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This study addresses a research gap in upcycling complex organic-mineral residues by investigating

the thermal reactivation of sanding dust (SD) generated during the production of wood-wool cement
panels. Its novelty lies in establishing a low-temperature pathway that recovers hydraulic capacity
without triggering CO, release from carbonated phases. The research design involved heating raw SD
at 450 C for five hours - a temperature selected to maximize portlandite dehydration while remaining
below the 600 ‘C decarbonation threshold - followed by comprehensive chemical, mineralogical, and
physical characterization (XRD, TGA, SEM). This reactivated binder was then utilized to produce novel,
low-density biocomposites using manufacturing-line waste as filler. Major findings confirmed that heat
treatment reduced average particle size from 29.21 pm to 19.11 pm and successfully restored hydraulic
activity, increasing binder compressive strength from 1.59 to 13.05 MPa. The resulting biocomposites
achieved compressive strengths up to 185 kPa and a low thermal conductivity of 0.068 W/(m-K) with

a density of 369-415 kg/m3. These results indicate that 450 ‘C serves as an optimal “thermal window”
for this waste, effectively transforming industrial residues into functional secondary raw materials for
sustainable building insulation.

Keywords Wood-wool cement panel, Cement reactivation, Thermal treatment, Sustainable building
materials, Circular manufacturing, Life cycle assessment

Researchers focus more on the reactivation and recycling of Portland cement-based binders, especially from
cement-based production waste, as the need for sustainable materials increases'2. By reactivating the binding
properties of partially hydrated cementitious materials, this technical strategy aims to convert waste into useful
building material resources®*. The industry could tackle major environmental issues, such as waste generation,
resource depletion, and carbon emissions, by putting reactivation technology into practice®. This approach
represents a promising pathway to mitigate the environmental degradation associated with traditional cement
production, offering a more sustainable alternative to conventional material extraction and manufacturing

processes®.

Environmental impact of the construction materials sector

The construction industry has a significant impact on the environment and global resource consumption, with
substantial implications for sustainability. The building and construction industry is accountable for 33% of
energy-related CO, emissions, according to the International Energy Agency’s global status report”. This number
highlights the crucial role in mitigating climate change, including operating emissions (26%) and embodied
carbon emissions from materials and construction processes (7%)>%.

When it comes to sustainability, trends in construction materials are especially troubling. Construction
materials account for approximately half of all raw materials extracted worldwide, according to the United Nations
Environment Programme’s report on resource efficiency and climate change’. In this context, the production of
concrete is a major environmental concern, accounting for approximately 8% f global CO, emissions (Fig. 1) and
producing more than 4 billion tons of cement annually’!°.
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Fig. 1. Concrete production global CO, emissions!®.

Reactivation by heat treatment

Cement recycling has also focused on reactivating the binder through heat treatment. Heat treatment techniques
aim to change the cement’s physical and chemical properties and restore the cement’s activity, thereby reducing
the need to use newly manufactured cement!'!.

The opportunities offered by heat treatment are significant in terms of sustainability and resource-saving. The
recovery and reuse of cement can reduce the demand for raw materials, thereby reducing energy consumption,
greenhouse gas emissions, and the overall environmental impact of cement production!?. In addition, it can
potentially reduce construction and demolition waste by diverting it from landfills and using a circular economy
approach!3.

Various heat-treatment methods are being explored in cement recycling to reactivate the binder. Pyrolysis,
a process involving applying high temperatures without oxygen, can break down organic matter and remove
contaminants, thus recovering a clean cement paste!. Calcination, conversely, involves heating cementitious
materials at high temperatures to induce chemical changes that release carbon dioxide and recover reactive
calcium compoundslS. Incineration, a more extreme heat treatment, removes organic matter and impurities and
uses the energy released during combustion!'®.

The reactivation of cement binders has gained significant attention in recent years as a promising approach
to reducing environmental impact and resource consumption in the construction industry'”!3. Among
various thermal treatment technologies, muffle furnaces and rotary kilns have emerged as promising options
due to their versatility, precise temperature control, and scalability’®. While muffle furnaces are widely used
in laboratory-scale investigations due to their excellent temperature uniformity and controlled atmosphere,
rotary kilns offer advantages in continuous operation and industrial-scale processing, making them suitable
for large-scale cement reactivation applications?’. Microwave heating has attracted significant attention due to
its unique ability to selectively heat material components. Choi et al*!. demonstrated that microwave treatment
can effectively reactivate hydrated cement paste, increasing its compressive strength by up to 30% compared
to untreated samples. The mechanism involves selective molecular vibration and dielectric heating, which can
more efficiently redistribute moisture and activate chemical bonds than traditional heating methods.

In cement reactivation applications, muffle furnaces play a vital role in studying various cement types’ thermal
behaviour and reactivation potential, where controlled heating environments are essential for investigating
phase transformations and chemical reactions??. Research has shown that cement materials subjected to thermal
treatment in muffle furnaces at temperatures ranging from 400 C to 900 ‘C exhibit significant changes in their
mineralogical composition and reactivity, with optimal reactivation temperatures varying depending on the
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cement composition and initial conditions?»?. The precise temperature control and uniform heat distribution
characteristics of muffle furnaces make them particularly suitable for studying the dehydration and rehydration
processes in cement materials and investigating the formation of new phases during thermal treatment®*. Using
lower temperatures (<600 C) in that range dehydrates the cementitious phases but doesn’t reach the calcium
carbonate decomposition temperature, which would produce emissions. By encapsulating calcium carbonate
and focusing only on cementitious phases, a reactivated cementitious binder can be developed.

Despite the progress in circular construction, a significant scientific gap persists regarding the selective
reactivation of industrial cementitious byproducts compared to conventional construction and demolition
waste (CDW). Current literature predominantly focuses on the mechanical and thermal processing of recycled
concrete aggregates (RCA), where the primary objective is the removal of adhered mortar or the enhancement of
aggregate properties rather than the reactivation of the cement paste fraction itsel>>?°. While recent studies have
extensively explored geopolymerization as a dominant pathway for upcycling construction debris, sand-washing
waste, and autoclaved aerated concrete into sustainable binders2’-32, these systems often rely on external chemical
alkaline activators or alumina-silicate bases to achieve structural integrity. This leaves a gap in the research
regarding how thermal reactivation can selectively recover the inherent hydraulic capacity of complex, organic-
mineral residues - such as wood-wool cement panel sanding dust - without inducing fiber degradation or the
release of CO, from carbonated phases. Unlike the inert mineral matrices found in RCA, industrial residues
from wood-wool cement panel production contain significant organic fibers that alter thermal kinetics and
mineralogical transformations during heating. Furthermore, while low-carbon ternary binders and accelerated
carbonation have shown promise in biocomposite development™®, the direct transformation of manufacturing-
line waste into a self-binding secondary raw material via low-temperature (450 ‘C) treatment remains under-
researched. This study, therefore, shifts the scientific narrative from aggregate-centric recycling to the precise
mineralogical restoration of industrial paste-rich waste, establishing a circular pathway that avoids the chemical
intensity of geopolymerization while maintaining the carbon-sequestering benefits of the stable calcite structure.

