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Bio-based glyceric acid, an oxidation product of glycerol, was 
converted into acrylic acid and its esters, crucial polymer 
precursors, using a new catalytic approach in a sustainable 
manner. Avoiding gaseous H2 or dangerous chemicals, the crucial 
step is Re-catalyzed deoxydehydration (DODH) in an alcoholic 
medium. In addition to being a solvent and hydrogen donor, 
alcohol also forms protective ester groups with acrylic and 
glyceric acids. This study examined several catalysts, alcohols, the 
presence of H2, and temperatures. Acrylic acid and methyl acrylate 
were produced in 72 hours with a 65% combined yield using a 
Re/C catalyst and methanol at 150 °C under N2. This versatile 
process can also be transferred to other alcohols enabling the 
production of various alkyl acrylates and monomers. 

Keywords: 
acrylic acid, 

 heterogenous catalysis, 
rhenium,  

deoxydehydration,  
glyceric acid 
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1 Introduction 
 
Acrylic acid (AA) and acrylate esters are essential building blocks in the polymer 
industry. To reduce a dependency on fossil fuels, bio-based production of acrylic 
acid and its ester from glycerol has been explored. Various routes have been 
explored in review articles (Avasthi et al., 2020; Beerthuis et al., 2015; Sun et al., 
2017) and detailed studies (Katryniok et al., 2011a; Wang et al., 2022a). Mainly 
conversion from glycerol to acrylic happen through catalytic dehydration to acreloin 
(Abdullah et al., 2022; Katryniok et al., 2010 or ally alcohol (Dethlefsen & Fristrup, 
2015; Jentoft, 2022), which are then further oxidized to acrylic acid (Li & Zhang, 
2016; Yang et al., 2016).  
 
Another conversion route involves glycerol oxidation to lactic acid (Razali & 
Abdullah, 2017b) or glyceric acid (GA) (Fan et al., 2021b), followed by dehydration 
to acrylic acid or acrylates (Huang et al., 2023a, 2023b). Our study presents the first 
heterogeneously catalyzed conversion of GA into AA or esters, avoiding toxic 
reagents like indoline (Boucher-Jacobs & Nicholas, n.d.) and relying on solid Re 
catalysts. 
 
From our previous study for DODH of mucic acid (Brigita Hočevar et al., n.d.; 
Harth et al., 2024) the commercial Re/C showed the most promising results and that 
is why it was chosen for that reaction as well. In this study different temperatures in 
either hydrogen or an inert atmosphere were observed over time.  
 
2 Material and Methods  
 
2.1 Chemicals used 
 
Glyceric acid (GA; 20–22 wt% aqueous solution, LD-2,3-dihydroxypropanoic acid) 
was sourced from TCI Chemicals. Methanol (MeOH; >99.8%) was obtained from 
J.T. Baker, while alternative alcohols such as ethanol (99.9%, J.T. Baker), iso-
propanol (>99.8%, Merck), n-propanol (>99.5%, Sigma-Aldrich), n-butanol 
(>99.9%, Honeywell), and n-pentanol (>99%, Sigma-Aldrich) were also tested. 
Homogeneous catalysts, including Re2O7, (NH4)ReO4, and KReO4 (≥99%, Sigma 
Aldrich), were used without pretreatment. Supported rhenium catalysts (5 wt% Re) 
such as Re/C, Re/TiO2, Re/SiO2, Re/Al2O3, and Re/H-ZSM-5 were procured from 
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Riogen Inc. and underwent pre-treatment via reductive heating at 400 °C under H2 

flow. N2 (5.0) and H2 gases were provided by Messer. 
 
2.2 Reaction set up 
 
Catalytic experiments were conducted in stainless steel high-pressure batch reactors 
(Parr 5000 Multi Reactor System, 75 mL capacity) (Figure 1) with magnetic stirring 
and independent heating. A typical experiment involved adding 500 mg of GA 
solution and 45.0 mL of alcohol (e.g., methanol) to achieve a ~20 mM GA solution. 
Rhenium catalysts were added at a fixed GA-to-Re molar ratio of 25:1, 
corresponding to 0.04 mmol of Re. The reactor was sealed, purged three times with 
N2, pressurized to 5 barg with N2 or H2, and stirred at 600 rpm. Heating was set to 
a ramp of 4 K min⁻¹ to the desired temperature (typically 150 °C, with additional 
tests at 120, 165, and 180 °C) and held isothermal for 72 hours. After the reaction, 
the reactor was cooled to room temperature, depressurized, purged with N2, and 
opened to collect the product mixture for analysis. Samples were taken during 
reaction as well. 
 

 
 

Figure 1: Parr reactor system 



4 7TH INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS 
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS. 

 
2.3 Analyical methods 
 
Gas chromatography-mass spectrometry (GC-MS) analysis was performed using a 
Shimadzu GCMS-QP 2010 Ultra system (Kyoto, Japan) equipped with a Zebron 
ZB-5MSi nonpolar capillary column (length: 60 m, diameter: 0.25 mm, film 
thickness: 0.25 µm). Compound identification was conducted via mass spectrometry, 
scanning fragment ions in the range of 35–500 m/z, and matching against the NIST 
17 (National Institute of Standards and Technology) library. Quantification was 
achieved using a flame ionization detector (FID). The analysis employed a 
temperature-programmed method: the column oven was initially held at 333 K for 
5.5 minutes, then ramped to 563 K at a rate of 20 K min⁻¹ and held constant for 8 
minutes. The injector and detector were maintained at 563 K, with an injection 
volume of 0.5 µL and a split ratio of 5:1. Product quantification was based on FID 
peak areas and external calibration curves derived from commercially available 
reference compounds. Although GA could not be detected, probably due to its 
decomposition or low volatility, several products were successfully identified, 
including glycerate esters, acrylic acid, propanoic acid and its methyl esters — methyl 
acrylate and methyl propanoate. 
 
3 Results and discussion 
 
3.1 GCMS analysis 
 
All results of the reaction products were analyzed by GC-MS. Figure 2 represents a 
typical chromatogram of product spectra. 
 
3.2 Screening of different temperatures and gas phases 
 
The results of the screening of different temperatures and different gas phases are 
represented in the Figure 2. The temperature variation shows that expectedly all 
reactions involved are enhanced with increasing temperature, i.e. DODH, 
hydrogenation and esterification, which results in other products. However, 
considering the market value of the unsaturated products acrylic acid and methyl 
acrylate, the most optimal temperature for N2 atmosphere is 150 °C, and yields near 
60 % were obtained after 72 h. 
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Figure 2: Representative gas chromatograms of product mixtures. Pink line represents a GC 
oven temperature. The main product are:  A – methylal, oxidation product of methanol; B – 

methyl acrylate (5); C – methyl propanoate (7); D – acrylic acid (4); E – propanoic acid. 
 

 
 

Figure 2: Yields of DODH products after 10 and 72 h of glyceric acid over Re/C in methanol 
at different reaction temperatures and under either inert N2 gas or reducing H2 gas 

atmosphere of 5 barg 
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The results of the screening of different temperatures and different gas phases are 
represented in the Figure 2. The temperature variation shows that expectedly all 
reactions involved are enhanced with increasing temperature, i.e. DODH, 
hydrogenation and esterification, which results in other products. However, 
considering the market value of the unsaturated products acrylic acid and methyl 
acrylate, the most optimal temperature for N2 atmosphere is 150 °C, and yields near 
60 % were obtained after 72 h. 
 
3.3 Reaction over time 
 
All samples were measured with GCMS. By stopping the reaction at shorter 
intervals, it becomes possible to obtain other products as well. The results are 
represnted in the Figure 3. To gain a deeper understanding of the reaction 
mechanism and kinetics, microkinetic models will be employed in future studies. 
 

 
 

Figure 3: Example of one reaction with yields over time of deoxydehydration products over 
Re/C (Riogen) catalysts in methanol at T = 150°C, 5 barg, N2 atmosphere. Reaction 

conditions: 100 mg of glyceric acid, 45.0 mL methanol, 140 mg catalyst, 150 °C, 5 bar N2, 
72 h. 

 
4 Conclusion 
 
This study demonstrates that the Re-catalyzed deoxydehydration (DODH) of 
glyceric acid is a promising and sustainable method for converting glycerol-derived 
glyceric acid into acrylates. The reaction was successfully carried out using Re/C, 
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surpassing typical homogeneous catalysts. The process, conducted in alcohols that 
also act as reducing agents, eliminates the need for hazardous reagents like H2. 
Acrylic acid readily form alkyl acrylates with alcohols, and different alcohols enable 
the production of a variety of alkyl acrylates. The highest yield of methyl acrylate 
(>45 %) was achieved over Re/C at 150 °C in methanol after 72 hours. 
 
This approach not only improves acrylate production efficiency but also opens new 
research directions. Future work should focus on enhancing catalyst activity, 
selectivity, stability, and reusability, as well as applying microkinetic models to better 
understand and optimize acrylate formation. 
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Building and civil engineering conventional inorganic binding 
materials represent a significant burden for the environment, 
leading to the search for more sustainable materials. One of the 
potential solutions is alkali-activated materials (AAMs), which can 
be made solely from waste materials and at lower temperatures. 
However, reaction rate and solidification time depend on the 
precursor used. To enhance the speed of solidification, the curing 
temperature can be increased, but from the inside out not to 
create the crust on the surface, which would hinder the 
dehydration. Therefore, three mixtures of alkali-activated glass 
wool, a slow-in-alkali media solidifying precursor, were irradiated 
with low- and high-power microwaves in the late curing stage till 
complete dehydration, to determine the influence of artificial 
volumetric solidification onto thermomechanical behaviour of 
the AAM. As the electromagnetic power increased, the damages 
in the AAM became more severe, resulting in a reduction in 
mechanical strength. 
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1 Introduction 
 
Building and civil engineering inorganic binding materials currently available on the 
market (e.g. cement, mortar, concrete, ceramics) represent a significant burden for 
the environment (‘The Industry Creating a Third of the World’s Waste’, n.d.):  
 

− Continuous consumption of raw materials (yearly almost 70 m% of the mass 
of Mount Everest),  

− The high energy demands of production leading to a significant carbon 
footprint (approximately 40% of man-caused CO2), and  

− Constant waste generation (more than 30 m% of global waste).  
 
While building materials already act as a “black hole” for various types of waste, 
climate change calls for an urgent transition to more sustainable alternatives, like 
alkali-activated materials (AAMs) (Škvára 2007; Obonyo et al. 2014). AAMs can be 
made solely from (local) waste materials and at lower temperatures (Pacheco-Torgal, 
Castro-Gomes, and Jalali 2008), which both positively affect the influence on the 
environment. The only requirement from the waste material is that it contains 
enough Si and Al in the amorphous content (Horvat and Ducman 2019), like glass 
wool (GW) (Horvat et al. 2018).  
 
GW is a fibrous material that consumes at the end of its use a lot of space in landfills 
due to its low density (Horvat et al. 2018), therefore, using waste GW as the source 
of Si and Al in alkali activation for building products is an ideal solution. However, 
GW needs a longer time and/or higher temperature for solidification (Pavlin et al. 
2021), which is a significant environmental and economic drawback. 
 
To speed up the solidification process in AAMs based on GW without the use of 
conventional heat chambers and driers, surface heating can be replaced with 
volumetric heating. Unlike conventional surface heating, which requires hours or 
days, volumetric heating can finalize the AAM within minutes (Horvat et al. 2022; 
2023). However, the rapid finalisation of a freshly prepared mixture of the precursor 
and alkali (slurry) with high-power microwaves ends as a foam and not a potential 
load-bearing material (Horvat et al. 2023).  
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Therefore, when foamed AAM is not desired, volumetric heating can be applied 
after the initial conventional heating (Tesovnik and Horvat 2024a; 2024b). However, 
low-power microwaves can lead to foamed material when the curing stage is not 
completely finalised (Tesovnik and Horvat 2024a), which insists that AAM can be 
exposed to microwaves for a period shorter than the time needed for complete 
dehydration.  
 
Nonetheless, before evaluating the point to which material can be exposed to 
electromagnetic irradiation, it is necessary to study the exposure limit beyond which 
no further changes occur. Therefore, this study analysed three mixtures of alkali-
activated GW irradiated with low- and high-power microwaves in the late curing 
stage till complete dehydration to determine the influence on the thermomechanical 
and structural behaviour of the AAM. The study showed that high-power 
microwaves lead to macro-fractures which cause a significant decrease in mechanical 
performance, while low-power microwaves cause less significant damage. The most 
important finding in this study was the existence of a critical point of microwave 
power, where the amount of water does not influence the time of dehydration. 
 
2 Experimental  
 
2.1 Materials and characterisation of the materials 
 
The following ingredients were used in the synthesis of AAMs: 
 

− Waste GW with organic material on its surface (loss on ignition at 550 °C 
is 5.7 m%) was used as a precursor. GW was milled in a vibrating disk mill 
(Labor-Scheibenschwingmühle TS.250, Siebtechnik GmbH) and sieved 
below 63 µm. 

− Na-silicate solution (Geosil, 344/7, Woelner, 16.9 m% Na2O, 27.5 m% SiO2, 
55.6 H2O), which was used as received as the only (aqueous liquid) alkali. 

 
In the present study, there was no theoretical limit (Horvat and Ducman 2019) on 
the amount of alkali added to prevent efflorescence, as GW naturally contains such 
a high amount of Na (Horvat et al. 2018) that efflorescence in alkali-activated GW 
would happen without added alkali (see Tables 1 and 2) – of course, if GW would 
dissolve and react in water itself. Namely, the molar ratio between amorphous 
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elements from the first group of the periodic table and amorphous Al is higher than 
1. 
 
To evaluate the amount of excessive alkali in the mixtures (and GW), GW (dried, 
milled and sieved below 63 µm) was analysed by: 
 

− X-ray fluorescence (XRF; Thermo Scientific ARL Perform’X Sequential 
XRF) to determine the chemical composition (elements from fluorine to 
americium). The main results are collected in Table 1, raw analysis is in the 
open repository. 

− X-ray diffraction (XRD; Empyrean PANalytical X-ray Diffractometer, Cu 
X-Ray source; under clean room conditions in the 2θ range from 4 to 70° 
and step 0.0263°) to qualitatively determine the minerals. Results are shown 
in Figure 1. Because the determination of the most prominent peak at ~44.5 
° (and a few more on the amorphous halo) might lead to a false positive 
result, the mostly amorphous pattern was considered as completely 
amorphous.  

 
Therefore, elements present in the amorphous content, which is calculated as the 
difference between XRF and XRD (Horvat and Ducman 2019), are elements 
measured by XRF. The results of the GW evaluation are shown in Table 1. 
 

