate
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contamination in recovered PVC is strongly product-dependent, with the highest

concentrations occurring in products where substantial plasticization was required.

Table 20: Concentration of phthalates compounds in different PVC based product types recovered from
demolition waste (Ahkola et al., 2024, p. 8).

| Concentration (mg/kg)
Phthalate Short Electrical | Plastic | Plastic | Plastic | Soft Plastic | REACH
form Wire Carpet | Carpet | electric | Plastic | tube Annex
1 2 wire Tube Limit
cover
pipe

Butylbenzyl BBP <10 <10 <10 <10 720 <10 1000
phthalate,
Diethylhexyl | DEHP ‘ 180 310 <10 1000
phthalate,
Diisononyl DINP <1500 <100 700 <100 <100 <100 1000
phthalate
Diisobutyl DIBP 18 <10 <10 <10 23 <10 1000
phthalate
Di-n-butyl DBP 28 48 34 <10 20 <10 1000
phthalate,
Di-n-hexyl DHP 82 <10 <10 <10 <10 <10 1000
phthalate
Di-n-octyl DNOP 4800 <10 <100 <10 <10 <10 1000
phthalate

Note. The phthalate compounds restricted by the European Union REACH Regulation are highlighted in bold.

4.2 Measured Effect of Chemical Contamination on Material Properties

Relevant to Reuse and Recycling.

In addition to comparing measured contaminants concentration against regulatory
thresholds, selected peer-reviewed studies were reviewed to identify measured changes in
material properties associated with chemical contamination, chemical treatment, residual-
element content and other contamination related conditions in recovered building materials.
The measured data from these studies were used to assess whether these conditions may
affect not only the environmental acceptability of recovered building materials, but also their

technical suitability for reuse or recycling.

4.2.1 Concrete

According to Debieb et al. (2010), the degradation of concrete structures due to chemical

contamination is of high importance in civil engineering as these contaminants have major
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impact on their structural durability. In their study on the mechanical and durability
properties of concrete using contaminated recycled aggregates, they compared concrete made
from natural aggregates to concrete made from contaminated recycled aggregates to analyse
how the presence of contaminants such as chlorides and sulphate introduced into the
recycled concrete aggregates during their lifecycle affect the mechanical performance and the
durability of the concrete structures made from contaminated recycled aggregates. For the
analysis, 4 samples were created each for concrete made from natural aggregates (NA) and
recycled aggregates (RA). NA samples: Coarse natural aggregates (NG) 2-7mm, 7-14mm, 14-
20mm and natural sand (NS) 0-2mm. RA samples: Coarse recycled aggregates (RG) 4-14mm,
14-2omm and recycled sand (RS) 0-4mm. Table 21 shows the summary of the mechanical

and physical properties of the two concrete aggregates.

Table 21: Mechanical and physical properties of concrete made from natural and contaminated recycled

aggregates (Debieb et al., 2010, p. 425).

Concrete Type Compressive Splitting tensile | Elastic Modulus
strength (MPa) strength (MPa) (GPa)

Natural Concrete (NC) 39.8 3.1 30.8

Recycled concrete, virgin RA (RC-VRA) | 24.2 2.6 19.6

Recycled concrete, chloride 22.3 2.4 19.7
contaminated RA (RC-CI)

Recycled concrete, sulphate 23.6 2.5 18.4
contaminated RA (RC-Su)

Recycled concrete seawater 25.2 2.6 19.2
contaminated RA (RC-Sw)

From the result in Table 21, it can be seen that the use of recycled aggregates produced a
substantial reduction in mechanical performance relative to natural concrete, while the
additional influence of chloride, sulphate and seawater contamination on strength was
comparatively smaller. For example, compressive strength decreased from 24.2 MPa for
concrete made with virgin recycled aggregate to 22.3 MPa for chloride-contaminated
aggregate and 23.6 MPa for sulphate-contaminated aggregate. The study nevertheless
identified chloride contamination as particularly important for durability because chloride
ions remained mobile and could contribute to reinforcement corrosion. The results therefore
indicate that the principal mechanical reduction was associated with the recycled aggregate

condition, while chemical contamination introduced an additional durability concern.

In another study by Sani et al. (2005) on the leaching and mechanical behavior of concrete
manufactured with recycled aggregates. Similar to the study by Debieb et al. (2010), their
study compared the mechanical properties of concrete made from natural aggregates to
concrete made with recycled construction and aggregates. The result of the test as presented
in Table 22 shows that the recycled aggregate concrete exhibited lower compressive strength

(18 + 2 MPa) the natural aggregate concrete (30 + 2 MPa), together with higher total open
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porosity. The result indicates that the physical composition and porosity associated with the
recycled aggregate affected mechanical performance, while the leaching analysis addressed

the accompany chemical quality concern.

Table 22: Mechanical and physical properties of concrete made from both natural and recycled aggregates

(Sani et al., 2005, p. 179)

Properties Natural Concrete Aggregates Recycled Concrete Aggregates
Compressive strength (MPa) 30+ 2 18+ 2

Total open porosity 12 23

Macro-pores 8 10

Meso-pores 16 19

Puthussery et al. (2017) conducted a study on the evaluation of recycled concrete aggregates
for their suitability in construction activities. In this experimental study, several tests were
performed to determine the physical, mechanical and chemical properties of recycled
concrete aggregates owning to the fact that several chemical contaminants might have been
introduced to the recycled concrete aggregate over their lifespan. The recycled concrete
aggregate samples were collected from a demolished 50-year-old three storey library
building. The recycled concrete aggregates were divided into 6 different samples, split into
two groups; recycled fine aggregate (RF) and recycled coarse aggregate (RC) in ratio 25, 50
and 100% each. The properties of the recycled aggregates were compared to a control

concrete mix made from natural aggregate and presented in Table 23.