Environmental and economic considerations

Transitioning to a circular economy within the construction sector necessitates innovative binder reactivation
strategies. While cement recycling through thermal treatment is promising, its industrial integration depends on
overcoming challenges related to scalability and economic viability!>**. Although advanced heating technologies
require significant initial investments - ranging from 0.25 to 1.5 million € - optimized reactivation processes can
yield 20-40% savigs in material procurement costs compared to traditional manufacturing®**.

The scientific mechanism of reactivation involves the thermal dehydration of hydrated compounds, which
restores binding capacity upon subsequent rehydration'®. However, the intensity of this treatment dictates a
critical trade-off between binder quality and environmental impact. For instance, “re-clinkering” end-of-life
cement at approximately 1450 “C restores complete hydraulic capacity but exceeds the decarbonation threshold
(600-750 C), releasing stored CO, unless expensive capture technologies are employed**.

Conversely, low-temperature reactivation at 450 ‘C offers a sustainable alternative for carbon-sensitive waste
streams’®. By remaining below the decarbonation limit, this method selectively converts portlandite into reactive
precursors while maintaining calcite stability, thereby sequestering carbon within the material structure®. This
approach minimizes process emissions while providing sufficient binding properties for specialized applications
such as low-density biocomposites.

Despite this potential, significant knowledge gaps persist regarding energy-efficient scaling, long-term
material performance, and the development of hybrid activation methods®*-%. These gaps are particularly
evident in the wood-wool cement panel (WWCP) industry. With an annual global production of 174 million
m?2, the industry generates over 450,000 m? of waste, much of which consists of sanding dust (SD)—a composite
residue of wood fibers and partially hydrated cement currently destined for landfills*!*2.

This research addresses this industrial waste management challenge by investigating the upcycling of sanding
dust from a Latvian WWCP plant. By employing a 450 ‘C thermal treatment, this case study characterizes the
resulting binder’s properties and evaluates its performance in novel, low-density biocomposites. This approach
demonstrates how manufacturing residues can be transformed into more environmentally friendly secondary
raw materials, contributing to resource conservation and a reduced ecological footprint for the construction
industry.

Materials and methods

Raw materials

This study’s raw materials are generated in a Latvian wood-wool cement panel manufacturing plant. Sanding
dust (SD) is generated in the sanding phase of WWCP and will be used to develop the binder. The filler material
is generated at the starting processes of WWCP manufacturing.

Binder precursor - sanding dust

Cured and dried wood-wool cement panels undergo cutting, edge treatment, and size calibration by sanding
in the final stage of production. To reduce potential health risks from airborne dust during sanding, a dust
extraction system (Fig. 2) minimizes dust and keeps the workspace clean.

Figure 3 illustrates the interior of the sanding dust (SD) storage room. The continuous grinding and filter-
cleaning processes produce about 4-5 m?* of SD daily.

The final sanding step is critical for achieving the desired surface finish during wood-wool cement panel
manufacturing. This sanding process generates dust particles, and understanding their morphology is essential
for occupational health and safety and process optimisation. The SD primarily consists of two key components:
wood fibre and partially hydrated cement particles. Wood fibre particles are typically elongated and fibrous,
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Fig. 2. Sanding dust extraction system; (1) panel treatment facility with cutting and sanding equipment; (2)
Dust filters and separators; (3) sanding dust storage room*>#4,

Fig. 3. SD was generated during the manufacturing of the wood-wool cement panels.

resembling strands or flakes. Their morphology can vary based on wood species, fibre processing, and board
manufacturing methods*..

Cement particles, on the other hand, are typically much finer and appear as tiny, asymmetrical grains or
pieces. The type, fineness, and hydration state of cement all affect the shape of cement particles.

From larger, more visible coarse particles to tiny particulates that could become airborne, the size distribution
of SD particles can vary widely. Because of their size and weight, coarse particles tend to settle quickly. Fine
particles, on the other hand, may linger in the air for prolonged periods, posing breathing risks that call for
countermeasures such as dust extraction devices.

Additionally, because of electrostatic forces or moisture absorption, SD particles - especially finer particles -
may cluster or agglomerate.

The granulometric composition of the SD was determined by sieving according to ASTM C136> before
the processing. The sizes range from 0.125 mm to 8 mm. Figure 4 summarises the average granulometric
composition of the SD as a green-shaded area, with the average distribution indicated by a dashed line. The
analysis shows that approximately 31% (8.5%) f the material consists of the finest fraction (0-0.125 mm). The
fraction 0.125-0.25 mm comprises about 26% o the material, bringing the cumulative passing percentage to 57%
(9.2%) or particles under 0.25 mm. Moving up in size, the 0.25-0.5 mm fraction contains roughly 18% o the
material, and the 0.5-1 mm fraction adds another 15%, ringing the total passing to approximately 90% (5.9%)
or particles under 1 mm. The remaining fractions contribute minimally to the overall distribution, with particles
between 1 and 8 mm making up about 10% o the total material. The shaded area in the graph represents the
variation in particle size distribution, with the greatest spread observed in the middle range (0.125-0.5 mm).
This analysis indicates that the sanding dust predominantly comprises particles smaller than 1 mm, with the
majority falling below 0.5 mm.

Figure 5. shows the visual appearance of each fraction of SD. In Figs. 5a, b, and ¢, large wood particles with
cement conglomerates can be observed. In Fig. 5g and h, a distinct powdery material can be observed, a mixture
of fine cement and wood particles.

Scientific Reports |

(2026) 16:18490 | https://doi.org/10.1038/s41598-026-48936-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

100
§] 80
2 60
a
g 40
E 20 [ Sanding Dust
- = = Average
0 t t t
X %

Sieve size, mm

Fig. 4. Granulometric composition of the sanding dust.

Fig. 5. The appearance of sand dust by a fraction (a) 5.6-8 mm; (b) 4-5.6 mm; (c) 2-4 mm; (d) 1-2 mm; (e)
0.5-1 mmy; (f) 0.25-0.5 mm; (g) 0.125-0.25 mm; (h) 0-0.125 mm.

As this waste material contains both hydrated and unhydrated cement, the aim is to reactivate the hydrated
cement binder through heat treatment to regain the material’s cementitious properties and utilise it as a binder
to produce biocomposites.

Filler - production line waste

Production Line Waste (PLW) is generated when the wood-wool and cement mixture goes through a conveyor
system in the manufacturing plant. After each shift, these conveyors are cleaned, and the material that sticks to
the belts is discarded as waste. The composition is like the primary production product — acoustic wood-wool
cement panel. The difference is that one is pressed into a board form, while the other remains a loose material.
This loose material can be used as a filler and offers several benefits over other natural fillers. As it consists

of wood-wool coated in cement, the fibres are brittle and not prone to rot. The visual appearance of the filler
material is shown in Fig. 6.