Table 1: Mass percentage (m%) of crucial elements in alkali activation. 
 

Elements [m%] Na K Mg Ca Al Si Content [m%] 
XRF 13.5 0.5 5.6 8.7 6.1 62.5 100 
XRD 0 0 0 0 0 0 0* 
Amorphous 13.5 0.5 5.6 8.7 6.1 62.5 100 

*The one prominent peak (at 2ϑ ~ 44.5 °), which indicates that crystalline material is present in GW, was not enough 
to determine the mineral(s) present in GW. Nonetheless, their amount is insignificant. 
 
The response of GW and all AAM samples to thermal exposure was measured in 
platinum crucibles using thermogravimetric analysis (TGA; TGA Q5000IR analyser, 
TA Instruments, New Castel, DE, United States) in constant airflow. Masses of 
(milled and sieved below 63 µm) materials used for analysis ranged from 6±2 mg. 
Because the focus of TGA analysis was only on water and organic compound 
behaviour, which can be influenced by microwave irradiation, the temperature range 
was from 25 to 600 °C. The heating rate was 5 °C/min. 
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Figure 1: XRD pattern of waste GW. 
Source: own. 

 
The compressive strength, which determines if the building industry product has the 
potential to bear the load, was measured with the compressive and bending strength 
testing machine (ToniTechnik ToniNORM) on 7- and 21-day-old AAM prisms. 
 
2.2 Synthesis of the material 
 
AAMs were prepared in three different recipes (100-50, 100-80, and 100-100, where 
the numbers indicate the mass of precursor to the mass of alkali) shown in Table 2 
along with their chemical compositions, which are relevant to the potential of 
efflorescence occurrence and compactness of AAM (Duxson et al. 2005) as follows: 
 

− If the molar ratio between amorphous elements from the first group of the 
periodic table and Al (1st/Al), is higher than 1, efflorescence will eventually 
occur. 
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− If the molar ratio between amorphous Si and Al (Si/Al) is 1.9, compressive 

strength will be the highest, if this ratio is below 1.4, the structure will be 
porous, if it is above 1.9, compressive strength will be lower than when the 
molar ratio is 1.9. 

 
The theoretical molar ratio of GW and AAM mixtures (shown in Table 2) was 
calculated using software designed in MS Excel platform, developed in project no. 
C3330-17-529032 “Raziskovalci-2.0-ZAG-529032” (Horvat and Ducman 2019) and 
upgraded in the ARIS project under grant no. J2-3035.  
 
Table 2: Chemical composition of the samples (precursor and AAMs) with mixture recipes. 

 

Sample 1st/Al 
[mol/mol] 

Si/Al 
[mol/mol] 

Precursor 
[g] 

Alkali 
[g] 

H2O in 
alkali [g] 

Na in 
alkali [g] 

GW 3.6 8.5 / / / / 
100-50 5.9 10.5 100 50 27.8 6.3 
100-80 7.3 11.6 100 80 44.5 10.0 
100-100 8.2 12.4 100 100 55.6 12.5 

 
The prechosen masses of GW and alkali were mixed at up to 1000 rpm. Freshly 
mixed slurries were moulded into 2×2×8 cm3 prisms in a rubber mould, and cured 
for 6 days at 40 °C in the heating-drying chamber (Memmert, Universal Oven U). 
On day 7, prisms were demoulded and treated further: one-third of the samples was 
irradiated with microwaves at 100 W, the second third at 1000 W, both until 
complete dehydration, and the last third was left to evolve further at room 
conditions as a reference. 
 
Dehydration was performed in an inverter microwave oven (Panasonic, NN-
CD575M; frequency 2.45 GHz, magnetron source; working in mode with constant 
presence of microwaves) following the procedure shown in Figure 2: 
 

− A ceramic plate (cooled to room temperature) was put into the centre of 
the microwave chamber. 

− 7-day-old bulk prisms were placed individually into the centre of the ceramic 
plate. 

− The prism on the ceramic plate was covered by a clean and dry 1000 ml 
beaker (cooled to room temperature) placed upside-down, without touching 
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the prism (the beaker cannot withstand the temperatures created in the 
prism by electromagnetic irradiation – the beaker explodes if it gets into 
contact with the heated prism). On the left and right side of the prism, 
a paper towel was placed to absorb condensed water to disable its 
absorption by the prism. 

− Set-up was irradiated at the prechosen power (100 W, the lowest possible 
power, and 1000 W, the highest possible power) first for 30 s, then every 
additional irradiation for 10 s, until there was no condensed moisture seen 
on the beaker. 

− The beaker and plate were replaced with clean, dry and cooled to room 
temperature beaker and plate for every additional irradiation. The time of 
the prism kept at the room conditions between irradiations was as minimal 
as possible. 
 

      
 

Figure 2: Dehydration set up a) before irradiation and b) during irradiation. 
Surce: own. 

 
3 Results and discussion 
 
7-day-old AAM prisms of all three mixtures are shown in Figure 3, from which it 
can be concluded, that the amount of liquid defines the rheology of the slurry (fresh 
mixture of precursor and liquid alkali) and the moulding procedure. If there is not 
enough liquid, AAM can end as ellipsoidal aggregates, unless the aggregates (or 
wetted powder) are physically pressed in the mould (mixture 100-50) into a prism or 
a tablet. Therefore, for this study, the mixture 100-50 was manually pressed directly 
into the mould (layer by layer), while both other mixtures (100-80 and 100-100) were 
poured into the mould. While there is no inhomogeneity obvious in the mixture 100-

a) b) 
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50 (the sample is overall made from small spheres of the same colour), for mixtures 
100-80 and 100-100 buoyancy is expressed by the lower lighter coloured part of the 
prism, and the upper darker part of the prism. The latter expresses a sticky nature 
(when touched with fingers), while the lower part is solid and “non-wet”, meaning 
that with alkali-reacted organic material (which is present on the surface of the GW) 
travels towards the top surface of the prism. Therefore, the physically optimal 
mixture is somewhere between 100-50 and 100-80, when buoyancy on a large scale 
will not occur. 
 

 
 

Figure 3: 7-day-old non-irradiated prisms. Mixtures from left to right: 100-50, 100-80,  
and 100-100. 
Source: own. 

 
From the cross-sections of the prisms, shown in Figure 4, local inhomogeneities 
present in samples not exposed to the microwave irradiation (cracks in the case of 
the mixture 100-50, and spheres in the case of the mixtures 100-80 and 100-100) are 
a consequence of the manual moulding. Cracks occurred because layers were not 
evenly pressed over the whole top-surface area, and because not all layers were 
pressed with the same force. Spherical bubbles, on the other hand, can occur in all 
AAMs that are conventionally moulded (slurry is poured into the mould) as 
remaining bubbles from mixing powder and liquid. While the cracks can be avoided 
by machine pressing, bubbles can be removed by shaking freshly moulded prisms 
on vibration tables for concrete. 
 
Nonetheless, microwave irradiation induced additional spherical pores and 
elongated cracks. Spherical pores in irradiated samples were a consequence of 7-day-
old AAMs not being completely finalised (curing at 40 °C for 6 days was not enough 
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to completely cure the sample), which left an open window for late volumetric 
foaming (Tesovnik and Horvat 2024a). However, because irradiation did not stop 
when induced porosity would be only spherical, but was prolonged until there was 
any steam coming out from the prism, the pressure in the prism increased to the 
point that the aluminosilicate network opened to depressurise and let the steam out 
through artificially formed elongated cracks (Tesovnik and Horvat 2024a). The 
severity of the microwave-induced porosity was visually more notable for mixtures 
synthesised with a higher amount of liquid (mixtures 100-80 and 100-100), ending 
with more spherical pores compared to the mixture 100-50. The most severe damage 
in the aluminosilicate network was caused by higher-power microwave irradiation 
(1000 W) for mixtures with more liquid (100-80 and 100-100), while the mixture 
with the smallest amount of liquid had no clear difference between low-power (100 
W) and high-power (1000 W) irradiation. 
 

 

 
 

Figure 4: Cross-section of 14-day-old mixtures a) 100-50, b) 100-80, and c) 100-100, that were 
(from left to right) kept at room conditions, irradiated at 100 W, and at 1000 W. 

Source: own. 

a) 

b) 

c) 

T0 100 W 1000 W 
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The compressive strength, shown in Figure 5 (measurements are available in the 
open repository), decreased with the addition of liquid alkali, i.e. mixture 100-50 had 
the highest compressive strength and was the least impacted by irradiation. This 
phenomenon can be explained by Figure 4 where irradiated mixture 100-50 shows 
the highest structural integrity among the mixtures. 
 
While the compressive strength for the non-irradiated sample slightly increased with 
time (Figure 5a compared to Figure 5b), for the samples irradiated with high-power 
microwaves the compressive strength decreased. 
 

      
 

Figure 5: Delaunay triangulation of compressive strength of a) 7 and b) 21-day-old AAM 
prisms from GW in different mass ratios of GW and alkali (0.5, 0.8, and 1; mixtures 100-50, 

100-80, 100-100, respectively). 
Source: own. 

 
The irradiation time, shown in Figure 6a, needed to reach the dehydration stage 
when no visible steam appears on the beaker anymore depends on: (i) the mass of 
water, (ii) the compactness of the irradiated material (initial cracks/voids/pores), (iii) 
the strength of the chemical bonds holding the material together, (iv) power of 
microwaves, (v) frequency of the microwaves, and (vi) the dimension of the 
irradiated material. While there was no option to vary the frequency of microwaves, 
also the dimensions of the prisms, chemical bonds and compactness of the material 
were assessed as comparable among the samples, and therefore a constant. The only 
parameters heavily influencing the outcomes of the irradiation were the mass of 
water and the power of microwaves. 

b) a) 
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Samples containing the same amount of water needed less time for dehydration if 
the power of microwaves was higher. This is the same as in conventional heat 
treatment, i.e. the material exposed to higher temperatures reaches higher 
temperatures faster. However, the dependence of the time of the irradiation till 
complete dehydration at a constant power is heavily dependent on the amount of 
water and the pre-chosen power of microwaves. In Figure 6a are presented both 
behaviours: 
 

− Subcritical: at the low power of microwaves the time of irradiation increases 
with the amount of mass, just as in conventional heat treatment. 

− Supercritical: at the high power of microwaves the time or irradiation 
shortens with the amount of water, which is paradoxical in the conventional 
heat treatment. 

 
The reversed phenomenon at high-power microwave exposure (more water leading 
to a shorter time for dehydration), which cannot happen with surface heating 
methods, happens because more water molecules in the slurry absorb more 
microwaves. Water molecules can also not absorb microwaves, but if the water 
molecules are in the “strong part” of the electromagnetic standing wave, they try to 
align with the rapidly changing outer electromagnetic field, and enhance temperature 
by rubbing the neighbouring material. The absorbed microwaves are replaced by 
“new microwaves” in the microwave chamber, i.e., the inverter microwave tries to 
maintain the chosen output power at a constant level, meaning that there is no 
decrease in the source power used for the heat treatment. The more molecules that 
are simultaneously impacted by microwave irradiation, the faster the temperature 
increases inside the irradiated AAM. Water molecules that were not impacted by the 
microwave field are used as a heat dissipation media (cooling system), i.e., which is 
secondary (conventional) heating in the material. When there are more by-
microwaves-impacted water molecules (acting as the inner heat sources, i.e., the 
secondary heating), the temperature rises faster. If there is more water, i.e., more 
potential heat sources, the system at high microwave power internally heats up faster.  
 
In the presented systems (the size of the samples, compactness of the material, 
frequency of the microwave were constant), the critical power of microwaves (when 
all three mixtures need the same time for dehydration) is between 100 and 1000 W. 
Above the critical power the system is supercritical (1000 W: more water leads to 
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faster dehydration), below the critical power the system is subcritical (100 W: more 
water leads to slower dehydration). 
 
As shown in Figure 6a, a mixture 100-100, which contains the highest amount of 
water, dehydrates at 1000 W fastest among all mixtures but just slightly faster than 
mixture 100-80. The fastest dehydration (for both mixtures with higher amounts of 
alkali) damages the material the most (Figure 4b and c: the right cross-sections have 
the most prominent damage) and negatively influences the compressive strength 
(Figure 5). 
 
The relative changes in mass (δm), volume (δV) and geometrical density (δρ) of 
AAMs, shown in Figure 6b, were calculated as the difference between the values on 
non-irradiated samples and their thermally treated 7-day-old counterparts, 
normalised to the non-irradiated values. While the mass and geometrical density of 
all microwave-irradiated mixtures decreased, the volumes increased. Samples 
containing more liquid alkali (mixture 100-100) expressed the biggest changes, which 
are attributed to the loss of water (loss of mass) and the creation of more 
voids/pores/cracks by the removal of a higher amount of liquid from the system. 
However, the difference in mass, volume and geometrical density between low and 
high-power microwave treatment is comparable. Therefore, the irradiation with 
high-power microwaves only notably decreased the time of dehydration, while other 
changes were just slightly more expressed. The smaller macro-difference in prisms 
between low and high-power treatment cannot have caused a severe decrease in 
compressive strength (Figure 5). Therefore, the cause behind the destruction of the 
mechanical performance of AAMs treated with high-power microwaves is the larger 
fractures in the micro/mili-structure of the aluminosilicate network (Figure 4). 
Therefore, dehydration must be performed with low-power microwaves when 
dehydrating samples still have to express significant mechanical performance. 
 
The thermogravimetric behaviour of GW and 7-day-old mixtures, non-irradiated 
and irradiated at different powers, is shown in Figure 7. GW does not contain water, 
therefore there is no mass loss up to 300 °C. At 300 °C GW starts expressing 
approximately linear mass loss in the remaining measurement area (from 300 to 600 
°C; 600 °C was the measurement limit to avoid GW melting which can cause 
irreversible damage to used crucibles). The thermogravimetric mass loss 
corresponds to the measured value of gravimetric loss on ignition (~ 6 m%). 
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Figure 6: a) Dehydration time and b) changes in mass/volume/density (δm/δV/δρ) of AAM 
prisms per irradiation power and mixture. 

Source: own. 
 
The linear mass loss is present for all alkali-activated samples in the same range as 
for GW. Because AAMs and GW have also a comparable mass loss rate in the higher 
temperature range, this loss is attributed to the thermal degradation of the remaining 
organic compound which did not react with alkali. Therefore, the aluminosilicate 
network of all AAMs can be considered thermally stable at least up to 600 °C.  
 
