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A B S T R A C T   

Despite mineral wool waste is only a small fraction of total construction and demolition waste (CDW) by mass, it 
requires large transportation and landfilling capacities due to its low bulk density, and its utilization remains low 
compared to other CDW types. It is essential to understand the physical and chemical properties of this waste 
fraction in order to utilize it, e.g. as fiber reinforcement in composites or as supplementary cementitious material. 
Here, we provide a chemical and physical characterization of 15 glass wool and 12 stone wool samples of 
different ages collected from various locations across Europe. In addition, the chemical compositions of 61 glass 
and stone wool samples obtained from the literature are presented. Glass wool samples show little variation in 
their chemical composition, which resembles the composition of typical soda-lime silicate glass. Stone wool 
presents a composition similar to basaltic glass but with variability between samples in terms of calcium, 
magnesium, and iron content. Potentially toxic elements, such as Cr, Ba, and Ni, are present in mineral wools, but 
in low concentrations (<0.2%). Both wool types contain organic resin, which may decompose into smaller 
molecular fragments and ammonia upon heating or contact with alkaline solution. Mineral wool wastes have 
relatively similar length and width distributions, despite the age and type of the mineral wool. Overall, both 
mineral wool waste types have homogenous chemical and physical properties as compared to many other 
mineral wastes which makes their utilization as a secondary raw material promising.   

1. Introduction 

The generation of construction and demolition waste (CDW) is a 
globally increasing problem because in a modern society, the average 
lifetime of a concrete building is only 40 years (Huuhka, 2016). In order 
to achieve environmental, economic, and social sustainability, this CDW 
stream should be put into good use. The utilization of CDW will not only 
decrease the problems related to the landfilling of waste but also pre-
serve virgin raw materials. In addition, Waste Framework Directive 
2008/98/EC set a recycling target of 70% by weight for non-hazardous 
CWD by 2020 in the European Union (European Parliament, 2008). 

One particular CDW type is man-made vitreous fibers, also referred 
to as synthetic vitreous fibers, man-made mineral fibers, and manufac-
tured vitreous fibers. There are many mineral fiber types, such as stone 
wool (SW), glass wool (GW), slag wool, refractory ceramic fibers, and 
high-temperature fibers. Glass wool and stone wool are two main fiber 

types used for residential thermal and acoustic insulation (Väntsi and 
Kärki, 2013); thus, those two mineral wool types are the most relevant 
when considering mineral wool waste utilization. The increasing effort 
being put into energy-efficient buildings has led to the increased use of 
thermal insulation, such as mineral wool, and, consequently, more 
mineral wool waste. For simplicity, the term “mineral wool” is used to 
refer to glass wool and stone wool for the remainder of this paper. 

Mineral wool waste is not typically categorized separately in the 
volume statistics of CDW types, which makes it challenging to calculate 
its global volume. However, in Europe, mineral wool waste volume was 
estimated to be 2.3 million tons in 2010, and the amount is continuing to 
grow (Väntsi and Kärki, 2013). This study noted a lack of reliable data, 
so the actual amounts of CDW may be higher. Although mineral wool 
waste is not a large fraction of the total CDW on a per-weight basis (<1 
percent), it takes up large volumes due to its low density (20–200 kg/ 
m3), low stiffness, high elasticity, and poor compressibility, which 
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increases the transportation and disposal costs and negatively affects its 
stability in a landfill body (Sattler et al., 2020b). 

The percentage of utilized mineral wool waste remains low. There 
are several suggestions regarding how to recycle mineral wool waste in 
the scientific literature, such as using it as an alkali-activated material 
precursor (Yliniemi et al., 2020a, 2020b), supplementary cementitious 
material (Cheng et al., 2011), ceramic material precursor (Chen et al., 
2019; Lemougna et al., 2020), and additive to wood-plastic composites 
(Jetsu et al., 2020; Liikanen et al., 2019), just to mention a few. 
Recently, thermochemical recycling routes, e.g., using mineral wool 
waste as a raw material in the production of new mineral wool products 
(Jacques et al., 2007) or as raw material for cement clinker production, 
have been developed. In all these applications, the chemical composi-
tion and physical properties of the mineral wool waste are critical pa-
rameters in the utilization pathway because they govern or, at least, 
significantly affect the processing steps and chemical reactions that 
occur during valorization. 