Table 23: Properties of control natural concrete aggregate and contaminated recycled concrete aggregates

after 28 days (Puthussery et al., 2017, p. 275).

Aggregates Compressive Split tensile Bulk density | Water absorption
Strength (MPa) strength (MPa) (km/m3) (%)
Control 38 3.7 2504 3.13
RF 25 42 3.8 2495 3.13
RF 50 37 3-4 2432 3.48
RF 100 36 2.6 2481 4.22
RC 25 40 3.2 2491 3.20
RC 50 40 3.1 2445 3.40
RC 100 35 2.5 2352 3.88

The result in Table 23 show that increasing the proportion of recycled fine or coarse
aggregate generally reduced split tensile strength, increased water absorption and, at high
replacement levels, reduced compressive strength and bulk density. However, lower
replacement levels did not consistently reduce compressive strength, as RF25, RC25 and
RC50 performed similarly to or better than the control. The study therefore indicates that
recycled concrete aggregate can retain adequate technical performance for selected

construction applications, although its chemical suitability must be assessed separately
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through leaching and contaminant analysis. This aligns with the findings of Abid et al.
(2018), who evaluated concrete containing contaminated recycled aggregates and reported
comparable downward trends in compressive and split tensile strength as the recycled

aggregate share increased.

The available data indicate that recycled aggregate characteristics themselves are responsible
for much of the observed reduction in concrete mechanical performance, while specific
chemical contaminants such as chlorides can introduce additional durability risks. Chemical
contamination therefore does not necessarily manifest as an immediate reduction in
compressive strength, but may still constrain reuse through leaching, corrosion or long-term

durability concerns.

4.2.2 Timber

Based on the report of several authors that preserved woods contain chemical contaminants
such as heavy metals, Yang et al. (2024) conducted a study to evaluate the physical and
mechanical properties of particleboards made with alkaline copper quaternary treated wood
(ACQ-treated wood). The study conducted a test to compare the physical and mechanical
properties of particleboards made with ACQ-treated wood to those with untreated wood. The
test sample were a mixing ration of ACQ wood particles (AP) and untreated wood particles
(UP), AP:UP ratio of 0:100, 30:70, 50:50, 70:30 and 100:0. The result of physical and
mechanical properties as presented in Table 24, shows that the higher the mixing ratio of AP
in the particleboard, the higher the density. For the moisture content, there wasn’t much of a
difference between the ratios. Particleboard with higher AP ratio of 70:30 and 100:0 had a
lesser thickness swelling rate indicating that the particleboard can expand very little in water
and stay strong which corresponds with the low water absorption rate of the board. For the
Bonding strength and internal bond strength, the higher the AP ratio, the higher the bonding
and internal bonding strength. From these results we can say that increasing the proportion
of ACQ-treated particles generally improved water resistance and internal bond strength,
while the effect on bending strength was non-linear. The 70:30 ACQ-to-untreated wood ratio
produced the highest bending strength, whereas the 100% ACQ board produced the highest
internal bond strength. Yang et al. therefore concluded that preservative-treated waste wood
could be incorporated into particleboard without compromising performance, with 70:30

identified as the optimum mixing ratio under the studied conditions.

Table 24: Mechanical and Physical Properties of particleboards made with untreated and ACQ-treated wood
with different mixing ratio (Yang et al., 2024, pp. 415—417).
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AP:UP Density Moisture Thickness Water Bending Internal
ratio (g/cm3) content (%) | swelling (%) | absorption strength bond

at 20°C (%) at 20°C (MPa) strength

(MPa)

0:100 0.85 12.8 10 30 15.21 0.43
30:70 0.85 13.8 12 30 13.67 0.48
50:50 0.90 13.8 10 20 14.79 0.67
70.30 0.92 13.8 5 15 17.26 0.76
100:0 0.92 13.0 5 15 16.14 0.98

Due to the increasing focus on considering recovered chromated copper arsenate (CCA)
treated wood for reuse instead of disposal as a result of its potential adverse environmental
effect, Clausen et al. (2000) conducted a study on the properties of particleboards made from
recycled CCA treated woods, with the aim of evaluating their internal bond strength (IBS),
modulus for elasticity (MOE), modulus for rupture (MOR), moisture content (MC), thickness
swelling (TS) after 24hrs and water absorption (WA) after 24hrs when compared to

particleboards made from untreated pine. The result of the analysis is shown in Table 25.

Table 25: Properties of particleboards made from recycled CCA treated woods and virgin pine woods (Clausen

et al., 2000, p. 4)

Particleboard | MOE MOR MC (%) IBS TS (%) WA (%)
made from (N/mm?2) (N/mm?2) (N/mm2)

Virgin pine 145 11.6 9.3 1.8 33.5 65.6
CCA treated 255 11.8 8.6 1.7 25.7 42.5

From the result of the properties presented in Table 25 above, we can observe that in
comparison to the virgin pine particleboard, the CCA-treated wood particleboard showed a
higher modulus of elasticity and lower water absorption and thickness swelling, while
modulus of rupture was similar and internal bond strength was slightly lower. The results
therefore show that CCA-treated recovered wood can retain technically useful particleboard
properties, although treatment history and any remediation process can affect individual

mechanical properties differently.