The water loss is represented by the steepest slope in the lowest temperature range 
(from approximately 50 °C to slightly more than 100 °C). When comparing the 
AAMs treated in the same manner in the “water range”, the AAM with the highest 
amount of liquid (mixture 100-100) had the highest mass loss and the AAM with the 
lowest amount of liquid alkali (mixture 100-50) had the lowest mass loss. However, 
when comparing the behaviour of AAM mixtures that were irradiated with low-
power microwaves, high-power microwaves, or were not irradiated, the mass loss in 
the “water range” is highest for non-irradiated samples and the smallest loss is for 
the irradiated with high-power microwaves samples. Nonetheless, Figure 7 shows 
that dehydration was either incomplete or samples should be put into a waterless 
environment directly after irradiation due to the hygroscopic nature of AAMs made 
from mineral wools. 
  

a) b) 
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Figure 7: Thermogravimetric behaviour of GW and 7-day-old AAM (dehydrated) mixtures. 
Source: own. 

a)

b) 

c) 
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In the middle-temperature range (between approximately 100 °C and 300 °C), where 
there is no mass loss in GW, all AAMs express slightly different mass-loss rates than 
the rate attributed to the in-alkali-not-reacted organic compound originally present 
on the surface of the GW. Therefore, the mass loss in the middle range belongs to 
organic compounds that have at least partially reacted with alkali, which is expressed 
by the released scent during the reaction and release of colour when AAMs made 
from GW with organic material on the surface are put into water (video in the 
supplementary material: Tesovnik and Horvat 2024b). 
 
4 Conclusion 
 
Although all alkali-activated mixtures based on the waste glass wool prepared in this 
study will never end on the market, namely they will all eventually deteriorate because 
of the chemical affinity to efflorescence, they suit as an explanation of the non-trivial 
connection between compressive strength, microwave irradiation and time needed 
for dehydration of conventionally pre-cured alkali-activated mixtures. In subcritical 
microwave heating (lower microwave power), where a higher amount of water leads 
to longer dehydration time, the damage to the inner structure of the material 
followed by a decrease in compressive strength is smaller when compared to material 
irradiated in the supercritical conditions (higher microwave power), where more 
water leads to faster dehydration.  
 
When the compressive strength of solidified materials should be kept as high as 
possible also after microwave irradiation, the irradiation should be performed in 
subcritical conditions. However, if the material is dehydrated solely to remove water 
and test chemical and mineralogical composition, supercritical conditions decrease 
the time for preparation: water is removed from the system faster and the 
compressive strength of the material becomes weaker allowing easier pulverisation. 
 
Nonetheless, the finding that in microwave irradiation exists a critical point where 
the time of irradiation does not depend on the amount of water, can open a new 
field in research of the synthesis of materials with microwaves. 
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Alkali-activated materials (AAMs) are being envisaged as a future 
alternative to cements because AAMs (i) can be made solely from 
locally available secondary raw materials and (ii) because of their 
low energy consumption during synthesis. However, products 
that cannot be reused should never enter the 
market. Therefore, the circular economy viability of AAMs was 
studied by reusing (alkali-activated) pulverised rock wool in alkali 
activation synthesis until the theoretically determined limit leading 
to the efflorescence would be reached. While 25% of the maximal 
allowed liquid alkali did not offer significant mechanical 
performance, 50, 75 and 100% of allowed alkali ended up with 15, 
20 and 20 MPa, respectively, which is only 5 MPa lower than 
AAM made with the same technique (pressing) in a one-step 
approach. Therefore, if the initial AAM does not reach 
the efflorescence limit, it could still be used as a precursor before 
it becomes waste. 
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1 Introduction 
 
As is known from the field of plastic material, what cannot be recycled, should not 
be made (‘Plastics and the Circular Economy’ 2019), and even what can be recycled, 
should be reused (‘Reusing 10% Will Stop Almost Half of Plastic Waste from 
Entering the Ocean. Heres’ How | World Economic Forum’, n.d.) to minimise the 
impact on the environment. This philosophy should be deeply implemented in all 
industries, the building sector included. Namely, conventional building and civil 
engineering materials represent a significant burden on the environment by: 
 

− producing 40% of the global man-caused carbon footprint (‘The Industry 
Creating a Third of the World’s Waste’, n.d.); 

− exploiting raw materials in yearly amounts of two-thirds of Mount Everest 
(‘The Industry Creating a Third of the World’s Waste’, n.d.); and 

− the high energy consumption during their production as needed 
temperatures exceed 1000 °C (‘Cement Production: How Hot Air Becomes 
Green Energy’, n.d.). 

 
To reduce the burden on the environment caused by building materials, alternative 
materials to cement, such as alkali-activated materials (AAMs), are being researched 
(Škvára 2007; Pacheco-Torgal, Castro-Gomes, and Jalali 2008a). AAMs are 
presented as an environmentally friendly and sustainable alternative (Obonyo et al. 
2014) because: 
 

− they require lower temperatures for their production (below 100 °C; 
(Pacheco-Torgal, Castro-Gomes, and Jalali 2008b));  

− can be made solely from (local) secondary raw materials (Horvat and 
Ducman 2019);  

− show good chemical resistance, i.e., are durable (Bernal, Mejía De Gutierrez, 
and Rodríguez 1969). 

 
However, AAMs have several issues: 
 

− Waste materials can contain heavy metals and other hazardous species 
which might not get immobilized in AAM (Sun et al. 2024). 
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− If the molar ratio of amorphous elements of alkali metal to amorphous Al 
is not equal or below 1, efflorescence will occur in the AAM and cause 
deterioration of the product (Horvat and Ducman 2019). 

− If alkali earth metals also dissolve and interact with the aluminosilicate 
network (ASN; also called matrix, gel or binder), efflorescence can get 
additionally enhanced (if the pre-calculation of the optimal mixture is only 
related to alkali metal elements) (Horvat and Ducman 2019). 

− If from precursor is “used” already everything that could form the ASN in 
AAM, AAM after its end-of-life cannot be used again as a precursor in 
alkali-activated synthesis but can be used only as an aggregate or go into a 
potential acidic reaction chain. 

 
Therefore, if AAMs are made from chemically hazardous materials, the problematic 
part of the precursor should become completely immobilized in the AAM (Sun et 
al. 2024). One of the safe choices of the precursor is rock wool (RW) (Horvat et al. 
2018; Yap et al. 2021) without organic resin on its surface (Li et al. 2021). Namely, 
if in alkali activation synthesis RW is without organic resin on its surface, there will 
be no colouration of the water when AAM from RW is immersed in it and less to 
no leaching issues. Otherwise, RW should not be used as the sole precursor for 
the synthesis of AAMs, even though RW is a perfect material for AAMs from 
the mineralogical and chemical point of view. This is because RW is highly 
amorphous, has sufficient Si and Al, and a low molar amount of chemical elements 
from the 1st group of the periodic table, but a high proportion of elements from the 
2nd group (Horvat et al. 2018). However, the electron microscopy research 
confirmed that the ASN has a lower presence of elements from the 2nd group of the 
periodic table, which means that the elements from the 2nd group do not dissolve in 
the alkali medium so easily (Pavlin et al. 2021), as is shown in the Supplementary 
material in Figure S1. Therefore, the significant amounts of the elements from the 
2nd group of the periodic table can be excluded from the calculation of the limit value 
of the alkali addition in the preliminary research. Hence, there is a span left for 
the addition of alkali to RW while trying to avoid efflorescence.  
 
The theoretical calculation (Horvat and Ducman 2019) of the optimal mixture of 
the selected precursor (or a set of precursors) and the selected alkali takes into 
account the results from: 
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− Loss on ignition (LOI) of the precursor at 550 °C, with which mass 

percentage of the organic compound is measured gravimetrically. 
− X-ray fluorescence (XRF), which determines the presence of the chemical 

elements (which and how much) regardless of how and to what they are 
bound. 

− X-ray powder diffraction (XRD), which provides a fingerprint of the 
minerals present in the sample. Because it is unlikely that minerals play a 
role in alkali activation synthesis, their quantity must at least be estimated. 
Therefore, the XRD of the potential precursor must be measured together 
with the standard (internal or external) so that a Rietveld refinement analysis 
can be performed. 

 
The elemental composition of the amorphous content present in the inorganic part 
of the sample is then calculated as the difference between XRF and XRD, which is 
used as the best approximation of the ideal mixture. To achieve the highest 
compressive strength of AAMs, the molar ratio of amorphous Si to amorphous Al 
is aimed to be 1.9 (Duxson et al. 2005), and to ensure the lifetime integrity of the 
material by avoiding efflorescence, the molar ratio of amorphous chemical elements 
from the 1st group of the periodic table and of amorphous Al must be ≤1 
(considering that chemical elements from the 2nd group of the periodic table do not 
contribute to the alkali reaction). 
 
However, even if the precursor used for AAMs does not lead to issues, even if 
efflorescence was avoided by pre-calculating the mixture, sustainability research on 
AAMs lacks data. While there is data on the durability of AAMs when exposed to 
different conditions, there is no data on the longevity of AAMs that exists for 
concrete (Roman concrete lasts more than 1000 years (Dean 2017), modern concrete 
50 to 100 years (‘The Problem with Reinforced Concrete’, n.d.)). Therefore, this 
preliminary study focuses on the reuse of alkali-activated pulverised rock wool (RW) 
in the alkali-activated synthesis up to the mixture that would theoretically lead to 
efflorescence. AAMs synthesised in a 4-step (circular) model were compared with 
a 1-step (linear) model in terms of mechanical properties, as compressive strength is 
the most essential metric in load-bearing building industry products. While the 1st 
step was below the viability of the material, the AAM prepared in subsequent steps 
reached 15 to 20 MPa, which corresponds to 60 to 80% of the compressive strength 
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of the linear model. Therefore, this study demonstrates that properly designed 
AAMs can have extended longevity in the field itself. 
 
2 Experimental  
 
2.1 Materials and characterisation of the materials 
 
The following ingredients were used in the synthesis of AAMs: 
 

− Non-waste RW without organic material (LOI at 550 °C is ~0) on the 
surface, which was used as a precursor. RW was milled in a vibrating disk 
mill (Labor-Scheibenschwingmühle TS.250, Siebtechnik GmbH) and sieved 
below 63 µm; 

− Na-silicate solution (Geosil, 344/7, Woelner, 16.9 m% Na2O, 27.5 m% SiO2, 
55.6 H2O), which was used as an aqueous liquid alkali without further 
manipulation. 

 
In the present study, the limit for the addition of alkali was set to avoid efflorescence, 
i.e. the elements of the 1st group of the periodic table (originating from the alkali and 
the amorphous part of the RW) were not allowed to exceed the molar mass of the 
amorphous Al (present in the amorphous part of the RW). Therefore, RW (dried, 
milled and sieved below 125 µm) was analysed by XRF (Thermo Scientific ARL 
Perform’X Sequential XRF) to determine the chemical composition (elements from 
fluorine to americium) of RW, and by XRD (Empyrean PANalytical X-ray 
Diffractometer, Cu X-Ray source; under clean room conditions in the 2θ range from 
4 to 70° and step 0.0263°) to determine the minerals present in RW. However, the 
Rietveld refinement was performed using X'Pert Highscore plus 4.1 software and an 
external standard (corundum, Al2O3) to evaluate the amount of elements present in 
the crystalline content. The amorphous content is then calculated as the difference 
between XRF and XRD per element (not per oxide). The results of the RW 
evaluation are presented in Table 1 and show that RW is completely amorphous. 
 
The theoretically determined mass ratio (using software designed in MS Excel 
platform, developed in project no. C3330-17-529032 “Raziskovalci-2.0-ZAG-
529032” (Horvat and Ducman 2019) and upgraded in ARIS project under grant no. 
J2-3035) between RW and liquid alkali was 1:0.5.  
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Table 1: Mass percentage (m%) of crucial elements in alkali activation. 

 
Elements [m%] Na K Mg Ca Al Si Content [m%] 
XRF 1.63 0.34 11.66 16.90 18.61 42.39 100 
XRD 0 0 0 0 0 0 0 
Amorphous 1.63 0.34 11.66 16.90 18.61 42.39 100 

 
The compressive strength, the most crucial parameter for the load-bearing materials, 
was measured with the compressive and bending strength testing machine 
(ToniTechnik ToniNORM) on 1-day-old AAM cylinders. 
 
2.2 Synthesis of the material 
 
The AAMs were prepared in two life-cycle models, i.e. linear and circular (Table 2 
and Figure 1): 
 

− The linear life-cycle model (L) was performed as a one-step synthesis (as a 
reference) where the optimal ratio of alkali to precursor, which should not 
be exceeded, was calculated using XRF and XRD on rock wool. The mass 
ratio of rock wool to alkali was 1 to 0.5, and this ratio was defined as the 
limiting value for the alkali. 

− The circular life-cycle model (C) was simulated as a cyclic-stepwise 
synthesis, where in each cycle 25 m% of the limiting value of the alkali was 
added to the (1st cycle: α) rock wool and in each next cycle (50 m% β, 75 m% 
γ, 100 m% δ) to the microwave-dried and milled AAM from the previous 
cycle until the sum of the added alkali was equal to the alkali used in the 
linear model. 

 
Table 2: Chemical composition of the samples (precursor and AAMs) with mixture recipes. 

 

Sample 1st/Al 
[mol/mol] 

Si/Al 
[mol/mol] Precursor Precursor 

[g] 
Alkali 

[g] 

H2O in 
alkali 

[g] 

Na in 
alkali 

[g] 
RW 0.21 1.94 / / / / / 
Cα 0.40 2.09 RW 100 12.5 6.9 1.6 
Cβ 0.59 2.25 Cα 105.6 12.5 6.9 1.6 
Cγ 0.77 2.41 Cβ 111.1 12.5 6.9 1.6 
Cδ 0.96 2.56 Cγ 116.7 12.5 6.9 1.6 
L 0.96 2.56 RW 100 50 27.8 6.3 
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RW and alkali were mixed at up to 1000 rpm. 25 g of the freshly prepared 
homogeneous mixture was pressed in a cylindrical metal mould with a diameter of 
3 cm and a force of 10 kN. The cylinders were cured for 1 day at 70 °C. 
 

 
 

Figure 1: Synthesis scheme. 
Source: own. 

 
2.3 Evaluation of longevity of the AAM 
 
The longevity of AAMs, i.e. the lifespan of AAMs during which they can be reused 
in alkali activation without theoretically causing efflorescence, with the compressive 
strength of more than 5 MPa (lowest concrete grade available on the market 
(‘Different Types of Concrete Grades and Their Uses | Base Concrete’ 2023)), was 
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compared between the two life-cycle models (linear and circular) in two 
implementation models (design-used and purpose-used): 
 

− Design-used implementation model: All products were used for the purpose 
they can withstand for time 𝑎𝑎, after which they were replaced. 