Chemical composition is likely the single most important material 
property of any waste material when considering it as a secondary raw 
material. The chemical composition of mineral wools originates in their 
manufacturing process. The first step in mineral wool manufacturing is 
the melting of raw material, mainly basalt and diabase in the case of 
stone wool and sand, limestone, soda, and borax in the case of glass wool 
(Kowatsch, 2010). However, the raw materials used at each plant 
depend on location, and increasingly higher amounts of recycled raw 
materials, such as waste glass and slags, are used instead of virgin raw 
materials. Thus, the change in raw materials over time may affect the 
chemical composition of mineral wool products, even though the com-
positions are carefully controlled during the manufacturing process. 
Furthermore, in the 1990s, the concern about potential carcinogenetic 
effects on the part of mineral wool fibers and their low biosolubility was 
tackled by modifying their chemical composition such that it fulfills the 
requirements for biological solubility (Christensen et al., 1994); thus, 
older mineral wool waste may have a different composition compared to 
newer waste. For example, the development of biosoluble stone wool 
fibers mainly involves changes in Al2O3 and SiO2 content (Guldberg 
et al., 2000). 

Another critical material property of mineral wool waste is fiber 
width and length (i.e., physical dimensions). After melting the mineral 
raw materials in the manufacturing process, the melt is fiberized, typi-
cally by a spinner wheel in the case of stone wool and by a spinning 
machine with more than 2,000 small holes in it in the case of glass wool 
(Kowatsch, 2010). Depending on the fiberization process parameters 
and conditions, fibers with different lengths and widths are formed. In 
stone wool production, some proportion of spherical particles – often 
referred to as “shots” – may form (Nielsen et al., 2013). Fiber dimensions 
are relevant for three reasons: they affect the material properties of the 
product, but in addition, fiber width influences the fiber respirability 
and fiber length affects the fiber clearance (Maxim et al., 2006; Stanton 
et al., 1977). Considering the potential carcinogenic risks of mineral 
wools, one approach to resolving poor fiber clearance is to decrease the 
content of airborne respirable fibers, that is, fibers with a width<3 μm 
and a length longer than 5 μm, with an aspect ratio greater than 3, by 
increasing the fiber width (WHO, 1997). 

The final step in the mineral wool manufacturing process before 
packing is to add organic resin binder, typically phenol formaldehyde, 
and oil and other minor constituents onto the fiber surface to decrease 
dusting and ensure that the mineral wool product keeps its shape 
(Kowatsch, 2010). The potential organic resin types include but are not 
limited to phenolic resin, polyesters, melamine-urea–formaldehyde, 
polyamides, furan-based resin, and sugar-based resin (Kowatsch, 2010). 
The presence of organic components may, for example, affect the re-
actions involved in the cementitious binders significantly; thus, the 
organic resin content and type should be monitored when using mineral 
wool waste as a secondary raw material. Also, if the re-use process in-
cludes heating or chemical treatment, these components may vaporize. 

For example, the permissible exposure limit for formaldehyde is 0.75 
ppm, measured as an 8-hour time-weighted average (OSHA, 2021), and 
thus one should be aware of such organic components’ presence. 

As discussed above, mineral wools can vary in their material prop-
erties, which will influence their use as a secondary raw material. Hence, 
we study the oxide composition of 27 types (sheets, blowing wool and 
ceiling tile wastes, and mineral wool manufacturing by-products) of 
mineral wool waste samples with various ages collected from different 
locations in Europe. In addition, a literature survey was performed to 
collect mineral wool chemical compositions for 61 samples published in 
earlier studies. The bulk chemical composition was analyzed with an X- 
ray fluorescence (XRF) method. The organic binder content is deter-
mined via the thermogravimetric method. The volatiles components are 
determined with thermogravimetry coupled with a mass spectrometer 
(TG-MS) and Gas Chromatography coupled with a mass spectrometer 
(GC–MS). Finally, the fiber length and width of mineral wool samples 
are reported as analyzed via a fiber-imaging method based on ultra high- 
definition (UHD) image analysis. 