Reactivation method

The sanding dust fraction was reactivated in a muffle furnace by heating the material to 450 C at 10 C/min
and holding it at that temperature for 5 h. The temperature was chosen based on previous DTA results!, which
showed that a peak in the dehydration of the portlandite phase occurred around 450 C. A muffle furnace was
used to control the temperature, and the holding time at that temperature was selected based on prior experience
to ensure that all the organic material decomposed>2%44, The resulting material is a grey-coloured powder that
contains wood coal particles and dehydrated cement phases. The main limitation of the study is the use of a
muffle furnace, as in an industrial setting, reactivation would likely be performed in a rotary kiln or a fluidized
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Fig. 6. Visual appearance of the filler material®!.

Hi12 1.00 0.60

H13 0.67 0.40 2.00 | 0.60
H14 0.50 0.30

Table 1. Mix design of heat-treated binder bio-based composites. *The filler was moistened before mixing so
that the filler did not absorb the water intended for the binder.

bed reactor. The thermal kinetics of how fast the material heats up and how evenly the heat is distributed would
be a different large-scale system, potentially affecting the mineralogical consistency of the HTSD.

Mix design and sample preparation

Of binder

The reference series in this study was untreated sanding dust, used as a baseline for comparing data to understand
how the heat treatment affected the waste. The sanding dust was sieved through a 250 pm sieve to obtain a more
homogeneous mixture and to reduce the amount of wood particles. This sieved mixture was combined with
water to make the paste samples. No additional binders were used in this study.

For both sample series, the mix design was similar. For the reference sample (SD), a W/B ratio of 0.7 was used
to achieve a workable material. Similarly, for the HTSD, a W/B ratio of 0.73 was used. No plasticisers or other
additives were used in this study.

The required amount of water and material was weighed and added to the mixing bowl of the Hobart N50
planetary mixer, with the water added first. The mixer was set to the lowest speed setting (~140 RPM) and
mixed for 2 min. The mixture was stirred with a spoon to evenly distribute the material in the mixing bowl, then
continued mixing until homogeneous (2-3 min). The mortar paste was moulded into a ring for the setting time
test using the Wick apparatus and into 20 x 20 x 20 mm silicon moulds for the compressive strength tests. The
moulds were covered with a plastic film.

The reference samples were cured in a climate chamber (23+2 ‘C and >90% RH) above the water line, as
they would disintegrate upon contact with water and would not be suitable for the tests. The HTSD samples were
cured in the same climate chamber, but submerged. Samples were taken out for the compressive strength test on
the 2nd, 7th, and 28th days. For each curing time, 3 parallel samples were used for data correction.

Of biocomposites
Three biocomposite compositions were created, each with a different binder content. Table 1 presents the mixture
design. Based on preliminary experiments and prior experience with these materials, three biocomposite series
were produced">**. The mix design for H14 was developed to achieve the lowest density and thermal conductivity
while maintaining a self-bearing biocomposite. H12 was designed to achieve low load-bearing properties.

Sample preparation for biocomposites is as follows. To facilitate easier binder mixing, the fibre surface was
wetted with a water-to-fibre mass ratio of 0.6. Water and filler were hand-mixed for three minutes to ensure
all the fibres were moist. To achieve a homogeneous coating of the fibres, a variable mass of binder (1.00, 0.67,
or 0.50 mass parts) was added to the wet filler gradually while mixing until the mix was homogeneous. The
water required for the binder was then added to the mixture and mixed thoroughly. The W/B ratio for each
composition was set at 0.6. Subsequently, the mix was formed in 35 cm x 35 cm x 10 cm oiled moulds.

To ensure pressure and a smoother surface structure, a plate was placed on top of the mixture after it was
produced. An initial pressure of 571 Pa was applied to the samples to strengthen the bond between the binder
and the wood fibers. A weight was placed on the samples to maintain a secondary pressurization of 65 Pa during
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curing, after the initial 60-second pressurization. After 7 days, the samples were demoulded, wrapped in plastic
film, and cured for an additional 21 days to minimise humidity loss during the curing process.

Characterisation techniques
Granulometry of dust was performed according to ASTM C136% standard with a mesh size of 0.125 mm to
8 mm.

The specific surface area of the cementitious materials was determined using the Blaine air permeability
method, as specified in standard EN 196-6. This technique measures the fineness of the cement by quantifying
the time required for a fixed volume of air to pass through a compacted bed of the material.

Using a Veho HDMI Dual Vision Digital Scope, the macrostructure of the samples was photographed at 20x
and 115x magnifications, respectively.

The samples’ morphology and microstructure were examined using a Hitachi TM3000 tabletop scanning
electron microscope (SEM). It does not require a conductive coating to image non-conductive materials thanks
to its low-vacuum mode. A range of imaging and analysis detectors is included in the microscope’s large chamber,
which can hold samples up to 70 mm in diameter and 50 mm in height. SEM examination gave important
information about the samples’ microstructural characteristics.

A Mettler-Toledo TGA1/SF thermogravimetric analysis device was used to evaluate the thermal properties
of the raw materials. At the same time, thermograms were produced using the Mettler STARe program, which
enabled the measurement of mass changes and the emission of degradation products. The analysis was conducted
in an oxygen-rich environment at temperatures ranging from 25 to 800 ‘C, with a heating rate of 10 ‘C/min. The
mass of the sample used in the experiment was approximately 10 mg.

The chemical composition of the reference sanding dust (SD) and heat-treated sanding dust (HTSD) was
determined using X-ray Fluorescence (XRF) analysis. This technique was used to quantify the main oxides in
the samples and to identify changes in elemental distribution resulting from the 450 °C thermal treatment.
The analysis provides the material’s bulk chemical composition, reported as weight percentages of the primary
oxides.

A BRUKER-AXS D8 ADVANCE X-ray diffractometer (Bruker, Billerica, MA, USA) characterised the dust
using CuK1 and CuK?2 radiation at a 28 range of 5-70°. The phase composition of the materials was analysed
using X-ray diffractometer software (XRD; X'Pert PRO, PANalytical, Netherlands) operating at 40 kV and
30 mA with Cu Kal radiation (A\=1.5406 A).

To avoid air entrapment, the material was mixed in a moistened cone on an ASTM C143% impact table
and compacted. After raising the cone, the material’s viscosity was determined. Additionally, the cone’s height
and diameter were measured. Twenty jolts were made on the impact table, producing twenty vertical drops.
The cone’s response to this force is observed. Measurements of the cone’s diameter were used to determine its
viscosity.