− Purpose-used implementation model: All products have been used for the 
same purpose. Therefore, their lifespan can be assessed on the basis of their 
physical properties. Assuming that the durability and conditions are the 
same for all products, the longevity is only influenced by the compressive 

strength. Therefore, all products were replaced after time 𝜎𝜎𝐶𝐶𝐶𝐶
𝜎𝜎1
∙ 𝑎𝑎 , where 𝜎𝜎𝐶𝐶𝐶𝐶 

is the compressive strength of the AAM (in MPa), 𝜎𝜎1 is 1 MPa (to make the 
measured compressive strength dimensionless), and 𝑎𝑎 is the time. 

 
After the first replacement, the product from the linear model went either to 
the grave or to another recycling route, while the product in the circular model was 
reused as the precursor in alkali activation until the total amount of alkali was the 
same as in the linear model. 
 
3 Results and discussion 
 
All freshly prepared samples in a circular model were sufficiently dry, which means 
that no liquid was squeezed out of the cylinders by pressing (Figure 2a). In contrast, 
the samples prepared in a linear model were visibly inhomogeneous (Figure 2b). 
Inhomogeneity results in parts that have an excessive amount of alkali, where 
efflorescence forms, and parts that do not have enough alkaline reagent and liquid 
for complete dissolution of the amorphous content and for diffusion of the 
dissolved building blocks that rearrange into the ASN of the AAM during 
dehydration and polymerisation. 
 
The compressive strength (Table 2 and Figure 3) of the samples prepared according 
to the circular model did not reach the compressive strength of the sample prepared 
according to the linear model, although they were inhomogeneous (imperfect) 
immediately after pressing. Because inhomogeneity can never affect the final 
mechanical properties with an increased value, the compressive strength of 
the sample prepared in the linear model may not have reached its full potential. 
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Figure 2: Pressed, freshly prepared mixtures of a) from left to right Cα, Cβ, Cγ, Cδ, and b) from 
left to right Cδ and L. 

Source: own. 
 

Table 2: Compressive strength and standard deviation of cylindrical 1-day-old samples. 
 

Sample Compressive strength 
[MPa] 

Standard deviation 
[MPa] 

Concrete  
strength 

Cα 1.66 1.05 / 
Cβ 15.94 1.32 Low 
Cγ 21.10 2.66 Medium 
Cδ 20.45 0.93 Medium 
L 27.31 2.51 High 

 
However, the samples prepared in the 2nd to 4th step (Cβ, Cγ, Cδ) reached 60% (Cβ) 
and almost 80% (Cγ, Cδ) of the 27 MPa of the linear model sample, which when 
compared to the concrete can be used for (‘Strong Foundations: Mix The Perfect 
Concrete Every Time’ 2013): 
 

− Low-strength concrete (Cβ): non-reinforced house foundations, boundary 
walls, freestanding retaining walls. 

− Medium-strength concrete (Cγ, Cδ): reinforced foundations, footpaths, 
driveways, patios, steps, driveways. 

− High-strength concrete (L): suspended structural beams, heavy-duty floors. 
 
While aiming to have the compressive strength at least equal to the lowest value of 
concrete (5 MPa (‘Different Types of Concrete Grades and Their Uses | Base 
Concrete’ 2023)), the circular production of AAMs from RW (cradle) requires 
skipping Cα directly and supplying the market with Cβ first, which should be reused 
for the production of Cγ, which should be reused for the production of Cδ, before 
the need to search for an alternative solution to grave: recycling as aggregates in 
other binding materials in the building industry, as crushed stone-like materials for 

a) b) 



36 7TH INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS 
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS. 

 
fences, as alkaline reagents that react with acids and end up in acid-activated 
materials that do not yet exist, etc.  
 

 
 

Figure 3: Compressive strength normalised to the compressive strength of the sample from 
the linear model. 

Source: own. 
 
The comparison of the implementation models (design-used and purpose-used) for 
both life-cycle models (linear and circular), shown in Figure 4, shows the superiority 
of the circular model. If the product is used as intended (designed), the longevity of 
the product in the circular model is 3 times higher than that of the material in 
the linear model. However, if the product is used for a selected purpose regardless 
of its design (potential), the longevity of the product in the circular model is only 2.1 
times higher. 
 

 
 

Figure 4: Longevity of the product with marked manufacturing events (hammer), grave or 
other recycling path (blue waymark) and the current AAM material in the timeline. 

Source: own. 
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4 Conclusion 
 
In this study, the potential of AAM from RW for reuse in alkali-activated synthesis 
was investigated by assessing the compressive strength and longevity. If 
efflorescence is avoided in all cases and no other issues occur, the circular model 
starting at 50% of the maximum allowable alkali extends the use phase of AAM 
beyond the linear model, regardless of whether the material was used for its intended 
purpose or not. 
 
Adding 50% of the theoretical limit value of alkali can be compared to low-strength 
concrete, while adding 75% of the theoretical alkali maximum to medium-strength 
concrete. However, AAMs in this study were not performed on a pilot product scale 
comparable to concrete test samples, and concrete cannot be prepared in sample 
sizes in this study and still be representative. 
 
The fresh alkali-activated slurry can only be pressed until the samples are 
homogeneous. When liquid is squeezed out from the tablet, slurry has to be moulded 
and not pressed, just like the liquid can be added to the pulverised precursor up to 
the point, when buoyancy is equal to forces acting against it in the moulded slurry.  
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Supplementary materials 
 
A polished, uncoated sample of AAM based on rock wool was evaluated using a scanning electron 
microscope (SEM) and energy-dispersive X-ray spectroscopy (EDXS) under low vacuum conditions 
(Figure S1) to determine the elemental composition of the ASN (the darkest shade of grey in Figure 
S1). EDXS mapping showed that Na and Ca were separately concentrated in the unreacted rock wool 
fibres, that the presence of Na in the ASN was significant (can be attributed to the Na-based alkali used 
in the reaction), while Ca was notably scarce. 
 
However, regardless of the dissolution rate of Na and Ca present in the rock wool, the lack of Ca in 
the ASN supports the assumption that excluding elements from the 2nd group of the periodic table in 
the theoretical calculation is valid (in 1st approximation). 
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Figure S1: a) SEM micrograph of polished AAM sample based on mineral wool, with EDXS 
mapping of b) Na and c) Ca. 

Source: own. 
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This study investigates the influence of pearlescent pigments 
printed on polypropylene (PP) packaging on print gloss, focusing 
on different viewing angles and background colors. Pearlescent 
pigments, known for their special luster and interference 
properties, are increasingly used in the packaging industry to 
increase visual appeal and differentiate products on the shelf. Five 
different pearlescent pigments (gold, polar white, green, blue and 
lilac) with the same particle size were used in the study. All 
pigments consist of thin platelets of the natural material mica, 
which are coated with a wafer-thin layer of metal oxide. The 
pigments were overprinted on black background color on 
printing material (Yupo) using the offset printing process. The 
print gloss was measured at three different angles (20°, 60°, 85°) 
using a multi-angle glossmeter, and the pigments were also 
examined using a scanning electron microscope (SEM). The 
results show that the background color significantly affects the 
final appearance of pearlescent pigments, with gloss being higher 
when printed on a black background than on a white background. 
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1 Introduction 
 
The special effect pigments are used in various areas, e.g. in security applications to 
protect against counterfeiting and in aesthetic applications such as printing, coating, 
painting, cosmetic formulations, etc. (Chen, 2019). They are divided into two 
primary categories: metal effect pigments and pearlescent pigments, also known as 
nacreous or interference pigments (Buxbaum, 2005). The pearlescent pigments, 
which are either natural or synthetic, are distinguished by their iridescent color effect, 
brilliance, and shine, which are based on optically thin layers. Pearlescent pigments 
simulate the lustre of natural pearls and give the materials additional colour effects, 
such as the angular dependence of the colour. The light is reflected and scattered 
across tiny layers to create this optical appearance (Pfaff, 2008). All of these pigments 
consist of small, thin platelets which, when aligned in parallel in application systems 
(e.g. in coatings, plastics, printing inks, cosmetic formulations), exhibit strong 
lustrous effects (Klein, 2010). Most pearlescent pigments consist of at least three 
layers of two different materials with different refractive indices. The pearlescent 
effect is created by the specular reflection of light on the many surfaces of the 
platelets at different depths of the coating film. Light that hits the platelet is partly 
reflected and partly transmitted through the platelet; the pearlescent effect is created 
by the dependence of the reflection on the viewing angle. Alumina-based pigments 
have a strong pearlescent effect compared to mica-based pigments because they are 
easy to produce, have a very narrow thickness distribution and very smooth surfaces. 
Alumina-based pigments have the well-known advantages of mica pigments and, 
thanks to their controlled thickness and chemical purity, offer the possibility of 
achieving unique optical effects (Rossi, 2020). 
 
Gloss is one of the basic elements of our visual appearance, both in terms of colour 
and texture. The geometry-dependent characteristics of a surface are described by 
the gloss perception.  
 
The visual appearance attribute known as specular gloss describes the perceived 
luminance created by specular reflection on the surface. A typical example of a 
surface with a high gloss level is a mirror (Kehren, 2013).  
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Four optical processes can take place when light strikes a pigmented ink layer. These 
include light scattering and absorption within the ink film as well as light reflection 
and refraction at the film's surface. All four processes occur to a greater or lesser 
extent. If the surface of the ink film is smooth and mirror-like, the incident light is 
reflected in a specular manner, which obeys the small laws of reflection. The film 
then appears glossy. If the surface is rough, the light is reflected diffusely in all 
directions and the gloss decreases (Thompson, 2004). 
 

       
 

Universal Measurement: 
Angle 60° 

Low Gloss:  
Angle 85° 

High Gloss:  
Angle 20° 

All gloss levels can be 
measured using the standard 
measurement angle of 60°. 

This is used as the reference 
angle with the complimentary 
angles of 85° and 20° often 
used for low and high gloss 

levels respectively. 

For improved resolution of 
low gloss a grazing angle of 
85° is used to measure the 

surface. This angle is 
recommended for surfaces 
which measure less than 10 
GU when measured at 60°.  
This angle also has a larger 

measurement spot which will 
average out differences in the 
gloss of textured or slightly 

uneven surfaces. 

The acute measurement angle 
of 20° gives improved 

resolution for high gloss 
surfaces. Surfaces that 

measure 70 GU and above at 
the standard angle of 60° are 

often measured with this 
geometry.  

 
The 20° angle is more 

sensitive to haze effects that 
affect the appearance of a 

surface. 
 

Figure 1: Gloss measurements 
(Rhopoint Instruments, 2024). 

 
 
2 Methods and Materials 
 
Five different commercially available pearlescent pigments from Merck (gold, polar 
white, green, blue and lilac) with the same particle size were used in the study. The 
pigments were overprinted on black background color on printing material (Yupo) 
using the offset printing process. The print gloss was measured at three different 
angles (20°, 60°, 85°) using the QIP GlossMaster multi-angle gloss meter. The 
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measurements comply with the ASTM D523 standard measurement protocol for 
specular gloss measurements. Gloss is measured in gloss units (GU). 
 
Table 1: Properties of printing material (Yupo). 
 

Properties Grammage Thickness Specific volume ISO Whitness 
Values 160 g/m2 200 µm 1.3 cm3/g 95 % 

 
In this study we used a scanning electron microscope (JSM–5610JOEL) to evaluate 
the pigment particles and the surface of the printing material. The synthetic paper 
Yupo was used as the printing material. It consists mainly of polypropylene film, to 
which inorganic fillers and small amounts of additives (CaCO3) are added, and is 
also used for packaging (Yupo, 2024). 
 

Table 2: Properties of pearlescent pigments. 
 

Pigment 
name / 

Properties 

Iriodin 325 
Solar Gold 

Satin 

Iriodin 119 
Polar White 

Iriodin 231 
Rutile Fine 

Green 

Iriodin 221 
Rutile Fine 

Blue 

Iriodin 223 
Rutile Fine 

Lilac 
Pigment 
color gold silver green blue lilac 

Foam powder powder powder powder powder 
Substrate natural mica natural mica natural mica natural mica natural mica 

Effects & 
properties 

masstone, 
improved 
chroma, 

silky 

interference, 
silky 

interference, 
reference 

chroma, silky 

interference, 
reference 

chroma, silky 

interference, 
reference 

chroma, silky 

TiO2 
modification rutile rutile rutile rutile rutile 

Particle size 5-25 ƞm 5-25 ƞm 5-25 ƞm 5-25 ƞm 5-25 ƞm 
 
With increasing TiO2 layer thickness on the mica, an interference color develops, 
varying from silver to green (Figure 2). 
 

 
 

Figure 2: Interference colors 
(Pfaff, 2008). 
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3 Results and Discussion 
 
The SEM analysis was carried out in the first part of the study. All five pigments are 
based on natural mica, have the same particle size and, as can be seen in the figures, 
they all have a “cornflake” shape. In Figure 5 (right) we see the unprinted surface of 
the printing material (Yupo). The surface is very smooth. 
 

                      
 

Figure 3: SEM micrograph: gold pigments (left), silver pigments (right). 
 

                           
 

Figure 4: SEM micrograph: green pigments (left), blue pigments (right). 

                    
 

Figure 5: SEM micrograph of lilac pigments (left) and printing material (right). 
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The percepcion of the gloss is usually correlated to the way objects reflect light from 
their surfaces and is usually perceived indenpedently from the color appearance; but 
the underlying color of the object can influence the perception of the gloss and vice 
versa. Most often the gloss appearance is excluded from the total visual stimulus as 
it is separated from the color appearance. To determin preciselly the gloss values it 
is important to quantify them by an appropriate measurement device. The classical 
glossmeters are measuring the intensity of the specular reflection of the sample 
(Isample) relative to some smooth reference standard (Ireference) for the appropriate 
measurement angle. The average value of the specular gloss G can be defined by the 
following equation: 
 

GS = 100 x Isample / Ireference 
 
The total appearance of any object is the combination of its chromatic attributes 
(color defined through hue, saturation, lightness) and it’s geometrical attributes 
(gloss, translucency, texture, shape) inside an surrounding where is the object 
observed (Karlović, 2010). 
 
Table 3 shows the print gloss of printed pigments on a white and black background. 
 
As we can see from Table 3, all pigments printed on white background obtained 
lower print gloss compared to black background. The blue pigments printed on both 
background colors achieved the highest print gloss, where the gloss range from 55.33 
for the white background to 66.33 for the black background. The standard deviation 
on white background was σ=0.21, while on black background was σ=1.10. On the 
other hand, the silver pigments printed on both background colors achieved the 
smallest print gloss, where the gloss range from 31.30 for the white background to 
39.80 for the black background.  
 