2. Materials and methods 

2.1. Experimental 

Mineral wool waste samples were collected on four types of occa-
sions: 1) pre-demolition audits; 2) demolition sites; 3) landfills and 
waste management stations; and 4) mineral wool production plants. 
Sampling was based on standards EN 14899:2005 and CEN/TR 
15310–2:2006. In the case of demolition audits, samples were taken 
from various mineral wool products (e.g., ceiling tiles or wall insulation) 
from a building to be demolished. On demolition sites, mineral wool was 
separated into piles, avoiding the mixing of stone and glass wool 
whenever possible. On landfills and waste management stations, sam-
pling was conducted from piles of mineral wool waste that had been 
exposed to the weather, typically for a long time. In mineral wool pro-
duction, samples of dusts and other mineral wool production side- 
products were collected. In all sampling cases, the material was ho-
mogenized prior to sampling, for example, by flattening out a pile of 
mineral wool waste with an excavator or mechanical digger and col-
lecting samples across the length and breadth of the material. Then, 
individual increments were placed into a new pile, mixed, and repeated 
until the sample volume could be handled manually. From the piles, 
pieces of mineral wool without impurities were sampled for chemical 
analysis. 

In total, 27 mineral wool samples were collected and analyzed, 
fifteen glass wool waste samples (named GW1–15) and twelve stone 
wool waste samples (named SW1–12). The variation in age (1–50 years) 
of the analyzed samples provides a good representation of the chemical 
composition of mineral wool wastes. 

The loss-on-ignition (LOI) was analyzed with thermogravimetric 
analysis (TGA) in a static air system using a Prepash Precisa Gravimetric 
AG “prepASH automatic drying and ashing system.” Prior to heating, the 
samples were milled with a planetary ball mill (1 min, 300 rpm). The 
temperature program in TGA for stone wool samples was 30 min heating 
from room temperature to 105 ◦C, followed by a 4 h hold and then 2 h 
30 min of heating to 525 ◦C, with a 3 h hold, and, finally, 1 h heating to 
950 ◦C, with 3 h hold. The temperature program for glass wool sample 
was the same, but the heating was stopped at 525 ◦C to avoid melting the 
samples. Iron oxidation and consequent weight gain may occur at 
temperatures above 575 ◦C (Smedskjaer et al., 2010); thus, for the 
determination of organic binder content, a temperature of 525 ◦C was 
used. 

Additionally, XRF analysis was performed using a 4 kV wavelength- 
dispersive XRF spectrometer (PANalytical Omnian Axios mAX, Malvern 
Panalytical) for fused samples: 0.9 g of heat-treated samples from TGA 
was melted at 1,200 ◦C with 9 g of X-ray Flux Type 66:34 (66 mass% 
Li2B4O7 and 34 mass% LiBO2) and 0.02 g of NH4I to obtain melt-fused 
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tablets. 
Thermogravimetry-mass spectrometry (TG-MS) analyses were per-

formed with Netzsch STA 449 F3 Jupiter. Samples (~100 mg) were 
heated to 650 ◦C, and gases were analyzed in the mass-to-charge ratios 
(m/z) between 0 and 100. 

An ammonia release experiment was conducted by mixing the min-
eral wool samples with 6.25 M NaOH, 2.44 M Na2CO3, or commercial 
sodium silicate solution (Betol-50 T, Wöllner) with the following 
composition: 31.8 wt-% SiO2, 12.7 wt-% Na2O, and 55.5 wt-% H2O. The 
weight ratio of the mineral wool to the solutions was 2:1. The solutions 
were selected so as to represent chemicals potentially used in alkali 
activation. After 1 min of mixing the materials, the mixture was main-
tained for 15 min in a 1.5 L closed vessel. After that period, a 1 L sample 
of the air in the closed chamber was extracted with a Kitagawa AP-20 
precision pump for the quantification of ammonia with the use of 
Kitagawa 105SB and 105SE detection tubes, relying on its reaction with 
phosphoric acid: 

H3PO4 + 3NH3→(NH4)3PO4 (1) 

The temperature during this experiment was a constant 25 ◦C. 
For fiber size analysis, 1 g mineral wool sample was taken from a 

larger mineral wool piece and mixed with 50 ml of ethanol. The sus-
pension was diluted with 1,500 mL of deionized water and mixed via a 
wet disintegrator (Lorentzen & Wettre Pulp Disintegrator) at 30,000 
rpm for10 minutes, after which the sample was diluted to 2 L, a few 
drops of detergent was added to act as a dispersant (if needed), and the 
suspension was stored overnight. Half a gram of the well-dispersed 
suspension was taken, and 4.5 g of ethanol and 5 mL of commercial 
non-foaming detergent were added. Finally, the suspension was diluted 
with deionized water to 500 mL. After being subjected to pre-treatment, 
the mineral wool sample suspensions were visualized using a Valmet FS5 
Fiber analyzer UHD camera unit. The optical resolution of the FS5 UHD 
camera unit is close to 1 µm, which means that the smallest particles are 
not visible in practice and thus not included in the calculations. The 
UHD camera unit captures up to 1,000 individual pictures, including up 
to millions of individual particles, which are then image-analyzed with 
commercial Valmet IMG image analysis software. 