In another study by Azambuja et al. (2018) on the utilization of construction and demolition
waste for particleboard, the authors manufactured particleboards from construction
demolition wood waste in order to evaluate their mechanical and physical properties. The
particleboards were generated and divided according to their source materials: MDF, MDP.
Plywood, timber and each material were mixed in different proportions (25% and 50%) and
compared to particleboards produced from 100% virgin pine. The results of the
particleboards physical density (D), water absorption (WA) after 24hrs and thickness
swelling (TS) after 24hrs) and mechanical (modulus of rupture (MOR), modulus of elasticity
(MOE), internal bond strength (IBS)) properties are presented in Table 26. From the result of
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the test, it can be observed that the effect of construction and demolition wood waste on
particleboard performance depended strongly on the recovered wood source and mixing
proportion. Boards containing recycled timber, MDP and plywood retained several properties
comparable to the control at selected replacement levels, whereas MDF-containing boards,
particularly at 50% replacement, showed pronounced reductions in MOE, MOR and internal
bond strength. The results therefore demonstrate that recovered timber cannot be treated as
a uniform feedstock and that material composition, previous adhesive content and source

type influence the technical quality of recycled particleboard.

Table 26: Mechanical and physical properties of particleboards made from construction demolition wood waste

(Azambuja, De Castro, et al., 2018, p. 490).

Sample D (g/cm3) WA (%) TS (%) MOE (MPa) | MOR IBS (MPa)
(MPa)

Control 0.7139 70.39 23.21 1371 7.96 0.92

(100% pine)

25% MDF 0.7056 74.17 26.57 1027 6.12 0.61

25% MDP 0.7000 50.99 19.17 1395 7.89 0.92

25% 0.6961 68.09 24.74 1486 8.36 0.89

Plywood

25% Timber | 0.7024 47.32 20.96 1485 7.54 0.92

50% MDF 0.7303 81.25 27.86 700 3.63 0.48

50% MDP 0.7292 43.19 14.15 1192 5.41 0.93

50% 0.7240 69.78 23.02 1359 6.81 0.87

Plywood

50% Timber | 0.6905 53.90 19.05 1243 5.82 0.86

Similar to the reports of Yang et al. (2023), Clausen et al. (2000) and Azambuja et al. (2018),
Li et al. (2004) also reported that the recycling of CCA treated wood into flakeboards does
not reduce its physical and mechanical properties and the only concern with CCA treated
woods are the potential adverse environmental effect that can occur due to the chemical
contamination introduced through the preservative treatment (W. Li et al., 2004, p. 93).
Nevertheless, the recycling of preservative treated woods from construction demolition waste
into particleboards or other wood products are better off than landfilling that can expose the

environment to direct contamination from the wood preservative chemicals.

4.2.3 Steel

With different scientific studies establishing that the end of life of recovered steel and steel
scrap are often contaminated with residual elements like Copper (Cu), Arsenic (As), Tin (Sn),
Antimony (Sb) etc, Zhu et al. (2025) conducted a study to investigate the effect of residual
elements contamination on the microstructure and mechanical properties of steel. For the

study, they compared the properties of a commercial QP1180 steel (referred to as QP) to that
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of recovered steel containing residual element (Cu+As+Sn+Sb+Bi < 0.3 wt%) referred to as
QP-R). The result of the investigation reported in the study as presented in Table 27 shows
that the QP-R steel demonstrated a better strength and ductility than the QP steel. Zhu et al.
(2025) further concluded that contrary to conventional belief that presence of chemical
contamination can negatively impact the mechanical properties of steel, the strength and

ductility of the contaminated steel were seen to be enhanced.

Table 27: Mechanical properties of Q&P steel with and without residual elements representative of steel scrap

(Zhu et al., 2025, p. 148)

Steel Type Yield strength (MPa) Tensile strength (MPa) Elongation (%)
QP 1036 1280 15.6
QP-R 1089 1318 17.7

In a similar study by Xu et al. (2017) on the influence of residual elements on mechanical
properties of two carbon (C) steel. This study was conducted in response to the growing
concerns on the build-up of residual elements in recycled steel among steel makers who used
recycled steel to produce other steel products. The focus of the study was to quantify the
maximum effects of residual elements on the toughness of the steel sample. The two-carbon
steel experimented on were labeled as L. and M, with L standing for low carbon steel and M
for medium carbon steel. The samples were then further divided into 8 sub samples L1: low
C, base steel; L10: low C, 0.04% Sn; L11: loc C, 0.08% Sn; L12: low C, 0.08% Sn, 0.05% P;
L13: low C, high Mn and Si, 0.08% Sn; M1: medium C base steel; M10: medium C high Mn
and Si, 0.04% Sn; M3: medium C, high Mn and Si, 0.085% Sn. Each of the steel samples were
tested under their hot-rolled condition and the result of the mechanical test is presented in
Table 28. From the result it can be seen that the strength of the low C and medium C steels in
the hot-rolled condition increased with the increase in residual element content except for
the yield strength of L11 steel. The highest strength in tensile stress of L13 steel are related to
its high content of Mn and Si. The ductility of the L1, L10, L11 steels are comparable, whereas
L12 steel had the lowest ductility while L13 had the highest ductility amongst the low C steels.
For the medium C steels, the elongation was comparable and did not differ much. The study
was able to conclude that steels containing residual Sn and other compositional variations
generally exhibited higher yield and tensile strength than the base steels, while elongation
changed comparatively little. However, because Mn, Si, P and Sn varied between some
samples, the measured differences cannot be attributed to a single residual element alone.
The study nevertheless demonstrates that residual-element accumulation can alter the
mechanical response of recycled steel and that the effect depends on the complete steel

composition.
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Table 28: Mechanical properties of two different carbon steel (L and M) mixed with different residual elements
(Xu et al., 2006, p. 827)