In accordance with EN 12667, the coefficient of thermal conductivity was determined using the LaserComp
heat flow measurement device FOX 600.

Samples measured 350 x 350 mm with a thickness of 49-54 mm. The temperature difference between the
plates was maintained at 20 C (0 and 20 C). The heat transmission coefficient was derived from a continuous
heat flow across the sample’s surfaces. Thermal conductivity values are provided as upper and lower limits, with
the average values used for data analysis.

The Zwick Z100 universal testing equipment (ZwickRoell, Kennesaw, GA, USA) was used to assess the
compressive strength of the developed binder for samples measuring 2x 2 x 2 cm at a test speed of 0.5 mm/min.
The volume and density of the material were measured before the cubic samples were crushed. The compressive
strength was calculated using the force applied to the sample’s specific surface area.

The evaluation was conducted perpendicular to the forming direction across three parallel samples to
mitigate variability, in accordance with EN 196-1:2016, with modifications to the sample size and testing times.
Testing was conducted on days 2, 7, and 28 to assess the progression of compressive strength. Due to insufficient
curing, a 24-hour testing duration was unfeasible as it would risk defects during demoulding.

Three samples per direction were used to assess the biocomposites’ compressive and flexural strengths in two
directions: parallel to and perpendicular to the forming direction. Prismatic samples measuring 4x4x 16 cm
had their flexural strength evaluated, while cubic samples measuring 5 x5 x 5 cm had their compressive strength
measured. The compressive strength was measured in the parallel direction using an ultimate load. In the
perpendicular direction, loads of 10% and 20% of the sample’s height were applied.

Life cycle assessment
The Life Cycle Assessment (LCA) method was used to evaluate the environmental impact of the created
materials. SimaPro was used to do calculations using the Ecoinvent 3.8 database. Comparing the biocomposites’
thermal insulation properties to those of currently used insulation materials was the main objective. The binder’s
functional unit was established at 1 m>. Based on a U-value of 0.18 W/(m?K) per m? for either wall assembly
or biocomposite, a functional unit was selected for biocomposites to compare their thermal insulation efficacy.
For this study, only two manufacturing scenarios were assessed, which are described in Table 2. The
first scenario involves SD heated at 450 ‘C for 5 h (HTSD), and the second scenario involves a commercial
cement (CEM II/A-LL 42.5 N, Schwenk, Latvia) for data comparison. CEM II/A-LL 42.5 N was selected as
the commercially available binder for the production of biocomposites that have been characterized in articles
by Bumanis and Argalis>?%. The CEM II data were taken from the EPD of the product?’. In this study, the
environmental impact of the WWCP waste products (PLW and SD) was assumed to be zero, meaning the
impact of the developed materials stems solely from other components. The results of the climate change
impact are derived from the EN 15804 + A2 Method V1.03. The system boundaries included the product stage
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Binders Scenario

Description

HTSD

The SD was heated for 5 h at 450 C.

CEM II/A-LL 42.5N

CEM II cement was purchased and transported from Brocéni, Latvia.

Table 2. Scenarios for the manufacturing of materials.

Mix design
Inputs 450 (0.05) | 450 (0.15) | 450 (0.50) | CEM (0.05) | CEM (0.15) | CEM (0.50)
Water, kg 48 70 148 20 31 70
PLW, kg 274 256 193 301 299 294
HTSD, kg 80 117 247 - - -
CEMII, kg - - 5 79 176
Transport, km - - 299 299 299
Heat, kg COqu555'63. 26.67 39.00 82.34 - - -

Table 3. Inventory data for environmental evaluation.

Raw material Input data from Ecoinvent

CEM II/A-LL 42,5R | EPDY

PLW Considered as a waste product with zero impact

SD Considered as a waste product with impact from pretreatment (heating)

Water Tap water {Europe without Switzerland}| market for | Cut-off, U

Transport Transport, freight, lorry 16-32 metric ton, euro5 {RER}| market for transport, freight, lorry 16-32 metric ton, EURO5 | Cut-off, U
Heat Emissions to air, climate change - fossil

Table 4. Input data in SimaPro for environmental evaluation.

from Al to A3. The primary limitation of this LCA is the energy consumption associated with production
processes. Currently, this biocomposite is in development and produced on a laboratory scale; however, in the
best-case scenario, it would be produced on an industrial scale onsite at the Latvian wood-wool cement panel
manufacturing plant. Industrial-scale energy consumption data is needed to compare developed materials with
traditionally used materials and obtain comparable results.

For the biocomposites interpolation and extrapolation method*®->* was used to normalize the compressive
strengths to achieve 3 distinct compressive strength scenarios:

o 0.05 MPa - non-load-bearing middle-layer material of a sandwich-type panel.
o 0.15 MPa - compressive strength according to EN 996, representing other biobased building materials.
o 0.50 MPa - low-load bearing construction block.

It was assumed that all material manufacturing occurred within the manufacturing plant in Jaunlaicene, Latvia;
therefore, transportation was considered only for CEM II. The input data for the environmental evaluation of
the developed materials is provided in Table 3. Because the heating process hasn’t been widely researched for this
temperature and material, a total of 9 articles were analyzed to determine the average emissions.

Input data from Ecoinvent or other sources used for calculations in SimaPro is shown in Table 4. The data
from the database were selected according to the geographical principle; given that local data (specific to Latvia)
were not available, European data (marked as {Europe without Switzerland} or {RER} in the database) was used.

Results and discussion

Properties of the binder

Physical properties

The SD (Fig. 7) sample shows larger particles across the entire distribution range. 90% of the SD sample has an
average particle size of 74.89 um, 50% of 16.61 um, 10% of 0.95 um, and an average particle size of 29.21 pm.
The size difference is due to the combined hydration products and wood particles. The difference would affect
the material’s reactivity and performance in cement applications, as smaller particles generally provide greater
surface area for hydration reactions®.

Heat treatment at 450 "C (Fig. 8) reduces the overall particle size compared to SD. 90% of the HTSD particles
are up to 48.10 um, 50% are up to 12.46 um, and 10% are up to 0.47 um. The average particle size was 19.11 um,
35% smaller than SD. As thermal treatment at this temperature causes partial decomposition or structural
changes in the SD, particle morphology has also been affected.
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Fig. 8. Cumulative particle distribution of HTSD.

The binder’s fineness, a critical reactivity factor, was evaluated using Blaine’s surface analysis. The results
showed an increase in specific surface area after thermal treatment, rising from 2420 cm?/g for the reference
sanding dust (SD) to 2996 cm?/g for the HTSD. This 24% increase in surface area is a direct consequence of the
physical and morphological changes induced by the heating process and is corroborated by both granulometry
and microscopy findings.