The incident light on the printed surface undergoes through several processes of 
scattering, absorbtion and reflection depending on the surface topography and 
structure of the material. The specular part of the surface reflection is commonly 
attributed as the geometric component of the reflection, and when measured is 
associated with specular gloss (Karlović, 2010). 
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Table 3: Print gloss of printed pigments on white and black background. 
 

Gold pigments 
 White background Black background 
Print gloss  38.60 45.17 
Std. Dev. 0.45 0.47 
   

Silver pigments 
 White background Black background 
Print gloss 31.30 39.80 
Std. Dev. 0.29 1.51 
   

Green pigments 
 White background Black background 
Print gloss 50.40 66.20 
Std. Dev. 0.57 0.29 
   

Blue pigments 
 White background Black background 
Print gloss 55.33 66.33 
Std. Dev. 0.21 1.10 
   

Lilac pigments 
 White background Black background 
Print gloss 46.00 59.60 
Std. Dev. 0.36 0.42 

 
In Figure 6 the influence of background color is presented. 
 

 
 

Figure 6: Influence of background color: black background (left), white background (white). 
 

In the colored layer, the effect of thin-film interference amplifies and attenuates the 
incident light, which is symbolized by a white arrow at certain wavelengths. In the 
specular direction, the reflected light has a specific interference color, which is 
symbolized by a red arrow. The transmitted light is colored in the complementary 
color, which is symbolized by a green arrow. The complementary colored light that 
passes through the color layer hits the background. In the case of a black 
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background, as shown on the left in Figure 6, most of the transmitted light is 
absorbed. This means that the complementary color (green arrow) no longer has any 
influence on the resulting color impression. The perceived color corresponds to the 
interference effect color of the reflected light (red arrow). In contrast, a white 
background scatters the transmitted light, as shown in Figure 6 on the right. The 
intense interference effect color (red arrow) in the direction of reflection is overlaid 
by a pale complementary color (green arrows) in the entire half-space above the 
sample.  
 
In the case of gloss and texture, the manipulation concerns the appearance of 
contrast. The gloss of any light surface is a locally bright reflection of light. The 
perceived gloss correlates with the difference in lightness of the bright reflection 
relative to the surroundings. The texture of a surface is based on a pattern of 
differently colored areas. The difference in color of the brightly shining pigments on 
the background of some kind determines the perceived texture. For example, gloss 
and texture are perceived more strongly on the black printed background (Kehren, 
2013). 
 
4 Conclusions 
 
The study of printed pearlescent pigments and their effects on visual appearance, 
such as print gloss, emphasises the crucial role of surface texture in enhancing 
aesthetic appeal. Gloss, a measure of surface reflectivity, significantly influences how 
pearlescent pigments interact with light, affecting their perceived vibrancy, depth 
and shimmer. The print gloss measurements showed that all five pigments had a 
lower print gloss on a white background than on a black background. When 
comparing the print gloss of the individual pigments, we found that the highest print 
gloss was achieved with the blue pigment and the lowest gloss with the silver 
pigment. Finally, the relationship between printing material and pearlescent 
pigments influences the significance of the final appearance of the printed packaging. 
A strong visual appeal is particularly important for high-quality or luxury packaging. 
 
  



M. Karlovits, B. Likozar, U. Novak: The Influence of Pearlescent Pigments Printed on Plastic 
Packaging on the Print Gloss 49 

 

 

Acknowledgments  
 
The authors would like to acknowledge the financial support of Horizon Europe projects UPSTREAM 
(GA 101112877), REMEDIES (GA 101093964) and the financial support of the Slovenian Research 
Agency through the Program P2-0152. 
 
References 
 
Buxbaum, G. in Pfaff, G. (2005). Industrial Inorganic Pigments. 3rd Revised Edition.WILEY-VCH 

Verlag GmbH & Co KGaA, Weinheim, p. 230. 
Debeljak, M., et al. (2012) ‘Print gloss of screen printed effect pigments on rich mineral paper’, 

Celulozǎ şi hǎrtie, 61(1), pp. 3-7. 
Chen, L. et al. (2019) ‘Metal-dielectric pure red to gold special effect coatings for security and 

decorative applications’, Surface and Coatings Technology, 363, pp. 18–24. Available at: 
https://doi.org/10.1016/j.surfcoat.2019.01.098.https://www.sciencedirect.com/science/arti
cle/pii/S025789721930115X?via%3Dihub 

Gajadhur, M. and Łuszczyńska, A. (2017) ‘Influence of pearlescent pigments on light-fastness of 
water-based flexographic inks’, Dyes and Pigments, 138, pp. 119–128.  

Karlović, I., Novaković, D. and Novotny, E. (2010) ‘The influence of surface topography of UV 
coated and printed cardboard on the print gloss’, Journal of Graphic Engineering and Design, 1(1), 
pp. 23-31. Available at: https://doi.org/10.24867/jged-2010-1-023/. 

Kehren, K. (2013) ‘Optical properties and Visual Appearance of Printed Special Effect Colors’, PH 
diss., Technischen Universität Darmstadt, pp. 23-50. 

Klein G. A. (2010) Industrial Color Physics. 1st ed. Springer Series in Optical Sciences, pp. 63-92. 
Lin Chen et al. (2019) ‘Metal-dielectric pure red to gold special effect coatings for security and 

decorative applications’, Surface & Coatings Technology, 363 (2019) pp. 18–24. 
Maile, F.J., Pfaff, G. and Reynders, P. (2005) ‘Effect pigments—past, present and future’, Progress in 

Organic Coatings, 54(3), pp. 150–163. Available at: 
https://doi.org/10.1016/j.porgcoat.2005.07.003. 

Maile, F.J., Pfaff, G. and Reynders, P. (2005) ‘Effect pigments—past, present and future’, Progress in 
Organic Coatings, 54(3), pp. 150-163.  

Pfaff, G. et. (2008) Special Effect Pigments: Technical Basics and applications, 2nd Revised Edition, 
Hannover: Vincentz Network, p. 44. 

Rhopoint Instruments (2024). Available at: 
https://www.rhopointinstruments.com/product/rhopoint-iq-20-60-85-gloss-haze-doi-
meter/ (Retrieved 20 October 2024). 

Rossi, S., Russo, F. and Bouchakour Rahmani, L. (2020) ‘Study of the Durability and Aesthetical 
Properties of Powder Coatings Admixed with Pearlescent Pigments’, Coatings, 10(3), p. 229. 
Available at: https://doi.org/10.3390/coatings10030229. 

Thompson, B. (2004). Printing Materials: Science and Technology, 2nded., Pira International, pp. 351-355. 
Yupo (2024). Available at: https://www.yupo.eu/ (Retrieved 20 October 2024). 
 
 
  



50 7TH INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS 
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS. 

 
 
 



 

 

 
 

HIGH-TEMPERATURE RADICAL 
COPOLYMERIZATION OF DIBUTYL 
ITACONATE WITH N-BUTYL 
ACRYLATE, METHYL 
METHACRYLATE AND STYRENE 

  
 

DOI 
https://doi.org/ 

10.18690/um.fkkt.1.2025.5 
 

ISBN 
978-961-286-959-5 

 

 

NINO KOKOL,1 TOMAŽ PIRMAN,1 MARTIN OCEPEK,1 
ROBIN A. HUTCHINSON2 

1 Helios Resins, KANSAI HELIOS Slovenija d.o.o., Domžale, Slovenia 
nino.kokol@resinshelios.com, tomaz.pirman@resinshelios.com, 
martin.ocepek@resinshelios.com 
2 Queen’s University, Department of Chemical Engineering, Kingston, Canada 
robin.hutchinson@queensu.ca 
 
The homopolymerization of itaconates results in relatively short 
polymer chains and low monomer conversions. To study whether 
copolymerization provides a more favorable result, dibutyl 
itaconate was copolymerized with n-butyl acrylate, methyl 
methacrylate and styrene. In addition to representing the most 
commercially preferred monomer families, these co-monomers 
were also chosen due to the differences in the secondary reactions 
that occur during polymerization at elevated temperatures. 
Experiments were conducted under semi-batch operating 
conditions at 110 °C with equal molar ratios of the co-monomer 
to dibutyl itaconate to enable direct comparison of the results. 
The impact of varying monomer compositions on polymer 
molecular mass distributions and polymerization rates was 
studied, with samples analysed using size exclusion 
chromatography and high-performance liquid chromatography. 
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1 Introduction 
 
Commercial acrylic resins are typically produced by solution radical polymerization 
of methacrylates, styrene and acrylates, with the monomer selection based on both 
- material costs and the superior chemical and mechanical properties that they impart 
to the product. Free radical polymerization is versatile because it can polymerize 
many different monomers under relatively simple conditions. Due to the pursuit of 
sustainable development, there is a growing desire to replace these petroleum-based 
monomers with bio-based alternatives. As well as being amenable to polymerization, 
the bio-derived monomer substitute should match or even improve resin 
performance to be commercially beneficial (Li et al., 2016; Preusser and Hutchinson, 
2016; Pirman et al., 2023; Pirman et al., 2024). One promising bio-based candidate 
is dibutyl itaconate (DBI), which is obtained by esterification of itaconic acid with 
butyl alcohol (Yu et al., 2020). 
 
Common practice in commercial resin production is to continuously feed the 
monomers and initiator into the reactor pre-charged with solvent, operating under 
isothermal conditions at a temperature > 100 °C. Relatively low feed rates are used 
with this semi-batch operating strategy to facilitate high instantaneous conversions, 
such that the copolymer composition matches the comonomer feed composition 
over the entire course of the reaction. This feeding strategy also allows for better 
control of the heat generation compared to other reactor systems (Li et al., 2016; 
Wang and Hutchinson, 2008). 

 
Our previous study has shown that DBI homopolymerization conducted under 
these operating conditions results in low monomer conversions and very low 
polymer molar masses, with the system limited by the increased importance of 
depropagation (Pirman et al., 2024). To study whether copolymerization provides a 
more favorable result, DBI was copolymerized individually with a monomer from 
each of the families typically used to produce acrylic resins: n-butyl acrylate (BA), 
methyl methacrylate (MMA) and styrene (St).  
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2 Experimental part 
 
2.1 Materials 
 
For experiments the following monomers were used: dibutyl itaconate (DBI; 99.3% 
purity, Novasol Chemicals), n-butyl acrylate (BA; 99% purity, Sigma-Aldrich), 
methyl methacrylate (MMA; 99.9% purity, Sigma-Aldrich) and styrene (St; 99.0% 
purity, Sigma-Aldrich). The solvent was butyl acetate (BAc; 99.5% purity, Sigma-
Aldrich) and the initiator was 2,2′-azobis(2-methylpropionitrile) (AIBN; 98.0% 
purity, Sigma-Aldrich). Acetonitrile (99.9% purity, Honeywell), formic acid (98% 
purity, Merck) and tetrahydrofuran (THF; 99% purity, Fisher Scientific) were used 
for characterization. All chemicals were used as received. 
 
2.2 Laboratory Semi-batch Experiments. 
 
Semi-batch copolymerizations of DBI with BA, MMA and St were conducted at a 
Helios Resins laboratory under reaction conditions intended to mimic standard 
industrial operations using a Mettler Toledo OptiMax 1001 setup with a 1 L reactor 
vessel. The mass fraction of DBI in the feed was adjusted to keep the molar 
composition of the feed identical in all three copolymerizations. AIBN as the 
initiator was premixed with the monomer at a level of 2 wt % in relation to the total 
monomer, with the mixture dosed for 5 h at a constant rate into the stirred reactor 
vessel precharged with BAc solvent and maintained at 110 °C. At the end of dosing, 
the solvent level was 50 wt % of the total 200 g of solution, with the reactor kept at 
110 °C for another 1 h before cooling. Multiple 1 mL samples were taken during the 
reaction. 
 
2.3 High-Performance Liquid Chromatography (HPLC)/UV Analysis 
 
A Waters HPLC system with separation module e2695 and XBridge C18 5 μm, 4.6 
mm × 150 mm column was used for the determination of monomer conversions. 
The mobile phase was acetonitrile with 0.1% formic acid at different gradients 
throughout the 20 min run time at a 1 mL·min−1 flow rate and 40 °C. Three parallels 
of samples and standards were prepared and filtered through a 0.45 μm filter. A 
calibration curve was made for all monomers and conversion was calculated based 
on the obtained quantity of either monomer in relation to the amount of monomer 
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added up to the point of sampling. Gravimetry and gas chromatography were not 
used for the determination of conversion due to the high boiling point of DBI (284 
°C).  
 
2.4  Size-Exclusion Chromatography (SEC) Analysis 
 
Samples were diluted in THF to achieve a polymer concentration of ~5 mg·mL−1 
and passed through 0.2 μm nylon filters in preparation for measurement of the 
polymer molar mass distributions (MMDs) using an Agilent Technologies 1260 
Infinity SEC instrument with an Agilent Technologies G1362A RI detector 
operating at 40 °C with a 0.3 mL· min−1 flow rate and using a single PLgel 5 μm 
Mixed-C column. Calibration was established using polystyrene (Poly(St)) standards 
in the range 580−2750000 g·mol−1. Based on repeat injections, the reproducibility 
of the measurements was within 10 %. The obtained polymer MMDs were relative 
to polystyrene and were therefore transformed to absolute values using 
Mark−Houwink parameters taken from the literature (Table 1). 
 
Table 1: Mark-Houwink parameters for poly-DBI, poly-BA, poly-MMA and polystyrene (PS) 

in THF within the molecular weight ranges suitable for this study. 
 

Polymer K (10-3 ml g-1) α 
Poly(-DBI) 24.9 0.58 
Poly(-BA) 12.2 0.70 

Poly(-MMA) 14.3 0.71 
Poly(St) 11.4 0.72 

source: (Szablan et al., 2007; Wang and Hutchinson, 2010; Menges and Schmidt-Naake, 1998). 
 
3 Results and discussion 
 
3.1 Polymerization rate 
 
The free monomer levels in the reactor, as determined using HPLC, were used to 
calculate overall monomer conversion over the course of the semi-batch 
polymerizations. Figure 1 compares the conversion profiles for the three monomer 
pairings, with each copolymerization system investigated at three different molar 
levels of DBI in the feed mixture. It is seen that the overall rate of conversion as 
well as the final conversion achieved decreases as the fraction of DBI in the feed is 
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increased from 0.150 to 0.346 to 0.614. This result is explained by the influence of 
DBI depropagation on the system (Pirman et al., 2023). 
 