Steel Yield Strength (MPa) Maximal Tensile stress Elongation (%)
(MPa)
L1 217.8 333.1 37.1
Lio 234.1 334.0 37.6
L11 226.2 345.0 36.9
Li2 268.5 379.0 33.7
L13 288.5 403.7 38.8
Mi 332.6 520.9 29.9
Mio 373.2 520.9 27.3
M3 386.1 573.0 28.6

Focusing on one particular residual element that is known to be one of the major intrinsic
contaminants in steel making using recycled steel, Sekunowo et al. (2014) conducted a study
to investigate the effect of copper contamination on the mechanical properties of
construction steel with a view to ascertain its safe limits for effective control. The experiment
entails collection of samples of hot-rolled steel profiles with varied copper concentration in
the range of 0.12 — 0.39 wt%. The result of the experiment as presented in Table 29 shows a
rather huge compromise in the mechanical properties as the copper concentration in the steel
profile increases from 0.12 wt% to 0.39 wt%. The tensile strength, hardness and impact
energy exhibited continuous reduction in values as copper concentration increases, thus the
study concludes that the safe mechanical performance of the construction steel could only be

guaranteed at copper concentrations not exceeding approximately 0.23 wt%.

Table 29: Mechanical properties of recovered steel with varying concentration of copper (Sekunowo et al., 2014,

p. 787).

Copper concentration Tensile Strength (MPa) | Impact Energy (J) Hardness (HRB)
(wt%)

0.12 650 125 60

0.17 590 105 53

0.23 490 95 48

0.27 480 90 43

0.29 380 65 34

0.34 350 55 26

0.37 320 50 24

0.39 300 30 22

Similar to the study of Sekunowo et al. (2014), Daigo et al. (2020) also reported that steel
products with high content of specific residual elements may exhibit compromised
properties, stating that hot surface shortness is a well-known phenomenon caused by high
copper content which can be further exacerbated by the coexistence of copper and tin (Daigo

et al., 2021, p. 504).
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Taking together, all these sources have demonstrated that the mechanical consequence of
residual element contamination in recovered steel depends on element type and its

concentration.

4.2.4 PVC Based Products

As stated by Yarahmadi et al. (2003) that the reduction in the mechanical properties of PVC
products is mostly linked to the loss of plasticizers in them. The study by Ito and Nagai
(2007) on degradation behavior and application of recycled PVC sheet made of floor sheet for
railway vehicle reported similar claim as Yarahmadi et al. (2003), stating that the mechanical
strength of PVC product is closely related to the concentration of plasticizer in them.
According to the result of their study, the elongation of the PVC increases with increasing

DOP (di-sec-octylphthalate) concentration.

Aouachria et al. (2014) conducted a study on the effect of Di-(2-ethyl hexyl) phthalate
(DEHP) as plasticizer on the thermal and mechanical properties of PVC/PMMA blends. The
study’s experiment blended PVC with amorphous, rigid, and glassy polymer such as poly
(methyl methacrylate) (PMMA) to investigate the effect of plasticizer on the thermal and
mechanical properties of the PVC/PMMA blend. The PVC/PMMA blend composition were in
the ratio of 100/0, 90/10, 75/25, 50/50, 25/75, 10/90, 0/100 and added to each blend were
0, 15, 30 and 50 wt% of DEHP. The mechanical properties of the different blend ratio with

each DEHP concentration are presented in tables 30, 31 and 32.

Table 30: Young’s Modulus, E (MPa) of PVC/PMMA blend plasticized with different concentration of DEHP
(Aouachria et al., 2014, p. 432).

DEHP (wt %)
PVC/PMMA ratio 0 15 30 50
100/0 1600 1300 100 0
90/10 1450 1000 250 0
75/25 1650 1500 430 0
50/50 1800 1500 600 0
25/75 1950 1900 680 50
10/90 2250 1850 630 350
0/100 2300 - - -

Table 31: Shore D Hardness of PVC/PMMA blend plasticized with different concentration of DEHP (Aouachria et
al.,, 2014, p. 432).

DEHP (wt %)
PVC/PMMA ratio o 15 30 50
100/0 73 67 59 54
90/10 73 70 63 60
75/25 75 73 70 70
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50/50 77 75 73 73
25/75 80 77 75 75
10/90 80 79 78 -
0/100 81 - - -

Table 32: Impact resistance of PVC/PMMA blend plasticized with different concentration of DEHP (Aouachria et
al., 2014, p. 433).