The primary driver for the increased surface area is the reduction in particle size. Particle size analysis revealed
that the average particle diameter decreased by 35%, from 29.21 um in the SD sample to 19.11 um in the HTSD
sample. This pulverisation effect, in which larger particles are broken down into smaller ones, inherently increases
the powder’s surface-area-to-volume ratio. Furthermore, the morphological analysis from SEM imaging provides
a deeper insight. The original SD particles were described as heterogeneous conglomerates of elongated wood
fibres and irregular hydrated cement particles. After heat treatment, the SEM images show that the organic wood
fibres were removed, leaving an inorganic residue with a notably more porous, granular, and interconnected
microstructure. This development of internal porosity and a rougher surface texture on the individual particles
further contributes to the overall specific surface area measured by Blaine’s method. Therefore, the combined
effect of a smaller average particle size and a more porous particle morphology synergistically enhanced the
fineness of the HTSD, a key factor in its improved chemical reactivity and setting performance.

Morphological analysis

The macrostructural images of SD are presented in Fig. 9 at 121x magnification. In the 500-1000 um fraction
(Fig. 9a), large wood fibres dominate the composition of the SD, although some cement conglomerates can be
noted, as the particle size reduces through fractions 250-500 (b) and 200-250 (c). There is more homogeneity
among shorter wood fibres and white cement particles. The 125-200 pm (d) and 63-125 um (e) fractions contain
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Fig. 10. The visual appearance of HTSD at 121 times magnification.

progressively finer cement particles with wood fibre gradually more uniformly dispersed. The most minute
0-63 um fraction of the material (f) takes on the nature of finer particles, shows the transformation of the waste
material from bulky particles to small, homogeneous particles. This suggests that the finest fraction is likely to be
the most reactive due to its structural characteristics, as it contains more cement particles and a greater surface
area.

In Fig. 10, heat-treated sanding dust is shown at four different size fractions at a magnification of 121x. The
200-350 um fraction (Fig. 10a) exhibits visible, coarse, irregularly shaped particles ranging from dark brown
to light tan, indicating differences in the effects of heat treatment. In the 125-200 pm fraction (Fig. 10b), the
individual particles are relatively small but still perceptible. The colour range of such particles is about the same,
but their sizes are more consistent. Particles in the 63-125 pum fraction (Fig. 10c) are arranged in a tighter pack
and have less variation in shape, suggesting that this fraction consists of more consistent particles. The 0-63 pm
fraction (Fig. 10d) exhibits a very fine, homogeneous powder, indicating the most complete heat treatment
effect. It is clear from this fraction that, as particle size increases from coarse to fine powder, the smaller particles
are more likely to have undergone a more complete and even heat treatment than the larger particles, resulting
in greater changes in properties. This analysis suggests that coarser particles require longer heat treatment times
to achieve more homogeneous results.
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While digital microscopy revealed the general distribution of materials, scanning electron microscopy (SEM)
was employed to investigate the finer details of the particle surface textures, porosity, and the complex interface
between the wood fibres and cement particles.

The reference residue (Fig. 11) consists of a heterogeneous mixture of elongated wood fibres and irregular
hydrated cement particles. As the fraction size decreases, the particles become smaller, and the proportion
of cement particles increases, dominating the finer fractions. The wood fibres exhibit progressively more
fragmentation and damage in the smaller fractions, although they consistently display rough surfaces
due to partial cement coating and processing. At higher magnifications, cement particles are revealed to be
conglomerates of smaller particles, with a complex and porous interface with the wood fibres. The material
is highly homogeneous and powdery in the finest fraction (<0.063 mm), with individual wood fibres barely
distinguishable from the dominant, angular cement particles.

Following heat treatment at 450 ‘C, the organic components, primarily wood fibres, have been largely
removed, resulting in a porous inorganic residue. The particles are generally irregular and angular across
the different size fractions (Fig. 12), with many exhibiting a porous, granular, or layered texture. At higher
magnifications, the microstructure appears highly porous and interconnected, resembling sintered material with
partially fused particles. The particles become more uniform in the smaller fractions, and the porosity is more
evenly distributed. The finest fraction (<0.063 mm) is a heterogeneous mixture of fine, irregular particles with
rough, porous surfaces and lacks distinct fibrous structures. The agglomeration of particles is likely due to partial
sintering during heating.

Fig. 11. SEM images of different fractions and magnifications of the SD sample.
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Fig. 12. SEM images of different fractions and magnifications of the HTSD sample.

Chemical composition and mineralogy

The thermal characteristics of the sanding dust (SD) and heat-treated sanding dust (HTSD) were evaluated using
TG/DTA to identify key decomposition and dehydration events (Fig. 13). The SD sample, represented by the
blue curve, exhibits a total mass loss of approximately 30% by 800 C.

About 10% of the mass in the SD sample is lost during the first stage of dehydration (50-150 C), which is
mostly caused by the evaporation of physically bound water from various sources®>®. This includes zeolitic
water from aluminate ferrite monosubstituted (AFm) phases in the cement matrix®, interlayer water from
C-S-H gel structures®, and adsorbed water from wood fibres®®®. Ettringites have also been shown to dehydrate
at temperatures between 90 and 120 °C”°. The endothermic nature of this region in the DTA curve confirms the
dehydration nature of these processes.

The 150-400 ‘C temperature range shows a slow mass decrease corresponding to wood components’ thermal
degradation’!~73. Hemicellulose breaks down first (220-315 “C)”173-75, and then cellulose degradation starts
(315-400 ‘C)7-7475, Lignin decomposes progressively over a wide temperature range (200-500 ‘C)66.70-7L73.75.77,
By dehydrating the ettringite (AFt) phases at about 120 ‘C and the AFm phases at 180-200 ‘C, the cement phases
also contribute to mass loss in this area’®.

At 450 'C, a characteristic endothermic event with a mass loss step occurs, signifying the dihydroxylation of
Ca(OH), (Portlandite): Ca(OH), > CaO + H,0%. This reaction influences the material’s subsequent carbonation
behaviour and is essential to cement chemistry®>66:70-75:77.79-82,

In contrast, the heat-treated sanding dust (HTSD) sample (green curve) exhibits a total mass loss of only
23%. This lower value confirms that the 450 °C treatment successfully removed some organic material and
dehydrated the cement phases. The remaining mass loss in this sample is primarily due to the combustion of
residual organic matter and the decarbonisation of calcite®>6670:7273,75.77:80-83,

The thermal behavior of the SD and HTSD reveals distinct physicochemical shifts induced by the reactivation
process. The slight mass increase observed in the SD sample during initial heating under an air atmosphere is
characteristic of the oxidative degradation of lignocellulosic fibers. This phenomenon occurs as oxygen O, reacts
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Fig. 13. The TG (a) and DTA (b) results of SD and heat-treated sanding dust.