2.2. Literature review 

The Scopus database was used for the literature search of mineral 
wool compositions. Several keywords were used to search for the 
appropriate literature. During the screening process, combinations of 
the following words were used: wool, stone, rock, glass, slag, basalt, 
mineral, fiber, fibre, man-made vitreous fiber, synthetic vitreous fibers, 
man-made mineral fibers, and manufactured vitreous fibers. The full 
texts of the references were accessed via available online databases. The 
articles and their supplementary data were read to determine whether 
they included the chemical compositions of mineral wools. Only 
commercially produced mineral wools were included; for example, 
experimental stone wools with high alkaline earth oxide content pro-
duced in a laboratory (Bernstein et al., 1996; Potter, 2000) for the 
purposes of a certain study were excluded. In some cases, mineral wool 
source information was not explicit; thus, some mineral wool composi-
tions may be incorrectly included or excluded. Only original articles 
written in English and published in journals were selected to ensure high 
quality and appropriately peer-reviewed articles. The full texts of the 
references found to be relevant were accessed using available online 
databases. 

3. Results and discussion 

3.1. XRF and TGA results 

Table 1 presents the median glass wool compositions analyzed in this 
study and those found from literature, including the minimum and 

maximum oxide content of the samples. The detailed elemental oxide 
composition of each sample is listed in the Supplementary Information 
(Tables S1 and S3). Based on the samples analyzed, glass wool waste 
contains 59–64 wt% SiO2, 15–18 wt% Na2O, and 8–10 wt% CaO as its 
major oxides, thus presenting a composition similar to that of soda lime 
silicate glass (Martin, 2006). There was no difference in the chemical 
composition for samples from different sources (from landfills or pre- 
demolition audits, for example). In the literature, larger variations in 
SiO2, CaO, Na2O, Al2O3, and MgO content are observed as compared to 
samples analyzed in this study, perhaps due to the wider geographical 
representation of the samples. Boron is not detectable with the XRF 
method used in this research, but based on analyses conducted in the 
literature (Supplementary Information Table S3), glass wool contains 
4–11 wt% of B2O3. Because most of the compositions reported in the 
literature did not sum up 100%, it is assumed that the XRF results have 
not been normalized and, consequently, the results should be compa-
rable with the results of this study. Regarding potentially hazardous 
heavy metals, Cr2O3, (0.03–0.18 wt%), NiO (0.01–0.07 wt%), CuO 
(0.01–0.09 wt%), and ZnO (0.01–0.16 wt%) were detected in all glass 
wool samples. Although the median concentration of PbO was low (0.01 
wt%), there was a single sample for which the PbO concentration 
reached 0.33 wt%. Because XRF analysis without standard reference 
samples is not precise for such a low concentrations (Ramsey et al., 
1995), the content of heavy metals should be taken as qualitative rather 
than as quantitative. 

Heavy metal concentrations were not detected or reported in the 
literature (Supplementary Information, Table S3). Because heavy metals 
are trapped in the glassy matrix in mineral wools, they do not possess an 
acute environmental risk for mineral wool utilisation. However, heavy 
metals could be released if the glass matrix is dissolved by acids (Nilsen 
et al., 2003) or highly alkaline solutions (Snellings, 2013) during the 
utilization process. 

The median organic resin content, as determined via loss-on-ignition 
at 525 ◦C, was 7.95 wt%, but there was also a one process waste sample 
for which the content was nearly zero (0.6 wt%), demonstrating that 
new, organic resin-free glass wool products are currently manufactured. 
The organic resin content is discussed further in the following sections. 

Table 1 
The chemical composition and LOI 525 ◦C as wt.% of glass wool samples 
analyzed in this study and from the literature. The composition of each sample is 
reported in the Supplementary Information. *Iron is reported in this study solely 
as Fe2O3 due to the sample pretreatment, during which most of the Fe2+ is 
oxidized into Fe3+.  