DEHP (wt %)
PVC/PMMA ratio 0 15 30
100/0 30 32 -
90/10 22 24.5 -
75/25 19 21 26
50/50 16.5 18 22.5
25/75 12.5 15 17
10/90 8.5 10.5 13
0/100 8 - -

The results show that Young’s modulus and Shore D hardness decrease as DEHP content
increases, confirming that DEHP acts as a plasticizer by reducing intermolecular forces
between the polymer chains and increasing chain mobility. Consequently, the blends become
less stiff and less hard. In contrast, increasing the PMMA content generally increases
hardness and, particularly in rigid blends, Young’s modulus because PMMA is a rigid, glassy
polymer. For resilience, the addition of DEHP up to 30% improves the impact resistance of
the PVC/PMMA blends, indicating that plasticization allows the material to absorb more
energy before fracture. However, impact resistance decreases as the PMMA proportion
increases because the blends become more rigid and brittle. At 50% DEHP, the specimens
did not fracture during the impact test, demonstrating very high flexibility and impact
resistance. At a constant PVC/PMMA composition, increasing DEHP generally reduced
Young's modulus and Shore D hardness, demonstrating progressive softening and increased
flexibility of the polymer blend.

Shah and Shertukde (2003) investigated the effect of different plasticizers on the mechanical,
electrical, permanence and thermal properties of PVC compounds. In the study, PVC was
plasticized using dioctyl phthalate (DOP), butyl benzyl phthalate (BBP), isodecyl diphenyl
phosphate (IDDP) and polybutylene adipate (PBA). The total plasticizer content was
maintained at 40 phr, while DOP was progressively replaced by each of the other plasticizers
at DOP/plasticizer ratios of 40:0, 30:10, 20:20, 10:30 and 0:40 phr (parts per hundred
rubber). The mechanical performance of the different formulations was evaluated based on
tensile strength and elongation at break, and the measured results are presented in Tables 33

and 34.
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Table 33: Effect of plasticizer type and composition on tensile strength of PVC compound (Shah & Shertukde,
2003, p. 3280)

Plasticizer blend DOP/IDDP (MPa) DOP/BBP (MPa) DOP/PBA (MPa)
ratio (phr)

40:0 21.0 21.0 21.0

30:10 22.1 19.8 21.5

20:20 23.5 19.2 22.3

10:30 24.8 19.1 23.1

0:40 25.9 19.0 23.9

Table 34: Effect of plasticizer type and composition on elongation at break of PVC compound (Shah &
Shertukde, 2003, p. 3281)

Plasticizer blend DOP/IDDP (%) DOP/BBP (%) DOP/PBA (%)
ratio (phr)

40:0 458 458 458

30:10 430 463 449

20:20 408 472 441

10:30 362 475 433

0:40 318 485 421

The results presented in Tables 33 and 34 show that the type of plasticizer used has a
considerable influence on the balance between strength and flexibility in PVC. As DOP was
progressively replaced with IDDP, tensile strength increased from approximately 21.0 to 25.9
MPa, while elongation at break decreased from about 458% to 318%, indicating that the PVC
became stronger but less flexible. PBA produced a similar, although less pronounced, effect,
with tensile strength increasing to approximately 23.9 MPa and elongation decreasing to
about 421%. In contrast, replacing DOP with BBP reduced tensile strength to approximately
19.0 MPa but increased elongation at break to about 485%, showing that BBP produced a
softer and more flexible PVC compound. The results therefore demonstrate that plasticizers
can significantly modify the mechanical performance of PVC, either improving flexibility at
the expense of strength or increasing strength while reducing ductility, depending on the type

of plasticizer used.
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5 DISCUSSION

5.1 Chemical Contamination and Implication for Circular Material Use

The findings of this study demonstrate that chemical contamination can constitute an
important constraint to the circular use of recovered building materials, although the extent
and nature of this constraint vary considerably between material types, contamination
sources and intended reuse or recycling pathways. The results presented in Chapter 4 show
that contamination should not be understood simply in terms of whether a hazardous
substance is present or absent. Its significance depends on factors such as the concentration,
the material’s previous service history, the regulatory requirements relevant to its intended
new application, and whether the contamination affects the technical properties required for
reuse or recycling. This supports the concern raised in the literature review section that
increasing the recovery of building materials without adequate consideration of chemical
safety may result in hazardous substances being carried from existing building stocks into

new material cycles.

The results for recovered concrete illustrate particularly well that contamination is not
necessarily an inherent property of the material itself. Across several of the studies reviewed,
concentrations of heavy metals in recovered concrete remained below the KM and MKM
guideline values used as comparative reference values in this study. However, a different
pattern was observed for polycyclic aromatic hydrocarbons (PAH). Some recycled concrete
fractions exceeded the KM guideline values for PAH-M and PAH-H, while the most
contaminated fractions exceeded both KM and MKM. Van Praagh et al. (2015) further
demonstrated that concrete originating from tar-treated structures could contain
substantially elevated PAH concentrations below the treated surface. This is important
because it shows that visual removal of an apparently contaminated surface does not

necessarily guarantee that the remaining concrete is chemically suitable for reuse.

These findings are consistent with the literature reviewed in Section 2.3.1, which identified
adjacent materials, coatings, environmental depositions and mixing during demolition as
important contamination pathways for recovered concrete. The circular potential of concrete
is therefore strongly influenced by its previous use and exposure conditions. Concrete
recovered from relatively uncontaminated structures may remain suitable for recycling or
reuse, whereas material originating from structures exposed to tar, bituminous products or
other contaminating substances may require additional investigation before being introduced

into another construction application. The implication is that recovered concrete should not
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be classified as chemically suitable or unsuitable solely on the basis of being a recycled

material. Its service history and contamination source are equally important.