Sample | SiO, | ALO, | Fe,0, | CaO | MgO | SO, | Na,0 | K,0 | TiO, | Mn,O, | P,0, [Cl |CO, |Na,Oeq
SD 17.02 | 2.49 0.60 51.11 | 1.70 |1.33 |0.16 |0.16 |0.10 |0.17 0.03 ]0.03 | 25.12 | 0.26
HTSD |18.28 |2.72 0.67 56.96 | 1.79 | 1.56 | 0.19 0.19 | 0.11 |0.17 0.03 |0.03 | 19.72 | 0.31

Table 5. Oxide distribution of elements.

with the organic matrix to form intermediate oxygenated functional groups (e.g., oxy-cellulose) prior to the
primary devolatilization stage®!. Furthermore, the apparent discrepancy in calcite (CaCO,) content between the
two samples is attributed to concentration effects. While XRD analysis confirms that the crystalline structure
and absolute quantity of calcite remain stable across both samples, the DTG thermogram records mass loss as
a percentage of the total sample weight. Because the heat treatment process removes a significant fraction of
volatile organic matter from the SD, the relative mass proportion of the remaining inorganic phases (including
calcite) increases in the HTSD matrix®>. Thus, the higher DTA peak for HTSD represents a shift in the sample’s
mass balance rather than a change in mineralogical composition or improper sampling®.

The oxide composition of waste from the manufacture of wood-wool cement panels changed as it was heated
from 0 °C to 450 ‘C, as indicated by the XRF data in Table 5. According to the TG/DTA data in Fig. 13, the
most significant change is an increase in CaO content from 51.11% to 56.06%, resulting from the breakdown
of calcium-containing compounds, such as calcium carbonates, in hydrated cement. Concurrently, the CO
content drops from 25.12% to 19.72%, further suggesting that the carbonates are breaking down. SiO, gradually
rises from 17.02% to 18.28%, likely as a result of the oxidation of silicon-containing compounds in wood and the
breakdown of calcium silicate hydrates in cement.

X-ray diffraction (XRD) analysis was performed to identify the crystalline phases of the reference sanding
dust (SD) and the heat-treated sanding dust (HTSD), aiming to understand the mineralogical transformations
induced by thermal treatment, as shown in Fig. 14. The resulting diffractograms reveal changes consistent with
the successful reactivation of the cementitious binder.

The reference sanding dust (SD) sample exhibits a phase composition characteristic of a partially hydrated
and carbonated cementitious material. The primary hydration products identified were Portlandite (Ca(OH),),
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confirmed by its prominent diffraction peaksat 18.1°and 34.1°2@%, and Ettringite (Ca,Al(SO,),(OH),,-25H,0),
indicated by its signature peak at a low angle of 9.1° 2©%8. The presence of these phases confirms that the cement
in the waste material had undergone hydration. A major crystalline phase present is Calcite (CaCO,), identified
by its intense peak at 29.4° 20 and other peaks at 36.0°, 39.4°, and 48.5° 2@%, which is an expected product of
the atmospheric carbonation of Portlandite. Additionally, minor peaks corresponding to Quartz (SiO,) were
identified, with the main peak at 26.6° 2@, likely originating as a natural impurity from the raw materials of
the original cement.

Upon heating to 450 C, the material’s mineralogy changed. In the HTSD sample’s diffractogram, the
peaks corresponding to the hydrated phases—Portlandite (18.1°, 34.1° 2@) and Ettringite (9.1° 2@) — have
reduced in intensity to a minimum. This disappearance provides evidence of their thermal decomposition®"2.
Concurrently, new, sharp diffraction peaks emerge, indicating the formation of Larnite (Ca,SiO,), a reactive
anhydrous cement clinker phase (also known as Belite, C,9)%%%4 The presence of Larnite is confirmed by distinct
peaks at 32.2°, 32.6°, and 41.2° 20, which are not present in the original SD sample®. The phases of Calcite and
Quartz remain, though their peaks show a marked increase in relative intensity. This is not due to the formation
of more material, but rather a concentration effect resulting from the combustion of amorphous organic wood
matter and the loss of water, which increases the proportion of crystalline material in the analysed sample®®.

The initial state of the sanding dust (SD) is established as a stable, hydrated cementitious waste, whose
potential 450 “C thermal treatment as a binder is limited by hydration products like Portlandite and Ettringite®’.
The thermal treatment at 450 C was specifically chosen to target these phases. The intense disappearance of the
Portlandite peaks at 18.1° and 34.1° 2@ is the most critical observation, confirming the successful dihydroxylation
of calcium hydroxide into reactive calcium oxide (CaO) and water vapour®. This finding aligns perfectly with
the thermal analysis data presented in the study, which shows a characteristic mass-loss event for this reaction
at 450 ‘C. Similarly, the decomposition of the AFt phase, Ettringite, contributes to the removal of chemically
bound water®.

However, the most significant indicator of successful reactivation is the formation of Larnite (Belite, C,S),
evidenced by the intensity increase of peaks at 32.2° and 32.6° 2@'%. This demonstrates that the heat treatment
did more than dehydrate the material; it induced the recrystallisation of amorphous or poorly crystalline
calcium-silicate-hydrate (C-S-H) gels into a stable, anhydrous clinker phase known for its hydraulic properties'®!.
Creating this reactive phase is fundamental to restoring the binding capacity of the waste material'®2.

Fresh mortar properties

The setting times for the two samples differ significantly (Table 6). The sanding dust (SD) has a setting start
time ranging from 593 to 1168 min and finishes setting at approximately 1348 min. In contrast, the heat-treated
sanding dust (HTSD) starts setting much faster, at just 40 min, and completes setting by 180 min.

This drastic reduction in setting time for the HTSD sample suggests that the heat-treatment process affects
the particle size distribution and enhances the material’s reactivity. Smaller particles have a higher surface area-
to-volume ratio, which can accelerate chemical reactions and shorten setting times. However, in this case, as the
setting times are drastically different, the change may result from the decomposition of wood particles into wood
ash particles, which likely contribute to the increased reactivity because they may exhibit pozzolanic properties.
These properties enable the particles to react with calcium hydroxide!®® in water, forming compounds that
contribute to the material’s strength and durability.

= HTSD E - Ettringite, CagAl,(SO,)5(OH);,x25H,0, 00-009-0414
K P - Portlandite, Ca(OH),, 00-044-1481
mSD K - Calcium Carbonate, CaCO,, 00-005-0586
S - Quartz, SiO,, 01-085-0795
2 -Belite, C,S, 00-033-0302
3 —Alite, C;S, 00-031-0301
3 K
@
z A 3
5 3 3
=
g P
= E
2
K
3 P 3
3 P
8 18 28 38 48 58

Fig. 14. XRD diffractograms of the SD and HTSD Materials.
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Sample | Setting start, min | Setting finish, min
SD 593-1168 ~1348
HTSD |40 180

Table 6. Setting time compilation of SD and HTSD samples.
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Fig. 15. Apparent density and compressive strength compilation of SD and HTSD.