Glass wool compositions in this study (N =
15) 

Glass wool compositions in the 
literature (N = 18)  

Median Min Max  Median Min Max 

CaO 8.19 7.61 9.90 CaO 7.41 3.00 8.50 
SiO2 62.70 59.20 64.15 SiO2 63.60 57.50 68.30 
Al2O3 1.86 1.36 4.90 Al2O3 3.50 1.30 5.80 
Fe2O3* 0.48 0.27 2.06 Fe2O3 0.21 0.00 0.59 
Na2O 16.93 14.95 17.68 FeO 0.10 0.00 0.40 
K2O 0.56 0.41 0.91 Na2O 15.34 10.10 15.85 
MgO 2.48 1.77 3.29 K2O 1.23 0.00 2.90 
P2O5 0.14 0.02 0.56 MgO 3.00 0.21 4.13 
TiO2 0.07 0.03 0.61 P2O5 0.00 0.00 0.00 
SO3 0.41 0.11 1.83 TiO2 0.06 0.00 0.20 
MnO 0.31 0.02 0.56 SO3 0.17 0.00 0.33 
Cr2O3 0.05 0.03 0.18 B2O3 4.90 4.10 10.70 
ZrO2 0.01 0.00 0.03 MnO 0.01 0.00 0.80 
SrO 0.02 0.00 0.04 Cr2O3 0.00 0.00 0.00 
BaO 0.00 0.00 0.23 ZrO2 0.01 0.00 0.03 
NiO 0.02 0.01 0.07 SrO 0.08 0.08 0.08 
CuO 0.01 0.01 0.09     
ZnO 0.01 0.01 0.16 F 0.00 0.00 0.83 
PbO 0.01 0.00 0.33     
Cl 0.09 0.00 0.12     
Bi2O3 0.00 0.00 0.01     
LOI 525 ◦C 7.95 0.60 11.90      
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Table 2 shows the chemical composition of stone wool samples, and 
the full elemental oxide composition of each sample is listed in the 
Supplementary Information (Tables S2 and S4). There is more variation 
in the stone wool compositions as compared to the glass wool compo-
sitions. Particular variation was found in CaO (14–23 wt%) and MgO 
(8–14%) contents. Iron exists mostly in the ferrous (Fe2+, i.e., FeO) state 
in stone wool due to its reducing condition during production (Kirke-
gaard et al., 2005). Here, we report iron as Fe2O3 due to the sample heat 
pretreatment prior to XRF analysis, during which iron is oxidized. 
Nevertheless, in both cases, the total iron content is similar, i.e., around 
7 wt% as Fe2O3. 

Additionally, SiO2 content was consistently 40–44 wt%, although 
one sample in the literature review contained up to 54 wt% SiO2 (Sup-
plementary Information, Table S4). The said sample also had unusually 
high CaO content (30 wt%) and low Al2O3 content (7 wt%). The study 
noted that this stone wool was from the pre-1995 era, with low bio-
solubility (Wohlleben et al., 2017); thus, the said sample could be an 
example of the old, hazardous stone wool. The carcinogenicity of such 
products are described in Regulation (EC) No 1272/2008 (EU, 2008), 
which includes several hazard categories for carcinogens. Because the 
sum of CaO + MgO + BaO + Na2O + K2O is more than 18 wt% for all 
glass and stone wool samples presented in this study (Supplementary 
Information), they fall into the category of “suspected human carcin-
ogen” (EU, 2008). In some countries, the carcinogenicity index (CI) is 
applied, which implies the contents of certain oxides: CI = Na2O + K2O 
+ B2O3 + CaO + MgO + BaO – 2 Al2O3. The CI should be equal to or 
higher than 40 in order for mineral wool to be classified as non- 
carcinogenic. The disadvantage of this index is that it often mis-
classifies mineral wool, particularly stone wools due to their high Al2O3 
content. None of the samples analyzed here passes the CI test (Supple-
mentary information). Thus, in order to prove mineral wools are not 
carcinogenic, Note Q and Note R of the regulation 1272/2008 should be 
fulfilled. Note Q defines different in-vivo biosolubility tests, whereas 
Note R defines that the length-weighted geometric mean diameter 
should be less than two standard geometric errors greater than 6 μm (EU, 

2008). The ambiguities in the classification of hazardous and non- 
hazardous of mineral wool products are well discussed in a recent re-
view (Sattler et al., 2020a). 

All stone wool samples contained MnO, Cr2O3, NiO, and CuO as 
potentially hazardous elements, with their median concentration vary-
ing between 0.22 wt% (MnO) and 0.01 wt% (CuO). Also, smaller 
amounts of Ba and Zn were detected in most samples. As stated above, 
one should consider the determined heavy metal content to be qualita-
tive rather than quantitative. It should be noted that, although (new) 
mineral wool products have high biosolubility, the leaching of heavy 
metals is not necessarily problematic. This is because biosolubility is 
considered to be the solubility of mineral wool fibers in the presence of 
organic ligands at an acidic or near-neutral pH (Guldberg et al., 2000), 
whereas the solubility of heavy metals is typically considered to be 
leaching of heavy metals from large volumes of mineral wool into the 
environment without pH control to simulate the effect of rain (SFS-EN 
12457–2, 2002). The differences in the experimental setup of these tests 
have a major impact on the solubility results, and they are used to define 
different aspects of the material. 