Recovered timber showed a considerably more diverse contamination pattern. The studies
reviewed reported substantial differences between mean and maximum concentrations of
heavy metals and other hazardous substances within recovered wood streams. In several
cases, average concentrations were relatively moderate while individual samples contained
arsenic, cadmium, chromium, copper, lead, or zinc above the applicable comparative
guideline values. The source analysis by Krook et al. (2006) helps explain this variability by
showing that preservative-treated and surface-treated wood can contain substantially higher
contaminant concentrations than untreated wood. This is consistent with other studies
associating recovered timber contamination with CCA preservatives, creosote treatment,

paints and other surface applications (Faraca et al., 2019; Krook et al., 2004).

The large difference between mean and maximum concentrations has an important
implication for circular material management. An acceptable mean concentration across a
mixed recovered wood stream does not necessarily mean that all timber within the stream is
suitable for reuse or recycling. A relatively small quantity of heavily treated timber can occur
within a much larger batch of less-contaminated wood. If such pieces are not identified and
separated before processing, contaminants may subsequently be distributed throughout
recycled products such as particleboards or other wood composites. The timber results
therefore demonstrate that the effectiveness of circular use is closely connected to sorting

quality and knowledge of the treatment history of the recovered material.

The steel results reveal a different type of contamination challenge. As discussed in the
literature review, structural steel has a high circular potential because it can either be reused
directly or recycled through remelting. The environmental implications of contamination,
however, differ between these two pathways. For direct reuse, contamination is primarily
associated with coatings and surface treatments that may contain substances such as lead,
zinc or chromium. These contaminants may not necessarily reduce the load-bearing capacity
of the steel section but may create occupational or environmental concerns during cutting,

welding, blasting or surface preparation.

When recovered steel is recycled through an electric arc furnace, the contamination issue
changes. The studies considered in Chapter 4 consistently reported high concentrations of
zine, lead, cadmium and several other metals in EAF dust. These results should not be
interpreted as meaning that recovered structural steel itself contains these substances at the
same concentrations. Rather, they demonstrate that the recycling process can transfer and

concentrate unwanted elements into a secondary waste stream. This distinction is important
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because it shows that circularity does not necessarily eliminate chemical contamination. In
some cases, it relocates or concentrates it into another material fraction that subsequently
requires specialized treatment, recovery or disposal. Steel recycling can therefore remain
environmentally beneficial through reduced demand for virgin raw materials while still

creating a hazardous by-product that must be appropriately managed.

PVC-based products present another distinctive circularity problem because unlike many
contaminants found in concrete or timber, phthalates in PVC were intentionally incorporated
during manufacture to provide specific material properties, particularly flexibility. The
results of this study showed that recovered PVC products can contain restricted phthalates at
concentrations above the REACH Annex XVII limit. This finding supports the studies
describing the existing building stock as a reservoir of legacy additives that may no longer
meet current chemical-safety requirements (Klotz et al., 2024b; Wagner & Schlummer, 2024;

Wiesinger et al., 2024).

PVC therefore demonstrates particularly clearly that technical recyclability and chemical
acceptability are not the same. A recovered PVC product may remain physically suitable for
mechanical recycling while still containing legacy additives that restrict its incorporation into
new products. Mechanical recycling under such circumstances can retain the material in
circulation, but it can also retain the restricted substances within the material cycle. This
creates a tension between the objective of increasing recycling rates and the objective of

gradually removing hazardous legacy substances from the built environment.

The material-property results presented in Section 4.2 reinforce this distinction between
chemical acceptability and technical suitability. The presence of contamination or
contamination-related conditions did not consistently result in deterioration of material
performance across all four categories. For concrete, much of the observed reduction in
mechanical performance was associated with the physical characteristics of recycled
aggregates, while particular contaminants such as chlorides introduced additional durability
concerns. For timber, preservative-treated recovered wood could retain, and in some cases
improve, selected particleboard properties even though the preservative itself remained an
environmental concern. In steel, low or controlled concentrations of residual elements did
not always reduce mechanical performance, whereas excessive copper concentrations
produced substantial reductions in tensile strength, hardness and impact resistance.
Similarly, phthalate plasticizers in PVC contribute directly to the flexibility of the material

even though some of these substances are now restricted.

These findings demonstrate that a chemical substance may be problematic from a regulatory

or environmental perspective without necessarily making the recovered material technically
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inferior. The opposite situation is also possible: a material may contain contaminant
concentrations below the comparative guideline values while its mechanical condition is
unsuitable for a high-value reuse application. Consequently, the circular potential of
recovered building materials cannot be evaluated using a single criterion. Chemical safety
and technical performance need to be considered together when deciding whether a
recovered material should be directly reused, recycled, treated, directed toward a less

sensitive application or excluded from further material circulation.

The findings also indicate that chemical contamination is better understood as a conditional
rather than absolute barrier to circularity. The presence of a hazardous substance does not
automatically require the recovered material to be discarded, just as the technical ability to
recycle a material does not automatically mean that recycling is environmentally appropriate.
The consequence of contamination depends on the contaminant involved, its concentration
and distribution, the intended future application and the possibility of managing the
associated risk. This explains why some recovered concrete fractions may remain suitable for
reuse while tar-contaminated fractions require greater restriction, why untreated timber and
preservative-treated timber cannot be managed identically, why direct reuse and remelting of
steel present different contamination pathways, and why legacy PVC products require

particular attention to additive composition.