Density and mechanical properties

In addition to granulometry, visual appearance, and setting time, density and compressive strength were
determined for SD to assess baseline data and compare them with heat-treated SD to assess treatment effects. The
compilation of apparent density and compressive strength is shown in Fig. 15. Samples were tested on days 2, 7,
and 28. Density changed marginally. On day 2, the samples achieved 1390 + 18 kg/m?; on day 7, 1397 + 17 kg/m*
and on day 28, 1384 +10 kg/m>® HTSD achieved a higher density and showed a marginal change: 1605 + 26 kg/
m? on day 2, 1647 +79 kg/m? on day 7, and 1616+ 5 kg/m? on day 28. At 28 days, HTSD has a 16.7% higher
density than SD.

The compressive strength of the SD samples did change beyond the margin of error. According to cement
chemistry, this is expected as the compressive strength typically increases with the age of the samples'®. The
SD sample showed relatively low values throughout the measurement days: 0.22+0.02 MPa on the 2nd day,
0.45+0.03 MPa on the 7th day, and 1.59+0.06 MPa on the 28th day. For the HTSD samples, the compressive
strength increased to 1.75+0.05 MPa at the 2nd day, 6.42+0.13 MPa at the 7th day, and 13.05+0.70 MPa at the
28th day. The large improvement in compressive strength for the HTSD sample can be attributed to the heat
treatment, which altered the microstructure of SD particles and improved bonding and mechanical properties.
Overall, the data indicate that heat treatment at 450 ‘C significantly enhances the compressive strength of
sanding dust, making it a more robust material than its untreated counterpart.

The mechanical performance of the HTSD (13.05 MPa) aligns with recent findings on the optimal dehydration
threshold for recycled cement paste. Recent studies on thermally activated recycled cement waste have reported
that dehydration at 450-550 C provides the most efficient balance between rapid hydration kinetics and 28-day
strength development, with comparable mortars typically achieving 13.8-17.9 MPa'?>1%, Notably, the HTSD
binder in this study significantly surpasses the 28-day strength of 3.99 MPa reported for similar wood-cement
manufacturing waste processed through mechanical sifting alone!, demonstrating that the thermal pathway at
450 C is essential for recovering hydraulic activity.

Properties of the biocomposites

The produced binder incorporation into biocomposites was a preliminary demonstration to assess whether this
combination is feasible. Biocomposites were visually assessed to determine whether uniform incorporation of
the binder and filler had occurred. The main parameters used to assess the feasibility of the biocomposites were
density, thermal conductivity coefficient, and compressive and flexural mechanical strengths.
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Fig. 16. Visual appearance of the samples.
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Fig. 17. Material density and thermal conductivity compilation.

Visual analysis

Regarding Fig. 16 and the visual analysis of the developed biocomposites, it is evident that all the above
compositions exhibit a uniform appearance, resulting from good mixing and thorough integration of the
binder and filler. The top surface is smooth and flat, without cracks or other defects, attesting to high-quality
control during preparation. All the samples are coloured the same shade, indicating that the binder-to-filler
ratio does not affect their colour. However, similarly formed and sized samples are representative, so differences
in properties can be attributed solely to the binder-to-filler (B/F) ratio, without interference from sample size
variations. In general, the visual assessment results suggest that variations in the B/F ratio would not significantly
affect the visual properties of the samples, indicating that the procedure was adhered to and that the samples
were uniform.

Thermal and physical properties

Density and thermal conductivity of the developed biocomposites were evaluated. The samples were dried at
45 °C until a constant mass was achieved. Material density and thermal conductivity are shown in Fig. 17. The
standard deviation of all the samples for thermal conductivity data ranges from 0.00003 to 0.00025 W/(m-K).
Standard deviation for material density ranges from 23 to 29 kg/m”.

It is noticeable that increasing the mass fraction of the filler in the composition results in a less dense material.
The H14 sample, with a B/F ratio of 1-to-4, had the lowest material density of 369 kg/m®. The highest material
density was achieved for sample H12 (B/F ratio 1-to-2), with a density of 415 kg/m®. The H13 sample achieved
a density of 388 kg/m” after drying.
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The average thermal conductivity decreased as the filler ratio increased. The highest thermal conductivity
was achieved for sample H12, at 0.075 W/(m-K). H13 achieved a thermal conductivity of 0.071 W/(m-K). and
the lowest thermal conductivity was achieved for the sample H14, which was 0.068 W/(m-K).

Mechanical properties

In Table 7, mechanical properties are compiled. Mechanical properties include flexural and compressive strength,
which are tested in different directions. Table 6 shows that compressive strength has been tested at 10 and 20%
compression rates based on the sample’s height, and the samples have been tested in two directions - forming
direction and perpendicular to forming direction.

The analysis of the compressive and flexural strengths of samples H12, H13, and H14 reveals distinct variations
in their mechanical properties. Sample H12 demonstrates the highest compressive strength in the forming
direction, with 175+ 10 kPa at 10% deformation and 184+ 14 kPa at 20% deformation, alongside a notable
flexural strength of 100+28 kPa. In contrast, the perpendicular direction shows lower compressive strength
(97 +13 kPa at 10% deformation) and flexural strength (8742 kPa). The higher strength compared to other
samples can be attributed to a higher binder content, which leads to stronger bonding with the filler. Sample H13
exhibits lower strengths, with compressive strengths of 75+10 kPa and 119+ 15 kPa in the forming direction
(10% and 20% compression, respectively) and 27 +2 kPa in the perpendicular direction at 10% deformation.
Flexural strength for sample H13 in the forming direction was 31+ 1 kPa, and in the perpendicular direction
to the forming direction, 64+ 21 kPa. Sample H14 presents higher compressive strength perpendicular to the
forming direction at 10% deformation (61+7 kPa) compared to the forming direction (26 + 8 kPa). However,
this trend reverses at 20% deformation, with the forming direction showing 62+ 5 kPa. The flexural strength
for H14 is moderate at 38 + 8 kPa. The difference in the testing directions can be attributed to the alignment of
wood-wool fibres during the forming process. These findings highlight the influence of testing direction on the
mechanical properties of the samples, with significant implications for their potential applications. Figure 18 has
been compiled to include all mechanical properties for better data visualization.

The compressive strength of the HTSD-based biocomposites (26-184 kPa) reflects their intended application
as functional, non-structural thermal insulation. These results are consistent with the mechanical performance
of other innovative circular binder systems, such as ternary bio-composites developed through accelerated
carbonation, which typically target similar low-density ranges for sustainable construction®. The peak strength
achieved (184 kPa) aligns with findings from comparable studies on thermoactivated recycled cement, where
dehydration at 450-550 “C recovers sufficient hydraulic capacity to stabilize porous structures without requiring
the energy intensity of full re-clinkering!%>1%.