The median organic resin content is 3 wt% (a single sample con-
tained more than 4 wt%), indicating its lower content in stone wools as 
compared to glass wools. The LOI at 950 ◦C is lower than the LOI at 
525 ◦C, which indicates a gain in weight due to the oxidation of Fe2+ to 
Fe3+ (Smedskjaer et al., 2010). 

3.2. TG-MS and the release of ammonia under alkaline conditions 

Fig. 1 shows the TG-MS results for glass and stone wool waste sam-
ples. The area with m/z < 45 is similar for all samples because it contains 
signals resulting from the argon used as a carrier gas (m/z = 40), water 
(m/z = 18), possibly carbon monoxide (m/z = 28), formaldehyde (m/z 
= 29), and carbon dioxide (m/z = 44). It is also possible that ammonia 
(NH3) is present at m/z = 18 as NH4

+. However, it appears that glass and 
stone wool samples have their own distinguishable features in the area 
of m/z = 45–100. This area contains molecular fragments that are likely 
associated with the various volatile organic compounds (VOCs) arising 
from organic resin decomposition. All glass wools (Fig. 1A-D) have four 
distinguishable features in the graph: 1) a broad peak at m/z ≈ 45–55 
and T ≈ 250–550 ◦C; 2) m/z ≈ 65 and T ≈ 250–650 ◦C; 3) m/z ≈ 80, T ≈
350–500 ◦C; and 4) m/z ≈ 90 and T ≈ 350–500 ◦C. Stone wools, on the 
other hand, have only one clearly distinguishable feature at m/z ≈ 57 (T 
= 250–500 ◦C) and some weak features at m/z ≈ 45–55 (T ≈
400–500 ◦C); m/z ≈ 65 (T ≈ 250–650 ◦C); 3) m/z ≈ 80 (T ≈
350–500 ◦C); and m/z ≈ 90 (T ≈ 350–500 ◦C). The more intense signals 
in the area of m/z = 45–100 for glass wool samples as compared to stone 
wool samples could be also due to the former’s higher initial organic 
resin content (Tables 1 and 2). Some potential molecular fragments 
related to the identified features are shown in Table 3. 

One potential issue regarding the utilization of mineral wool wastes 
is ammonia release. Ammonia may be a part of the organic resin 
component (Kowatsch, 2010), or ammonia may form via the reaction of 
nitrogen compounds, such as urea, under alkaline conditions: 

NH2CONH2 + 2NaOH⇌Na2CO3 + 2NH3 (2) 

It has been reported that accelerated ageing (70 ◦C and 95% relative 
humidity for 7 d) results in a decreased concentration of N-containing 
compounds in mineral wools. This was caused by the depolymerization 
of the organic binder, more specifically the hydrolysis of amide, meth-
ylene ether, and methylene linkages between urea groups (Zafar et al., 
2013). In our experiments (Table 4), mineral wool samples were 
exposed to alkaline environments, which simulates, for example, their 
application as supplementary cementitious material or precursors to 
alkali-activation. Also, NH3 emissions increase as pH increases: NaOH 
(pH ~ 14) > Na-silicate (pH ~ 12.5) > Na2CO3 (pH ~ 11.6). However, 
the total organic resin content does not correlate with NH3 emissions; 
thus, in many cases, ammonia is the product of a reaction, such as that 

Table 2 
The chemical composition and LOI at 525 ◦C as wt.% of stone wool samples. The 
composition of each sample is reported in the Supplementary Information.  