Overall, the results support the argument that successful circular construction requires more
than maximizing the quantity of materials diverted from disposal. Circularity should also
ensure that hazardous substances are not unintentionally carried into new products or
environments. The environmental benefits associated with reducing virgin material
extraction and construction waste can only be considered sustainable when the recovered
materials introduced into new material cycles are both chemically and technically
appropriate for their intended use. Chemical safety should therefore be regarded as an
integral component of circular material assessment rather than as a separate consideration

introduced only after a material has already been selected for reuse or recycling.

5.2 Strategies for Managing Contamination and Enabling Safe

Circularity

From the findings of this study, it can be inferred that chemical contamination should not
automatically result in the exclusion of recovered building materials from circular use.
Instead, the appropriate response depends on the type and concentration of the contaminant,
the technical condition of the recovered material and the requirements of its intended new

application.

66



An important first step is the identification of potential contamination before or during
demolition and renovation activities, as the results of this study demonstrate that previous
service conditions can provide important information about the likely contamination profile
of recovered materials. For example, concrete previously exposed to tar or bituminous
products, timber with a history of preservative or surface treatment, coated steel components
and older flexible PVC products all represent cases where the material history can provide an
early indication of potential chemical concern. This supports the need for recovered materials
to be assessed not only according to their physical condition, but also according to how and

where they were previously used.

In some instances, visual inspection alone may not be sufficient to determine the chemical
suitability of a material for reuse. Chemical sampling and analysis may therefore be required
before the material is approved for a new circular application. This would allow highly
contaminated fractions to be identified while avoiding the unnecessary rejection of
surrounding materials that remain chemically suitable. This is particularly relevant to the
results obtained for recovered timber, where considerable differences were observed between
the average and maximum contaminant concentrations within recovered wood streams. This
indicates that comparatively small quantities of heavily contaminated timber may occur

within much larger quantities of less-contaminated wood.

Effective sorting and separation therefore become important measures for preventing
contamination from spreading into otherwise suitable recovered material streams. Untreated
timber, for example, should as far as possible be separated from preservative-treated, painted
or otherwise chemically treated wood before shredding or processing. Once contaminated
and uncontaminated timber fractions are mechanically processed and mixed together,
hazardous substances contained in a relatively small fraction of treated wood may become
distributed throughout the resulting recycled product. The same principle applies to PVC-
based products, where the results showed considerable variation in phthalate concentrations
between different product types. Separating older flexible PVC products with a higher
likelihood of containing restricted legacy phthalates from cleaner PVC fractions can therefore
reduce the risk of transferring these substances into new products through mechanical

recycling.

Material assessment should also consider chemical suitability together with technical
performance. The findings presented in Section 4.2 showed that these two characteristics do
not necessarily correspond. Preservative-treated timber, for example, may retain suitable
mechanical properties despite containing hazardous substances, while PVC containing legacy
phthalate plasticizers may retain the flexibility required for its intended function while

exceeding current chemical restrictions. Similarly, a recovered material may have relatively
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low contaminant concentrations but no longer possess the mechanical properties required for
its original structural application. A decision concerning circular use should therefore not be

based on chemical concentration or technical performance alone.

Based on these considerations, recovered materials can be directed towards different circular
pathways according to the outcome of their assessment. Materials that retain the required
technical performance and do not present significant chemical concerns should, where
possible, be prioritised for direct reuse, as this retains more of the material's original value
and avoids additional processing. Where a material remains chemically suitable but no
longer satisfies the technical requirements for direct reuse, recycling into a different product
or use in an application with lower performance requirements may provide an alternative
circular pathway. Where contamination is localised and can be sufficiently reduced through
cleaning, removal of coatings or separation of contaminated fractions, treatment may allow
the remaining material to stay within the material cycle. In contrast, materials with
contamination that cannot be adequately controlled should not be recirculated solely for the

purpose of achieving higher reuse or recycling rates.

Overall, the study suggests that enabling safe circularity requires a selective approach to
material recovery rather than simply attempting to maximise the quantity of construction
and demolition materials that are reused or recycled. Knowledge of material history,
identification of likely contamination sources, targeted chemical analysis, effective sorting
and separation, verification of technical properties and selection of an appropriate recovery
pathway can collectively help distinguish materials that can safely remain in circulation from

those that require treatment or removal from the material cycle.

In this way, chemical safety and circular economy objectives do not necessarily have to
compete with each other. The aim should be to retain suitable materials within circulation for
as long as possible while simultaneously preventing hazardous legacy substances from being
transferred into future buildings and products. Safe circular construction therefore depends
not on unrestricted reuse and recycling, but on making informed decisions about how and

whether each recovered material should remain within the material cycle.

5.3 Limitation of Method Used

This study adopted a quantitative research approach based on the collation of secondary data
from peer-reviewed scientific literature reporting measured concentrations of hazardous
substances in recovered building materials and measured effects of chemical contamination

or contamination-related conditions on the properties of the recovered building material
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categories considered. The use of peer-reviewed secondary data provided a scientifically
credible evidence base study and allowed for the coverage of all four selected material
categories across multiple European studies. However, the study had no control over how the
original samples were collected, prepared or analysed. Differences in sampling strategies,
analytical methods, detection limits and reporting formats between the reviewed studies

therefore introduced a degree of variability into the dataset.

In addition, relatively few recent studies have conducted laboratory-scale analyses to
measure the concentration of chemical contaminants in materials recovered from
construction, renovation and demolition waste streams. The reliance on studies conducted
across different European countries means that the comparison of the measured
concentrations against the Swedish Naturvardsverket guideline values should be considered
indicative rather than definitive. Ideally, the analysis would have relied primarily on scientific
studies and experiments conducted in Sweden using materials recovered from Swedish
construction and demolition activities. However, this was not possible because of the limited

number of suitable studies conducted within Sweden.