Life cycle assessment

The Life Cycle Assessment (LCA) revealed significant variations in global warming potential. The impact on
global warming was calculated per 1 m? of the binder. The thermal treatment at 450 ‘C resulted in 387 kg CO,
eq. per 1 m? of binder. Conventional CEM II/A-LL 42.5 N cement showed the highest impact of 1040 kg CO,
eq. That represents a 63% decrease in CO, eq emissions per 1 m? of binder.

Table 8 presents the mix design and properties of the proposed biocomposites, which exhibit comparable
compressive strengths, enabling comparison of their environmental impacts.

Following the environmental impact assessment of binders, evaluating the life cycle performance of the
resulting biocomposites is crucial, as their practical applications ultimately determine their environmental value.
Overall emissions are shown in Fig. 19. The total emissions per kg CO, eq. per U-value 0.18 W(m?K) range
from 10 kg CO, eq. for HTSD(0.05) to 53 kg CO, eq. for CEM(0.5), demonstrating a clear correlation between
compressive strength and environmental impact.

Biocomposites with thermally treated binder at 450 ‘C (HTSD) achieved emissions ranging from 10 to 42 kg
CO, eq. per U-value 0.18 W(m?K). However, their environmental impact is primarily attributed to heating energy
requirements. The achieved emissions across all compressive strength classes for the HTSD biocomposites are
lower than those of their alternative CEM II constituent, indicating that the proposed thermal treatment for SD
is promising for sustainable building materials.

Conclusions
This study successfully demonstrated the viability of transforming sanding dust (SD), a by-product of wood-
wool cement panel manufacturing, into a reactive cementitious binder via targeted thermal treatment. The

Average compressive strength 10% Flexural
(perpendicular to forming direction - critical | Average compressive | strength.
Sample | Testing direction strength), kPa strength 20%, kPa kPa
Forming direction 175+10 184+14 100+28
2 Perpendicular to the forming direction | 97+13 87+42
13 Forming direction 75+10 119+15 311
Perpendicular to the forming direction | 27+2 64121
Forming direction 26+8 62+5 38+8
i Perpendicular to the forming direction | 61+7 38+19

Table 7. Compressive and flexural strength compilation of the samples.
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Fig. 18. Mechanical property compilation of the biocomposites.

Thickness
Water for Thermal at
Binder, kg/ Compressive Conductivity, U=0.18 W/
Binder type | Name Binder, kg/m® | m? Filler, kg/m® | Strength 10%, MPa | W/(m-K) Density, kg/m® | (m?K), m
HTSD(0.05) | 80 48 274 0.05 0.069 378 0.38
HTSD HTSD(0.15) | 117 70 256 0.15 0.074 408 0.41
HTSD(0.5) | 247 148 193 0.5 0.091 514 0.51
CEM(0.05) 5 20 301 0.05 0.068 361 0.38
4CZEISVII\§I/A_LL CEM(0.15) 79 31 299 0.15 0.072 394 0.40
CEM(0.5) 176 70 294 0.5 0.087 506 0.48

Table 8. Mix design and properties of the interpolated biocomposites with representative compressive
strength.

subsequent application of this reactivated binder in the fabrication of new bio-based building materials was
evaluated, confirming the potential of this circular economy approach to create value-added products from
industrial residues.

The investigation into the properties of the heat-treated sanding dust (HTSD) as a standalone binder yielded

several key findings:

Heat treatment at 450 °C effectively refined the binder’s physical properties, reducing the average particle size
by 35% (from 29.21 pm to 19.11 um) and increasing the Blaine surface area from 2420 to 2996 cm?/g. XRD
and TGA results confirmed the intended mineralogical changes, showing a decomposition of hydrated phases
like Portlandite (at 18.1° and 34.1° 2@) and Ettringite (at 9.1° 20);

The most significant outcome was the formation of Larnite (C,S), a reactive anhydrous clinker phase, con-
firmed by new XRD peaks at 32.2°, 32.6°, and 41.2° 20. This demonstrated a successful reactivation beyond
simple dehydration;

The reactivated binder (HTSD) performed better than the original sanding dust. The setting start time was
drastically reduced from over 9 h to just 40 min;

The 28-day compressive strength saw a remarkable eight-fold increase from 1.59 MPa to 13.05 MPa, confirm-
ing its restored binding capacity;

The Life Cycle Assessment confirmed the environmental aspect of the reactivated binder, which achieved a
63% reduction in global warming potential compared to conventional CEM II (387 vs. 1040 kg CO, eq./m?).
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Fig. 19. Overall emissions per kg CO, eq. per U-value 0.18 W(m?’K) of the biocomposites.

The successful development of the reactivated binder enabled its use as a binder in new lightweight biocomposites,
with production-line waste as a filler. The analysis of these biocomposites led to the following conclusions:

o The B/F ratio directly influenced the material properties. Increasing the proportion of filler (2-to-4) consist-
ently lowered the material’s density (from 415 kg/m’ to 369 kg/m?) and, consequently, its thermal conductivity
(from 0.075 W/(m-K) down to 0.068 W/(m-K)), highlighting its potential as an effective insulation material;

+ Biocomposites with a B/F ratio of 1-to-2 (H12) show higher compressive strength in the forming direction
compared to the perpendicular direction (175 and 97 kPa). Biocomposites with a B/F ratio of 1-to-3 (H13)
also exhibit higher compressive strength in the forming direction (75 and 27 kPa), though the values are much
lower than those of H12. The Biocomposites with a B/F ratio of 1-to-4 (H14) achieved similar strengths at
20% compression in the forming direction and at the perpendicular direction - 62 and 61 kPa, respectively;

« The biocomposites displayed anisotropic mechanical properties, with strengths generally higher when tested
in the forming direction compared to the perpendicular direction, a critical consideration for structural ap-
plications;

« The biocomposites produced with the heat-treated binder demonstrated consistently lower total emissions
(10-42 kg CO, eq. per functional unit) across all compressive strength classes, validating the thermal reacti-
vation method as a sustainable pathway for producing low-carbon building materials.

This research addresses a critical need within the construction industry to mitigate its significant environmental
impact, particularly in terms of raw material consumption and waste generation. This study presents a tangible
pathway toward a circular manufacturing model by establishing a validated method for upcycling wood-
wool cement panel residues. It is projected that 174 million m? of wood-wool cement panels will be produced
worldwide, with 25% coming from Europe!?”. In the long term, implementing such processes at an industrial
scale can substantially reduce reliance on landfills, decrease demand for virgin cement production, and create
sustainable, low-carbon building materials. This work provides a robust proof of concept, encouraging further
development of reactivation technologies to transform industrial waste streams into valuable resources and
thereby contribute to a more sustainable, resource-efficient construction sector. By providing a complete ‘waste-
to-product’ pathway for this specific industrial residue, this study offers a validated model that can be adapted
for similar underutilised cementitious by-products globally.
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YES. The datasets generated and analysed during the current study are not publicly available because the data
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