 
 

Figure 1: Experimentally obtained data for overall monomer conversion taken during the 
reactions. Copolymerization of DBI with BA (solid lines)/MMA (dashed lines)/St (dotted 
lines) for various amounts of DBI (mole fraction). The vertical line represents the end of 

dosing. 
Source: own. 
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For all feed compositions, the highest monomer conversion is achieved with the 
acrylate (BA) as comonomer, with only the highest DBI level leading to an 
observable decrease in the final BA/DBI conversion due to the influence of 
depropagation. At the lowest DBI level (0.150), the rate of conversion is higher for 
DBI/MMA than DBI/St, a result consistent with the known higher 
homopolymerization rates of MMA compared to St. However, the DBI/St rates and 
final conversions are higher when DBI level is increased, indicating the increased 
importance of depropagation for the methacrylate-itaconate pairing. Another 
interesting finding is that copolymerization DBI/St at all three fractions of added 
DBI leads to similar final conversion (~ 70 %). 
 
3.2 Polymer MMDs 
 
Figure 2 shows the MMDs measured for the final polymer samples at the end of the 
reaction, demonstrating how the comonomer choice and the DBI level affects the 
copolymer product.  
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Figure 2: Experimentally obtained data for MMDs – final samples. Copolymerization of DBI 
with BA (solid lines)/MMA (dashed lines)/St (dotted lines) for various amounts of DBI 

(mole fraction). 
Source: own. 

 
According to Figure 2, it is evident that the greater the proportion of added DBI, 
the shorter the polymer chains on average. It is also easy to notice that at all three 
molar ratios, the polymer chains in the copolymerization of DBI/MMA and DBI/St 
are no longer compared to the copolymerization of DBI/BA, despite the higher 
rates of conversion observed for the DBI/BA system. This interesting result 
suggests that the influence of chain transfer mechanisms is higher for this 
copolymerization system, a result that must be studied further. 
 
4 Conclusion 
 
The comparison of the three DBI copolymerization systems provided some 
interesting findings and optimistic results showing the incorporation of bio-based 
monomers into copolymer formed under commercial operating conditions. 
However, it is necessary to limit the molar level of DBI, in order to produce 
polymers with sufficiently high molar masses at a reasonable rate. Although the 
copolymerization of DBI with BA had the highest rates, the polymer molar masses 
were lower than those measured for DBI/St and DBI/MMA. Based on these 
experiments, the optimal comonomer combination is dibutyl itaconate and styrene 
with 35 mol. % DBI, which is equivalent to slightly more than 55 wt. %. To more 
accurately determine the optimal proportion of DBI for copolymerization with St 
or other comonomers, additional experiments over a broader range of conditions 
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are required, along with an evaluation of economic, environmental, and other factors 
that must be considered for commercial application. 
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The usage of the fossil must reduce because of a negative effect 
on the environment. Waste, such as municipal solid waste (MSW), 
which includes a lot of carbon hydrogen, is resource for chemical 
and energy productions. This applied study presents the 
methodology, which is reused the different MSW from unsorted 
to sorted, created by the mathematical model and the Aspen Plus®   
simulator for syngas synthesised into different products: 
methanol, ethanol, synthetic gasoline etc. The mathematical 
model based on the most real and something simulated 
parameters. MSW was gassed by using the gasification and the 
purified circulated flue gas from chimney can enter as raw 
materials into reforming for syngas production. After the 
reforming was synthesised the syngas, which is raw material for 
many products, such as methanol, ethanol and/or synthetic 
gasoline. During the processes are generated a lot of hydrogen, 
which can be cleaned and produced as co-product. An existing 
methanol process can be replaced natural gas with waste different 
for the methanol or ethanol or synthetic gasoline productions, 
which could reduce the garbage and CO2 emission of 0.106·106 
t/a and of 0.084 ·106 t/a. 
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1 Introduction 
 
Non-renewable petroleum resources could be replaced with gasification of 
sustainable resources, such as waste, intermediate raw materials, bio-waste, for 
methanol, ethanol, gasoline or other product` productions, using different catalytic 
converters of Fischer-Tropsch (FT) synthesis, fixed-bed reactors, plasma etc.  
 
Santos and Alencar (2020) upgraded the research of the syngas production 
from biomass gasification, which is converted into fuels through the Fischer-
Tropsch synthesis. This study included many analyses of the catalysts, industrial 
process requirements, and chemical reaction kinetics and mechanisms of Fischer-
Tropsch synthesis. Lignocellulosic material of biomass would be considered a low-
cost raw material to the liquid biofuel production. Campanario and Ortiz (2017) 
presented the upgrade of the Fischer-Tropsch biofuels` production from syngas 
obtained by supercritical water reforming of the bio-oil aqueous phase. The 
highlights of this research contained the upgraded production of syngas by using 
water-gas-shift, dry reforming and Fischer-Tropsch (FT) reactors, and achieved the 
optimal conditions in the upgraded FT reactor. Gharibi et al. (2024) developed the 
study of the metaheuristic particle swarm optimization for enhancing energetic and 
exergetic performances of hydrogen energy production from plastic waste 
gasification. The improvements contained multi-objective particle swarm 
optimization for plastic gasification, using grey relational analysis, and achieving 
lower heating for the polypropylene gasification. Gharibi et al. (2024a) prepared a 
few novel research to predict polyethylene waste performance in gasification using 
multilayer perceptron (MLP) machine learning algorithms and interpreting them 
using multi-criteria decision-making methods, including MLP artificial neural 
networks and regression models for polyethylene gasification. Mojaver et al. (2018) 
researched the novel thermodynamic assessment of an integrated solid oxide fuel 
cell with a steam biomass gasification, including power production. The model of 
the system was performed using mass and energy conservation laws and equilibrium 
constants. Mojaver et al. (2019) developed the multi-objective optimization using 
response surface methodology and exergy analysis during integrated biomass 
gasification, including the electrical power and the exergy efficiency. Hasanzadeh and 
Azdast (2024) presented the novel machine learning utilisation on air gasification of 
polyethylene terephthalate waste, including the machine learning algorithms. 
Doniavi et al.  (2024) defined the efficiency of polyethylene gasification. This study 
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was based on the energy, exergy, and environmental impact in relation to the material 
conditions, including the generation the optimal parameters.  Hasanzadeh and 
Abdalrahman (2023) presented the improvements of the processing parameters for 
polyvinyl chloride waste gasification, including the validated thermodynamic model 
and different regression models. Khalilarya et al. (2021) presented stud, which 
combined a heat and power system which consisted of a gasifier, a micro gas turbine, 
an organic Rankine cycle, a heat exchanger and domestic heat recovery, including 
the generated power system. Mojaver et al.(2019a) presented the study of a fluidised 
bed gasifier system with steam as the gasifying agent. The results indicated that the 
amounts of hydrogen and carbon dioxide were increased, and the amount of carbon 
monoxide was reduced. Hasanzadeh et al. (2021) developed the gasification model 
of polyethylene waste, by using the Gibbs free energy minimisation and Lagrange 
method of undetermined multipliers. Hydrogen production was increased 
significantly by 48% during   steam raising. Mojaver et al. (2022) compared the 
performances between biomass and plastic waste gasification. The improvement of 
this study was the analytical hierarchy process/technique for order performance by 
similarity to the ideal solution coupled method that was employed in gasification of 
conventional biomass and plastic waste. Mojaver et al. (2021) researched the steam 
gasification system of polyethylene, polypropylene, polycarbonate and polyethylene 
terephthalate waste, including the effect of plastic waste ratio, temperature and 
pressure. The findings revealed that the gasification of polypropylene waste led to 
the highest hydrogen production at all the processing conditions. 
 
In this study, the waste raw material can be synthesised into syngas, such as raw 
material for further sustainable different products production. This applied 
technique based on the complete circular economy, the input unit was upgraded with 
combustion, gasification and reforming. The conventional natural gas can be 
replaced with the municipal solid waste (MSW) and flue gas and thereby can reduce 
the dependence on natural gas. 
 
2 The Applied technique 
 
The municipal solid waste (MSW) and the flue gas can be used as the sustainable 
raw materials. The usage of waste by using combustion, gasification can be reduced 
the waste on landfill. The applied technique was presented on the reusage of 
different MSW from unsorted to sorted and purified flue gas from chimney, based 
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on the mathematical model including real and simulated data, by using Aspen Plus® 

simulator. Syngas can be produced from waste by using combustion, gasification and 
reforming. Syngas was converted into different sustainable products: methanol, 
ethanol, synthetic gasoline etc. The mathematical model contains the most real and 
something simulated parameters, giving by Aspen Plus® simulator. The existing 
reforming system can be enlarged with combustion and gasification for MSW 
processing (Fig. 1). The purified fuel gas of combustion, including steam and carbon 
dioxide, such as additional raw materials, is entered into the gasification-reforming 
system. A comparison between natural gas and waste for syngas production was 
analysed. The wastes allow higher syngas productions. 
 

 
 

Figure 1: The upgraded system of the combustion, gasification and reforming. 
 
From sustainable syngas can be synthesised the basic methanol product (process P1) 
during first level (Fig. 2), which can be produced for sales and further formaldehyde 
production (process P2) during the second level. Different products, such as 
ammonia (process P3), urea (process P4) and glycolic acid (process P5), can be 
synthesized from surplus components (hydrogen, nitrogen, carbon dioxide and 
carbon monoxide) after methanol cleaning during the second level. Products from 
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the second level (ammonia, urea, formaldehyde) can be synthesized for 
urea formaldehyde resin (process P6) and hexamine (process P7) productions during 
the third level. The third level contains products with the highest added value. 
Methanol production is dependent on the amount of carbon monoxide (CO). The 
processes of the second and fourth levels are dependent on the amounts of 
components, such as hydrogen, carbon dioxide, carbon monoxide (H2, CO2, CO). 

 

 
 

Figure 2: The different products productions from methanol process. 
 
3 Case study 
 
The research study was included the simulation of the methanol, ethanol or synthetic 
gasoline productions from waste gasification, by using the existing process units and 
real parameters (Fig. 3).  The productions of all processes were profitable. 
 
3.1 Methanol  
 
The sustainable syngas was compressed by using the two-stage compressors. 
Methanol was synthesized by using the catalytic hydrogenation of carbon monoxide 
and/or carbon dioxide within reactor, during the following reactions: 
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CO + 2H2 ⇌ CH3OH                                                                              (Re1) 
 
CO2 + 3H2 ⇌ CH3OH + H2O                                                                (Re2) 

 
From the crude methanol was separated the non-reacted syngas and the water. 
 
3.2 Ethanol production 
 
The syngas, from waste generating, was compressed during the two-stage 
compressors. Ethanol was synthesized by using the catalytic hydrogenation of 
carbon monoxide within reactor, during the main reaction: 
 

2CO + 4H2 ⇌  C2H5OH + H2O                                                       (Re3) 
 
From the crude ethanol was separated the non-reacted syngas and the water. 
 
3.3 Synthetic gasoline production 
 
The syngas converts to the synthetic gasoline (C8H18) into the reactor by using two 
basic exothermic reactions: 
 

8 CO  +   17 H2     ⇌    C8H18    +   8 H2O                                            (Re4) 
 
8 CO2  +   25 H2     ⇌  C8H18   +  16 H2O                                             (Re5) 

 
From the crude synthetic gasoline was separated the water and the non-reacted 
syngas. 
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Figure 3: The different products productions from syngas. 
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4 Conclusions 
 
Natural gas can be replaced with MSW and flue gas for syngas production. From 
syngas can be synthesized different useful sustainable products, such as methanol, 
ethanol and synthetic gasoline, by using the applied technique. This technique base 
on the upgraded input system with combustion, gasification and reforming for 
syngas production from wastes, and mathematical model, which is depending on the 
real and simulated parameters.  Simulated parameters were obtained by using the 
Aspen Plus simulator. This technique allows the higher products` production. The 
MSW and flue gas as raw material can be synthesized sustainable products` 
production after the complete circular system. A comparison between natural gas 
and waste as raw material for different products` production were analysed. The 
wastes allow higher products` productions. 
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Technology of alkali activation is an alternative sustainable 
approach to producing paving paver, where reactive 
aluminosilicate precursor undergoes a reaction with an alkaline 
solution to form binded product. The case study presents the 
functional usability of a technology as part of the Georis project. 
The construction pavers are composed of over 75% industrial 
residues, with the majority of the materials sourced from steel slag 
industry. Laboratory testing of pavers confirmed the promising 
mechanical properties, demonstrating high compressive and 
flexural strength, as well as resistance to frost and abrasion. The 
results support the feasibility of scaling up from lab-scale to pilot 
manufacturing. The innovative approach in this project was the 
pilot production process itself, where more than 20 m² of pavers 
were manufactured and cured in a mobile unit. To assess their 
real-world performance, a demonstration case was implemented 
at the SIJ Acroni courtyard, where the pavers were installed to 
observe their application in a practical setting and to monitor their 
long-term durability. The valorisation of residues within GEORIS 
pavers highlights lower CO₂ emissions compared to conventional 
cement-based pavers and the potential of technology for 
industrial symbiosis and circular economy initiatives, making it an 
attractive solution for environmentally conscious industries. 
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1 Introduction 
 
Due to the rapid growth in both construction and population in many places around 
the world, large amounts of greenhouse gases are being emitted into the atmosphere, 
with a huge, negative environmental impact. The construction sector and its highly 
energy-intensive industry of material production contribute up to 40% of the 
greenhouse emissions. Concrete, the most used manmade material, requires binding 
by cement, which is responsible for 7% of greenhouse emissions on its own (United 
Nations Environment Programme, 2023). As a consequence, there is growing 
attentiveness to the development of sustainable materials in the construction sector, 
and among the most promising binders to replace Portland cement (OPC) are alkali-
activated binders (AAB). 
 
The technology behind AAB is based on the chemical reaction between a solid 
amorphous material rich in silicon and aluminium and an alkaline solution. This 
reaction leads to the formation of a solid-bound matrix composed of aluminosilicate 
gels, which serve as the primary binding phase. Various precursor materials can be 
used for AAB, with industrial residues and waste materials proving to be viable 
options for producing high-strength concrete with favourable mechanical properties 
(Shi et al., 2019). This technology with achievable comparable properties not only 
provides an alternative to OPC but also promotes sustainable construction by 
repurposing waste streams. 
 
Although there are several types of alkaline activators, with also research on 
environmentally friendly alternative alkaline solutions (Mendes et al., 2021), the most 
commonly used activators are based on alkali hydroxide and silicate solutions 
(Provis, 2018), with sodium-based solutions dominating, mainly due to their 
availability and cheaper production. The function of alkaline solutions is to initiate 
the dissolution reaction of Si and Al species in a high pH environment, where free 
and reactive silicates undergo nucleation to form a solid interlinked aluminosilicate 
network. 
 