Despite these limitations, the selected method was suitable for the purpose of this study
because it enabled measured evidence from several independent investigations to be brought
together and evaluated within a common circularity and regulatory framework. The method
allowed recurring contamination patterns, differences between material categories and
potential effects on material properties to be identified without the resource requirements
associated with extensive primary sampling and laboratory testing across multiple recovered
building-material streams. These limitations should therefore be considered when
interpreting the comparability and causality of the results rather than as preventing the

method from addressing the research questions.
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6 CONCLUSIONS

This study evaluated the extent to which hazardous chemical substances present in building
materials recovered from renovation and demolition activities can limit their reuse and
recycling potential within a circular economy framework. The investigation focused on four
material categories, namely concrete, timber, steel and PVC-based products, using measured
concentration data and material-property data obtained from peer-reviewed scientific

studies.

The results showed that chemical contamination occurs differently across the four material
categories and cannot be treated as a uniform issue. In recovered concrete, heavy-metal
concentrations were generally below the comparative KM and MKM guideline values, while
PAH contamination was more variable and, in some cases, exceeded both reference levels,
particularly in concrete exposed to tar or bituminous materials. Recovered timber showed
considerable variation between average and maximum contaminant concentrations, with
preservative-treated and surface-treated wood contributing substantially to elevated
concentrations of arsenic, chromium, copper, lead, cadmium, zinc and other hazardous
substances. In steel, the main contamination concern identified during recycling was the
concentration of hazardous metals in electric arc furnace dust, while residual elements in
recycled steel were shown to influence mechanical performance depending on their type and
concentration. For PVC-based products, legacy phthalate plasticizers represented the main
chemical concern, with some recovered products containing restricted phthalates above the
applicable REACH limit.

The comparison with regulatory reference values demonstrated that the presence of
hazardous substances does not automatically make every recovered building material
unsuitable for circular use. Instead, the significance of contamination depends on the
concentration of the substance, the previous use and treatment history of the material, its
intended future application and the relevant chemical-safety requirements. The results
therefore indicate that chemical contamination should be considered a conditional barrier,

rather than an absolute barrier to reuse and recycling.

The material property analysis further showed that chemical contamination does not always
result in a direct deterioration of technical performance. In some cases, contamination
related conditions contributed to reduced strength or durability, while in others treated or
chemically modified materials retained acceptable or even improved selected properties. This
was particularly evident in preservative-treated timber and plasticized PVC, where
substances considered problematic from a chemical-safety perspective could still contribute

positively to particular material properties. The findings therefore demonstrate that technical
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suitability and chemical acceptability are separate but equally important considerations when

determining the circular potential of recovered building materials.

Overall, the study concludes that safe circular use of recovered building materials requires
more than simply increasing reuse and recycling rates. Effective circularity depends on
identifying potential contamination, understanding the previous service and treatment
history of recovered materials, carrying out targeted chemical assessment where necessary,
separating highly contaminated fractions from cleaner material streams and selecting reuse
or recycling pathways that are appropriate to both the chemical and technical condition of

the material.

Chemical safety should therefore be integrated into decisions concerning circular
construction from the point of material recovery. Recovered materials that remain technically
suitable and chemically acceptable should be retained in circulation wherever possible, while
materials containing hazardous substances at levels that may create unacceptable
environmental or human-health risks should be treated, restricted to appropriate
applications or removed from the material cycle. This way, the objectives of reducing virgin
resource consumption and construction waste can be pursued without allowing hazardous

legacy substances to be continuously transferred into future buildings and products.

6.1 Declaration of Al Use

ChatGPT and Gemini Al assistant were used to extensively search for scientific studies
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and results presented in this thesis work.
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7 SUGGESTION FOR FUTURE WORK

Using secondary data collected from studies conducted across different European countries,
this study was able to demonstrate that chemical contamination is present in the considered
building materials recovered from construction renovation and demolition waste. Future
study should however consider conducting primary sampling and laboratory analysis of
materials recovered from construction, renovation and demolition activities in Sweden. The
present study relied partly on data from other European countries because only a limited
number of suitable Swedish studies were available. Although these studies provided useful
evidence, Sweden-specific investigations would offer a more representative basis for
evaluating contamination patterns within the national building stock and would strengthen

the relevance of comparisons with Naturvardsverket guideline values.

A particularly valuable future study would follow the complete material flow of a specific
building renovation or demolition project in Sweden, beginning with the pre-demolition
assessment and continuing through dismantling, sorting, sampling, chemical analysis,
classification and the final destination of each recovered material fraction. Selected materials
such as concrete, timber, steel and PVC-based products could be tested to determine their
contaminant concentrations and technical condition before decisions are made regarding

reuse, recycling, treatment or disposal.

Such a study would provide a clearer understanding of the practical relationship between
chemical contamination and material circularity under real Swedish construction conditions.
It would also make it possible to identify where contamination is first detected, how
effectively contaminated fractions are separated, whether regulatory reference values
influence material-management decisions, and what proportion of the recovered materials
can ultimately remain within the material cycle. Following the full pathway from pre-
demolition assessment to final material destination would therefore provide valuable
evidence on both the opportunities and practical limitations of implementing safe circularity

in the Swedish construction sector.
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