Stone wool compositions in this study (N =
12) 

Stone wool compositions in literature 
(N = 43)  

Median Min Max  Median Min Max 

CaO 17.96 14.43 22.58 CaO 17.89 10.04 40.10 
SiO2 40.55 39.05 42.90 SiO2 44.00 39.80 54.00 
Al2O3 16.36 14.01 17.70 Al2O3 16.00 7.00 24.00 
Fe2O3 7.11 5.48 8.78 Fe2O3 7.00 n.a 13.22 
Na2O 2.25 1.38 2.95 FeO 4.66 n.a 8.20 
K2O 0.71 0.41 1.15 Na2O 2.40 0.13 6.20 
MgO 9.73 7.70 14.19 K2O 1.10 0.30 3.80 
P2O5 0.28 0.07 0.52 MgO 9.25 2.00 13.00 
TiO2 2.02 0.98 3.33 P2O5 0.30 0.00 0.80 
SO3 0.21 0.06 1.69 TiO2 1.70 0.50 3.06 
MnO 0.22 0.14 0.40 SO3 0.23 0.15 0.23 
Cr2O3 0.07 0.05 0.10 S 0.10 0.00 0.50 
ZrO2 0.03 0.00 0.07 B2O3 0.00 0.00 0.10 
SrO 0.10 0.00 0.13 MnO 0.20 0.00 1.10 
BaO 0.04 0.00 1.66 Cr2O3 0.10 0.00 0.40 
NiO 0.03 0.02 0.04 ZrO2 0.02 0.00 0.03 
CuO 0.02 0.01 0.04 SrO 0.10 0.00 0.10 
ZnO 0.01 0.00 0.03 BaO 0.10 0.00 1.00 
Cl 0.09 0.04 0.19 Others 0.40 0.40 0.40 
Nb2O5 0.01 0.00 0.01     
Y2O3 0.00 0.00 0.01     
Ga2O3 0.00 0.00 0.01     
Co3O4 0.00 0.00 0.04     
PbO 0.00 0.00 0.01     
Bi2O3 0.00 0.00 0.01     
LOI 525 ◦C 2.85 1.40 7.40     
LOI 950 ◦C 1.70 1.00 3.20      
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shown in Equation (2), rather than present in mineral wool as a pure 
reagent. The short-term occupational exposure limit value for NH3 is 50 
ppm (36 mg/m3), thus one should be aware of it during the valorization 
process (ECHA European Chemical Agency, 2020). 

3.3. Fiber length and width 

The percentage of respirable fibers was surprisingly high, between 
30 and 50%, in all analyzed samples (Table 5). Here, we report respi-
rable fibers as fibers with an aspect ratio greater than 5, instead of an 
aspect ratio greater than 3, as defined by World Health Organization 
criteria (WHO, 1997), to ensure that all fibers included in respirable 

Fig. 1. TG-MS graphs for glass wool: A): GW1, B): GW2, C): GW3, D): GW4 and stone wools samples E): SW1, F): SW2, G): SW3, H): SW4. The intensity of the signal 
is signified with colors (red refers to highest intensity, blue the lowest). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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fibers actually belong in that category. To emphasize the point, the 
percentage indicates the number of respirable particles in the sample, 
not the weight percentage. Because the smallest fibers have a lower mass 
than longer and wider fibers, the weight percentage of respirable fibers 
in mineral wools is low, despite the high particle percentage. Never-
theless, the high percentage of respirable fibers poses a risk to the people 
working with these materials and one should be cautious when handling 
old mineral wool products collected from CDW. Moreover, any of the 
samples do not pass the previously stated Note R defined in Regulation 
1272/2008 regarding requirement for fiber diameter (EU, 2008). 

The median fiber lengths of different mineral wool samples are in the 
range of 162 μm and 543 μm. The median fiber width of different 
mineral wool samples are in the range of 8.2 μm and 11.1 μm. The cu-
mulative fiber length distributions of the analyzed samples are pre-
sented in Fig. 2, which reveals that the fibers have a relatively similar 

length distribution, despite the age and type of the mineral wool. In 
addition, an example image of the fibers in sample SW1, as visualized by 
a Valmet Fiber analyzer, shows the presence of long (some millimeters) 
and short (tens of micrometers) fibers (Fig. 3). Cumulative fiber width 
distributions are presented in Figure S1 in the Supplementary Infor-
mation, showing the only small variation in the fiber width distribution 
despite the age and type of mineral wool. 