Among metallurgical slags, ground granulated blast furnace slag (GGBFS) is one of 
the most widely used source materials for geopolymerisation. The abundance of 
SiO2 and Al2O3 in GGBFS, its substantial production as a direct by-product of the 
iron industry, together with suitable physical and latent hydraulic properties, are the 
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main reasons for its extensive use in the development of AAB. The significant 
amount of CaO and MgO in GGBFS enhances the structural integrity of the AAB 
matrix while contributing to a reduction in the required curing temperature (Mishra 
et al., 2024), making it more sustainable. As a result of the high Ca content and the 
presence of Ca2+ ions in alkaline media due to GGBFS, it leads to the formation of 
mainly calcium aluminosilicate hydrate (C-A-S-H) gel, that form binding at ambient 
conditions (Rashid et al., 2024). The amount of C-A-S-H gel is directly related to the 
development of mechanical properties such as compressive strength. GGBFS-based 
geopolymers have a characteristic fast development of high strength (early age 
strength) and high durability performance even at low curing temperatures (Mishra 
et al., 2024). Excessively high Ca content in GGBFS, one of its main chemical 
constituents, can significantly affect the performance of the material. To control 
these issues, such as reduced setting time, higher shrinkage, microcrack development 
and occurrence of expansion (Lee et al., 2019), proper mix design is essential to 
ensure a balanced ratio of precursors, activators and additives. Compared to highly 
amorphous precursors such as GGBFS, fly ash and metakaolin, the main challenge 
in using steel slag is its high crystallinity, which limits its reactivity. While the 
amorphous phase of steel slag can participate in the binding reaction, the crystalline 
phase acts primarily as an inert filler, contributing minimally to alkali activation but 
potentially influencing the microstructure and mechanical properties of the final 
material. 
 
The hydration sensitivity and even mechanical behaviour of the material with regard 
to activation depend on several factors, such as the phase compositions and fineness 
of the precursor, the curing conditions and alkaline conditions, including initial 
alkalinity, and the type and concentration of activator used (Liu et al., 2021). Sun et 
al. (2020) found that alkali activated steel slag has a faster reaction time, fewer 
hydration products, poorer crystallization of Ca(OH)2, a lower Ca/Si ratio, and a 
similar Al/Si ratio of gels compared to Portland cement.  
 
The activation behaviour and mechanical performance of AAB are influenced by 
multiple factors, including the chemical composition and granulation of the 
precursor, as well as external conditions such as curing temperature, initial alkalinity, 
the type and concentration of the alkaline activator used (Liu et al., 2021). Research 
by Sun et al. (2020) indicates that alkali-activated steel slag reacts more rapidly than 
Portland cement but produces fewer hydration products. Additionally, it exhibits 
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poorer crystallization of portlandite (CH), a lower Ca/Si ratio, and a comparable 
Al/Si ratio in the resulting gel structure. However, Adesanya et al. (2017) showed 
that ladle slag has the potential to serve as a sole precursor for AAB. After alkali 
activation, the major product was a silicate hydrate, achieving high compressive 
strength, 65 MPa, at 28 days. When steel slag is combined with GGBFS, the 
resulting blended AAB material exhibits significant cementitious properties when 
activated with an alkaline solution. As shown by You et al. (2019), the inclusion of 
steel slag influences several key characteristics of the material, including reduced 
hydration heat, mitigated autogenous and drying shrinkage, prolonged setting time 
and enhanced workability. 
 
The aim of this study was to develop a low-carbon AAB from metallurgical residues 
while maximizing the use of metallurgical residues as aggregates. The developed 
GEORIS pavers were tested in the laboratory, used in the pilot-scale optimized 
production of pavers and implemented in a test demonstration site. The 
performance of the pilot pavers was tested to the standard for concrete pavers (EN 
1338), as no specific standards exist for AAB pavers. 
 
2 Experimental 
 
2.1 Materials 
 
 
In this study, two distinct types of industrial residues were utilized: carbon slag (EAF 
C slag) and the mineral product of processed stainless slag and ladle slag (Ekominit 
S1, SIJ Acroni). To formulate the mixtures of blended precursors, Ekominit S1 was 
mixed with finely ground secondary copper slag (SCS) and ground granulated blast 
furnace slag (GGBFS), leveraging their combined reactivity to enhance the 
cementitious potential of the system. In contrast, EAF C slag was incorporated as 
an aggregate, contributing to the overall structural stability of the material and 
maximizing the valorisation of poorly reactive slags as aggregates. This approach 
aimed to explore the synergetic effects of these industrial by-products in AAB 
systems, assessing their suitability for sustainable pavers. 
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The chemical compositions of these materials are given in Table 1. Ekominit S1 was 
found to be highly crystalline, consisting mainly of γ-C2S, β-C2S, merwinite and 
periclase. Whereas SCS and GGBFS showed a predominantly amorphous structure 
(>90%), indicating high reactivity.  
 

Table 1: The chemical compositions of the metallurgical residues presented in wt%. 
 

Parameters Ekominit S1 EAF C slag GGBFS SCS 
LOI (950 °C) 4 0.1 - - 

SiO2 17 8 30 25 
Al2O3 9 5 12 8 
CaO 36 30 43 3 
MgO 13 10 7 1 
K2O - <1 1 - 

Fe2O3 10 32 - 56 
MnO 2 5 - - 
TiO2 <1 <1 - - 
Na2O - <1 - - 
SnO3 - - 2 - 
ZnO <1 - - 6 
Cr2O3 3 2 - - 

 
2.2. Development of recipe and pilot production of GEORIS pavers  
 
The mix design for GEORIS pavers was first developed on a small scale in the 
laboratory (Kriskova et al., 2025). Different parameters were evaluated, including 
the OPC or GGBFS and different type of activating solutions (hydroxide-based 
NaOH, KOH, Na2SiO3), and tested. After the optimum laboratory mix design for 
the GEORIS pavers was defined, the scalability, pot life, and castability for pilot 
production were considered. Additionally, maximizing the valorisation of 
metallurgical residues was set as the primary goal. Consequently, the mix design was 
adjusted to meet these criteria. 
 
For the pilot production of GEORIS pavers (dimensions: 40x40x4 cm3), the Na-
based activator was used instead of the K-based alkaline solution, which required 
further modification of the l/s ratio. The shrinkage-reducing agent was also added 
to reduce the drying shrinkage of the pilot pavers. The mix design of the pilot pavers, 
incorporating 75 % metallurgical residues, of which 63% were SIJ Acroni 
metallurgical residues, is shown in Table 3. 
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Table 2: Mix-design of the large format tiles, in wt%. 
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More than 20 m2 of GEORIS pavers (dimensions: 40x40x4 cm3) were produced in 
one of KU Leuven’s mobile units (Figure 1). The production of GEORIS pavers is 
a very simple process, and not a lot of equipment is needed. The most demanding 
step with regard to utilizing metallurgical residues with geopolymerization 
technology is to obtain the proper mix design. 
 
The GEORIS pavers demonstration site is located in the courtyard of SIJ Acroni in 
Slovenia, where the installed pavers will be continuously monitored under real-world 
conditions (Figure 2). A sufficiently large area exceeding 20 m² has been paved, 
ensuring exposure to regular foot traffic and operational loads, allowing for a 
comprehensive assessment of their long-term durability and performance in 
practical applications. 
 

            
 

Figure 1: KU Leuven mobile unit for the production of GEORIS pavers 
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Figure 2: The area paved with GEORIS pavers at SIJ Acroni, Slovenia. 
 
2.3. Methods 
 
Based on current technical standards relevant for the GEORIS project and intended 
use of the GEORIS pavers, the properties listed in Table 3 have been tested.  
 

Table 3: Test protocols 
 

Testing method:  Standard:  Method type  
Work dimensions (mm)  EN 1344  Non-destructive method  
Flexural strength (MPa)  SIST ISO 10545 - 4  Destructive method  
Freeze-thaw resistance in the 
presence of de-icing salts 
(g/m2)  

SIST 1026  Destructive method  

Freeze-thaw resistance (visual)  ASTM 666  Destructive method  
Hg porosity  -  Destructive method  
Leaching (mg/kg)  EN 12457-2  Destructive method  
Abrasion resistance (mm)  EN 1338  Destructive method  

 
The environmental impact of the newly developed GEORIS pavers was compared 
to that of an alternative scenario, by using the standardized Life Cycle Assessment 
(LCA) method, conducted to evaluate the environmental impact of GEORIS pavers. 
The LCA analysis was performed using SimaPro 11.0 (v. 9.5) in combination with 
the Ecoinvent 3 LCI database, ensuring a realistic and consistent representation of 
the pavers' environmental performance.  The focus of LCA was on assessing the 
environmental impact arising from the production of GEORIS pavers, rather than 
the development of the End-of-Life (EoL) scenarios, in order to have an idea of 
what causes this impact and how best to reduce it. This study was conducted for one 
functional units: the production of GEORIS pavers to cover an area of 1 m2, which 
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equals 97 kg of GEORIS pavers. The system boundaries of the GEORIS product 
that will be examined are as described in the EN 15804:2012+ A2:20199 standard. 
 
3 Results and discussion  
 
The GEORIS pavers produced in this study were tested according to standard 
procedures for concrete pavers. In order to compare the GEORIS pavers, they were 
compared with tests of commercially available concrete pavers tested in a previous 
study (Frankovič et al., 2020). 
 

Table 4: Properties of GEORIS pavers from pilot production compared to the reference 
commercial product. 

 

Testing 
parameter/samples 

Freeze-
thaw 

resistance 
in the 

presence of 
de-icing 

salts 

Freeze-
thaw 

resistance 

Bending 
strength 
(MPa) 

Skid 
resistance 

Abrasion 
resistance 

GEORIS pavers  0.01 - 0.03 
mg/ mm2 

No visual 
change after 
150 cycles 

5.4 64 15.6 mm 

Reference concrete 
product  
(Frankovič et al. ) 

Non-
resistant 

Non-
resistant 4 69 22.1 mm 

 

       
 

Figure 3: Evaluating freeze-thaw resistance through resonant frequency measurements with 
a GrindoSonic after n-cycles (left); samples after abrasion resistance testing (right). 
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The frost resistance evaluation revealed no visible changes or surface damage after 
30, 90, and 150 freeze-thaw cycles, demonstrating the pavers’ durability and 
resistance to freeze-thaw conditions, maintaining their structural integrity and 
surface quality throughout the testing period. The optimized GEORIS paver 
mixture exhibited satisfactory frost durability when exposed to a de-icing salt 
solution (3% NaCl), with surface scaling remaining well below the permitted values 
(0.038 mg/mm² after 20 cycles). These results confirm the material's suitability for 
applications in environments where de-icing salts are used, ensuring a non-slip 
surface in cold conditions while maintaining structural integrity. 
 
The average skid resistance measured under wet conditions across all three 
directions was 64 (Pendulum Test Value), indicating a surface texture that meets 
safety standards for walkable applications, such as pavers. If required, the surface 
skid resistance can be further reduced through additional mechanical or chemical 
surface treatments. 
 

Table 5: Values of leaching parameters of GEORIS pavers, compared to the permissible 
values in Slovenian waste regulations. 

 

Parameter Permissible levels of 
pollutants in leachate GEORIS pavers 

Cd 0.025 <0.0025 
Cu 0.5 <0.05 
Ni 0.4 <0.08 
Pb 0.5 <0.035 
Zn 2 <0.35 
Cr 0.5 0.5 
Hg 0.005 <0.001 
Co 0.03 <0.003 
Mo 0.5 0.9 
Sb 0.3 <0.03 
Se 0.06 <0.06 
Ba 20 <0.5 
As 0.1 0.02 
F⁻ 10 <5 
Cl⁻ 800 <50 

SO42⁻ 2500 220 
 
Long-term loss of mass due to wear and tear (traffic, walking, etc.) is an important 
parameter in assessing how the material will perform in the future. The GEORIS 
paver was subjected to a wear machine to test the wear resistance of the surface 
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layer. The high abrasion resistance (15 mm) can be attributed to the compressive 
strength of the surface (Gencel et al., 2011). In addition to the geopolymerisation of 
the amorphous precursors, the remaining crystalline slag filler can increase the 
abrasion resistance, as reported for steel slag aggregates in road construction tests 
(Díaz-Piloneta et al., 2021).  
 
While incorporating steel slag into AAB offers benefits like waste valorisation and 
enhanced material properties, it is also crucial to address the potential leaching of 
heavy metals. The leaching results for elements from crushed GEORIS pavers, 
tested in accordance with SIST EN 1744-3, revealed slightly elevated molybdenum 
levels (0.9 mg/kg), exceeding the threshold limit of 0.5 mg/kg. Additionally, 
chromium concentrations reached the threshold limit of 0.5 mg/kg as specified by 
the Slovenian directive on permissible pollutant content in products.  
 

 
 

Figure 4: Comparison of impact factors of 1 m2 GEORIS paving block vs 1 m2 traditional 
paving block in the scenario of a larger-scale industrial production process. 

 
Several strategies can be employed to mitigate leaching in AAB, focusing on both 
material design and process optimization. Binder composition can be optimized with 
secondary precursors, and another strategy is to optimize type and concentration of 
activator used (Łach et al., 2020). Matrix densification with micro- and nano-silica 
has been shown to limit the transport pathways available for leachable elements in 
cement-based materials (Kong et al., 2012; Fu et al., 2022), and this can also be 
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achieved with post-treatment methods like carbonation curing (Greve-Dierfeld et 
al., 2008). 
 
The LCA results for the manufacturing of GEORIS pavers are promising, beside 
the waste valorisation the impact on the environment was reduced compared to 
concrete pavers. The pavers demonstrated a significantly lower CO₂ footprint 
compared to conventional concrete tiles, achieving an approximately 26% reduction 
in carbon emissions per m². Additionally, the LCA results indicate a notable decrease 
in eutrophication potential, with GEORIS pavers showing a 60% lower impact than 
traditional concrete tiles. This reduction contributes to minimizing water pollution 
and mitigating ecosystem degradation, making them a more environmentally friendly 
alternative. 
 
4 Conclusion  
 
It has been shown that metallurgical residues can be used to a significant extent as 
reactive precursors or aggregate fillers for the production of pavers using AAB 
technology. By adjusting the mix through the process of laboratory testing and up-
scaling to pilot production, the final product has comparable properties to OPC-
based concrete pavers. The GEORIS pavers have high compressive strength and 
optimum durability prospects. They are resistant to frost (no visible damage after 
150 cycles) and maintain their frost resistance even in the presence of de-icing salts 
following optimization. Additionally, they demonstrate exceptional abrasion 
resistance. From an environmental standpoint, the leaching parameters of GEORIS 
pavers generally meet regulatory standards, with the exception of molybdenum (Mo) 
and, in certain conditions, chromium (Cr). To ensure compliance before scaling up 
to industrial production, adjustments to the material composition may be necessary. 
Alternatively, mitigation strategies, such as the application of protective coatings, 
could be explored to minimize leaching and enhance environmental performance. 
In terms of environmental footprint, it has been confirmed that metallurgical 
residues (Ekominit S1, EAF C, SCS, GGBS) can be used instead of raw material, 
helping to reduce the carbon footprint and save natural resources. The GEORIS 
pavers demonstrated a lower CO₂ equivalent compared to conventional concrete 
pavers, highlighting their potential as a more sustainable alternative in the 
construction sector. As global policies continue to shift towards net-zero targets and 
stricter carbon emission regulations, the demand for low-carbon construction 
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materials is expected to rise. In this context, the GEORIS technology may become 
even more economically viable, as industries seek cost-effective solutions that align 
with climate action goals.  
 