4. Conclusions 

In this study, the chemical composition, organic resin content and its 
decomposition, and fiber sizes of mineral wool wastes were assessed. 
Stone wool and glass wool are the two main types of mineral wools. The 
main difference in their chemical composition is the 4–11 wt% B2O3 
content in glass wool, whereas stone wool does not contain boron. In 
contrast, stone wool contains 5–13 wt% of iron, whereas the iron con-
tent in glass wool is negligible. Glass wool waste shows only small 
variation in its elemental oxide composition, thus making its utilization 
easier from that perspective. Stone wool has more variation in its 
composition, particularly in its calcium, magnesium, and iron content. 
The most common potentially toxic elements detected in glass and stone 
wool wastes were Cr, Ba, Ni, Cu, Zn, and Pb, but their concentrations 
were generally low (<0.2 wt%). The total organic resin content in glass 
and stone wool waste was ~ 8 wt% and ~ 3 wt%, respectively, which 
may cause ammonia and VOC emissions (such as phenol and formal-
dehyde) if the utilization process steps include heating or alkaline con-
ditions, for example. The respirable fiber particle percentage was around 
50%, which should be considered, particularly when processing old 
mineral wool wastes, which may have low biosolubility and, thus, 
possess a risk of being carcinogenic. The distinction between hazardous 
and non-hazardous mineral wool fibers based on their chemical 
composition is challenging and the hazardous property of mineral wools 
should be determined by in-vivo biosolubility tests. The median fiber 
lengths are some hundreds of micrometers and the median fiber widths 
around 10 µm for different mineral wool samples, despite the age and 
type of the mineral wool. The similar size distributions for different 
mineral wool materials helps in their use as secondary raw material, for 
example, as fiber reinforcement. The overall homogenous quality of 
mineral wool waste provides a promising basis for their use as a sec-
ondary raw material in the future sustainable society. 
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Table 3 
Potential molecular fragments related to the iden-
tified peaks in Fig. 1.  

m/z Fragment molecule 

18 NH4
+

27 C2H3
+/HCN+

28 C2H4
+/HCNH+/CO+

29 CHO+

40 Ar+ (carrier gas) 
42 C2H4N+

43 CH3Si+/C3H7
+

57 C4H9
+

60 CH₄N₂O+

77 C6H5
+

91 C7H7
+

Table 4 
Gaseous NH3 release when different mineral wool samples were exposed to high- 
pH environments. LOI 525 ◦C gives an estimate of the total organic resin content.  

Sample name LOI 525 ◦C [wt.%] Gaseous NH3 [ppm] 

NaOH Na-silicate Na2CO3 

GW1 6.2 200 120 7 
GW2 9.2 90 280 30 
GW3 4.9 20 40 < 5 
GW4 7.4 N/A N/A N/A 
SW1 1.8 320 12.5 40 
SW2 1.9 100 14 < 5 
SW3 3.1 18 7 < 5 
SW4 1.5 14 < 5 < 5  

Table 5 
Mineral wool waste fiber length and width.  

Sample 
code 

Fines 
(%)* 

Fibers 
(%)** 

Respirable 
fibers (%)*** 

Median fiber 
length 
(μm)**** 

Median fiber 
width 
(μm)**** 

GW2 0.3 99.7 47.9 162 8.2 
GW3 0.2 99.8 44.7 480 9.2 
GW4 0.2 99.8 46.4 390 8.6 
GW5 0.2 99.8 39.5 347 8.2 
SW1 0.3 99.7 44.1 314 8.3 
SW2 0.2 99.8 41.1 419 11.1 
SW3 0.2 99.8 28.6 395 11.3 
SW4 0.3 99.7 48.1 543 10.3 
SW5 0.2 99.8 40.6 524 11.1 
SW6 0.3 99.7 57.0 315 10.0 
SW7 0.4 99.6 41.1 442 10.3 
SW8 0.4 99.6 46.7 233 9.3  

* Percentage of particles, with length and width ≤ 10 μm. 
** Percentage of particles, with length >10 μm. 
*** Percentage of particles for which width is < 3 μm and aspect ratio is >5. 
**** Median fiber length [μm] and median fiber width [μm]. 

Fig. 2. Cumulative fiber length distributions of analyzed samples.  
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the work reported in this paper. 

Acknowledgements 

H2020 project Wool2Loop has received funding from the European 
Union’s Horizon 2020 research and innovation programme under grant 
agreement No. 821000. The opinions expressed in this document only 
reflect the authors’ view and in no way reflect the European Commis-
sion’s opinions. The European Commission is not responsible for any use 
that may be made of the information it contains. Special thanks for 
sampling at demolition sites in Belgium to Recycling Assistance bvba. 
Juho Yliniemi and Tero Luukkonen have received funding from the 
Academy of Finland (grant # 322786 and # 326291, respectively). This 
work is also supported by the Academy of Finland InStreams profiling 
(grant #326291). Part of the work was carried out with the support of 
the Centre for Material Analysis, University of Oulu, Finland. Mr. Jani 
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