By advancing to a higher Technology Readiness Level (TRL) through pilot 
production, key technological parameters of steel slag residues AAB have been 
identified, providing a solid foundation for further upscaling. These findings will 
facilitate the transition from pilot-scale to industrial production, ensuring optimized 
processing conditions and improved material performance, ultimately contributing 
to the market adoption of sustainable construction products. 
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Slovenia has significant raw material potential for the 
development of the bioeconomy. The Interreg Central Europe 
project TeBiCE focuses on Territorial Biorefineries for a Circular 
Economy and explores the utilization of biomass, by-products, 
and residues from primary production and the agri-food 
processing industry as new sources for producing high-value 
products. In Slovenia's contribution to the TeBiCE project, three 
key sectors were evaluated: fruit production and processing, oil 
production and processing, and the wood processing industry 
(timber). The potential for developing value chains in Slovenia 
was assessed using the Value Chain Generator® artificial 
intelligence tool (VCG.AI). Three value chains were outlined, 
where polyphenols, biochar, and pectin can be produced through 
the application of supercritical fluid extraction (SFE), pyrolysis, 
and enzymatic extraction. Biochar and polyphenols show high 
potential for exploiting by-product biomass in Slovenia. The 
VCG.AI tool was demonstrated to be an applicable resource for 
the fast and effective evaluation of by-products' potential for 
developing value chains. 
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1 Introduction 
 
Slovenia has a significant raw material potential for development of the bioeconomy, 
but it has similar as other Central and Eastern European countries sub optimally 
exploited potential. There is a great need to increase the growth potential of the 
bioeconomy, which will bring Slovenia not only new jobs, but also environmentally 
friendly technologies and better prospects for the future (Juvančič, 2021). By-
products from primary production and the agri-food processing industry are 
potential source for production not only energy but also high value products 
produced by cascade concept of biorefineries (Juvančič, 2021).  
 
Territorial Biorefineries for Circular Economy or shorter TeBiCE is the Interreg 
Central European project focused on removal the barriers in bio- and circular 
economies in the Central Europe area, in order to pave the way for the establishment 
of sustainable market for high-value bio-products. Project TeBiCE promotes the 
starting of new value chains, based on cutting-edge technologies and new business 
models, generating a more efficient and competitive economy. Project works on 
removing of legislative barriers and encourage more harmonized regulation to 
ensure a more efficient market for by-products and residues of primary production 
and agri-food processing in the Central Europe area. In project collaborate 8 project 
partners from 8 regions of Central Europe and 6 countries, Italy, Germany, Poland, 
Austria, Slovakia and Slovenia. The project started on April 2023 and will finished 
by the end of March 2026. 1  
 
In the present contribution the development of value chains (VC) in three sectors 
in Slovenia, fruit production and processing, oil production and wood processing, is 
presented and was performed by TeBiCE project. For evaluation the potential of 
by-products and residue of the selected sectors and for the development of high 
added value chain, the Value Chain Generator® artificial intelligence tool (VCG.AI) 
was used. In the contribution, the first the TeBiCE project is introduced, followed 
by introduction and application of VCG.AI in the context of the project. 
  

 
1 Project TeBiCE documentation: CE0100433_TeBiCE_en_en_20220224_083412 
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2 Introduction of TeBiCE project and by-products potential in Slovenia 
 
Territorial Biorefineries for Circular Economy or shorter TeBiCE is the Interreg 
Central European project focused on the utilization of biomass, by-products, and 
residues from primary production and the agri-food processing industry as a new 
source for producing high-value products. In project is collaborate 8 project partners 
form 6 countries: Venetian Agency for Innovation in the Primary Sector – Veneto 
Agricoltura (Italy) – coordinator of TeBiCE project, National Institute of Chemistry 
(Slovenia), Fraunhofer Italia Research scarl-Innovation Engineering Center (Italy), 
Chemie-Cluster Bayern GmbH (Germany), University of Warmia and Mazury in 
Olsztyn (Poland), Kujawsko-Pomorskie Voivodeship (Poland), Carinthia UAS - 
non-profit limited liability company (Austria) and Slovak University of Agriculture 
in Nitra (Slovakia). The project started on April 2023 and will finished by the end of 
March 2026. 
 
Project is divided in three work package (WP) where different aspects of project 
implementation are evaluated. Figure 1 schematically represents activities of separate 
WP of TeBiCE project. The potentialities for by-products and waste of the primary 
and agri-food sectors in Central Europe regions were evaluated in WP1. There was 
carried out an assessment of the situation and potential application of by-products 
and residues in Central Europe, including Slovenia. As part of project activities, the 
application Value Chain Generator® artificial intelligence tool (VCG.AI) was 
evaluated and applied by project. WP2, Pilot actions to define, by an "on-the-field" 
approach, constraints and potentialities for value chains, allow the establishment of 
value chains for the valorization of by-products and waste from residual biomass 
from the primary production and agri-food processing sectors and the adoption of 
business model oriented to circular economy. In the WP3, supporting a more 
harmonized policy scenario and regulatory framework for value chains in Central 
Europe area, the aim is to remove the institutional barriers and promote a more 
harmonized regulatory framework in the Central Europe to consolidate the 
establishment of market of by-products and waste from the primary and agri-food 
processing sectors. 2

 
2 Project TeBiCE documentation: CE0100433_TeBiCE_en_en_20220224_083412 
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Figure 1: The implementation of TeBiCE project.3 
Source: own.

 
3 Project TeBiCE documentation: CE0100433_TeBiCE_en_en_20220224_083412 
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Table 1: The potential of by-products evaluated in Slovenian VCs in TeBiCE project. 
 

 
Source of pictures: red grape pomace: https://www.academicwino.com/wp-content/uploads/2012/11/grape-
pomace-The-Academic-Wino.jpg, olive pomace: https://www.zrs-kp.si/wp-content/uploads/2023/11/Moznosti 
_uporabe_ostankov_SPLETNA-IZDAJA.pdf, pumpkin seed cake: https://www.carphunterco.com/images/ 
thumbnail/produkte/large/AR_25274_0.jpg; grape pomace and wood bark: free accessed on web; apple pomace: 
own. 
 
The possibilities of application of by-products and residues from primary 
production and the agri-food processing industry as a potential source for new 
products were evaluated by development of value chains regarding the region 
potential of project partners. Slovenia have long and reach tradition of grooving 
fruits such as grape and apple and oily plants such as olive and oily pumpkin and 
processing them to wine and oil. Slovenia is also very reach in forest and therefore 
the wood processing industry had good background for it developed. By-products 
and residue of presented industries, grape and apple pomace, oil cake and pomace, 
wood bark and residue are not properly used jet in context of circularity and 
bioeconomy and there exist the potential for development of value chains with high 
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added value products, which were evaluated by TeBiCE project. Three key sectors 
were identified for evaluation by project TeBiCE:  
 

− Fruit production and processing (grape and apple); 
− Oil production and processing (olive and pumpkin seed); 
− Wood processing industry, particularly timber (wood bark). 

 
Within this framework, six value chains (VC) were developed and assessed: grape 
pomace VC, red grape pomace VC, apple pomace VC, olive pomace VC, pumpkin 
seed cake VC, and wood bark VC. Table 1 represents the potential of grape pomace 
(white and red), apple pomace, olive pomace, pumpkin seed cake and wood bark 
evaluated in TeBiCE project VCs.  
 
By products such as grape pomace, apple pomace and olive pomace are reach source 
of various phenolic components and also of polysaccharides like pectin (Sirohi, 
2020, Costa, 2022, Millan-Linares, 2021). Red grape pomace is rich in natural 
colorants, anthocyanins, those could be applied as natural colorants (Giacosa, 2023). 
Since grape pomace contain high amount of free accessed sugars is good source of 
nutrients for fermentation process for production of industrial enzymes, bio-
ethanol, bio-gases, chemicals produced by fermentation process such as citric acid 
or bio-biased polymers such as poly-hydroxy-butyrate (Sirohi, 2020). Apple pomace 
is also good source for fermentation processes, especially for bio-ethanol production 
(Costa, 2022). All presented by-products, especially, grape pomace, apple pomace 
and olive pomace, are mostly used for feed production or are deposed in nature as 
fertilizer (Sirohi, 2020, Costa, 2022, Podgornik, 2019). By investing in application of 
processes such as pyrolysis and fermentation, the by-products could be processed in 
middle added value products such as bio-chair or bio-fertilizer were additional 
benefits are given by energy or bio-gas production (Sirohi, 2020, Costa, 2022). 
Pumpkins seed cake is residue of pumpkin oil production and contain high amount 
of fibers and proteins and is usually used for animal feed. Because they high 
nutritional value is interested also as functional food ingredient (Singh, 2024). The 
main by-product from timber industry (sawmills) is wood bark that contain wide 
range of natural component. Tannins are one of high interest because wide range of 
applications (Das, 2020). Wood bark is also important source of lignin and phenolic 
components those could be applied in production of chemicals and adhesives 
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(Jablonsky, 2017). Common application of wood bark is production of energy by 
combustion. By processing wood bark by pyrolysis bio-chair and pyrolysis oil can 
be produced together with energy (Juvančič, 2021). 
 

In the follow the potential of selected by products and they producers, biomass 
providers, in Slovenia was evaluated by Value Chain Generator® artificial 
intelligence tool.  
 
3 Application of Value Chain Generator® - an artificial intelligence tool 
 
The Value Chain Generator® - an artificial intelligence tool (VCG.AI) is a smart 
data platform for the development of the circular industry. VCG.AI uses a modelling 
system to develop circular value chains that incorporate clean technologies and 
processes (vcg.ai, 2024). The application of VCG.AI tool in TeBiCE project was 
part of WP1 activities, where preliminary evaluation of bioeconomic potential of by-
products and residues from primary production and the agri-food processing 
industry of project partners was evaluated. The evaluation was performed based on 
the data of small and medium-sized enterprises (SMEs) from the partner regions.  
 

For preliminary evaluation of bioeconomic potential in Slovenia, data of SMEs from 
the following sectors were collected:  
 

− Fruit production and processing (Fruit and vegetables preserving and 
processing), 

− Wine production (Vineyard and wine production),  
− Oil production (Pumpkin seed and olive oil production),  
− Wood industry (Sawing, planning and impregnation of wood) and 
− Production of natural extracts (production of condiments, spices, 

fragrances and other additives; production of essential oils; production of 
other chemical products). 

 

The collected data included basic information on companies (name, location, 
activity, NACE code) and was collected from a free access webpage Poslovni 
Asistent Bizi4 (eng. Business Assistant Bizi). Collated data was analyzed by VCG.AI, 
the results are presented in the following paragraph. 

 
4 https://www.bizi.si/  
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Figure 2 represents results of evaluation of collated data. Figure 2 A represents an 
overview of collected information of 308 SMEs from Slovenia that were included in 
the VCG.AI evaluation. The largest percentage of biomass providers (by-product 
producers) comes from the wood processing sector (sawmill and wood planning, 
108), which accounts for 35.6%. This is followed by the wine production sector at 
21.5% (62) and the oil and fat production sector at 21.1% (61). Figure 2 B illustrates 
the primary mass flows within these evaluated sectors: wood processing (sawmills), 
wine production (manufacturing), and oil production (oil mills). The main by-
products from sawmills – woodchips (26%), bark (19%), and sawdust (8%) – 
constitute over half (53%) of the wood mass flows. These by-products are typically 
used as a significant biomass source, often for thermal energy. It could be applied 
also for new high-added value products. In wine production (wine manufacturing) 
the main by-product represents grape pomace (10 %), grape seeds (5 %), stalks (3 
%) and other residue (5 %) that represents more than 23 % of all mass flows. In oil 
production depending on applied technologies different by-products are produced 
such as oil-cake or pomace. They represent around 55 % of mass flows. 
 
Figure 2 C – E represents distribution of SMEs, by-product producers in Slovenia 
for evaluated sectors: wood processing, sawmills (C), wine production (D) and oil 
production, oil mill (E). The distribution of by-product producers shows as 
distribution, density of location where separate by-products is available in Slovenia. 
By-product producers are potential biomass providers, therefore locations with a 
high concentration of by-products provide a strong foundation for further 
evaluation and the development of value chains. Most concentrated regions of the 
wood processing industry (sawmills) and its by-products were in the surrounding 
area of cities Ljubljana, Kranj and Celje, whereas others were evenly distributed 
throughout Slovenia (figure 2 C). Wine production mostly concentrated around 
regions in the South-Western part of Slovenia surrounding the cities Koper and 
Nova Gorica and in the Eastern part of Slovenia (figure 2 D). The oil producers 
were concentrated mostly in two regions: the coastal part of Slovenia where olives 
are grown and processed to olive oil and in Eastern Slovenia where pumpkin seed 
oil is produced (figure 2 E). 
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Figure 2: Results of evaluation of collated data of SME-s in selected sectors in Slovenia: A) statistical overview of collected data; B) Mass flow 
overview in sawmill, wine manufacturing and oil mill; C–E) Distribution of by-product producers in Slovenia for sawmills (C), wine 

manufacturing (D) and oil mill (E).5 

 
5 Internal TeBiCE project report: VCG.AI_TeBiCE_Slovenia (1) 
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Figure 3: High potential value chains in Slovenia generated by VCG.AI: A) Mass flow of sawmill by-product VC, wine producing by-product VC 
and oil production residue VC; B–D) Economical potential of VC products, polyphenols (B), biochar (C) and pectin (D).6

 
6 Internal TeBiCE project report: VCG.AI_TeBiCE_Slovenia (1) 
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By following evaluation of collected data and regarding priority stated, three value 
chains were outlined, where tree products polyphenols, biochar and pectin can be 
produced by three proper valorization technologies SFE, pyrolysis and enzymatic 
extraction. Figure 3 represents final VCG.AI generated VCs (A), together with 
economical potential of products (B – polyphenols, C – biochar and D – pectin). In 
the follow detailed evaluation of each product was performed. 
 
Polyphenols in Slovenia could be produced from all tree biomass providers using 
SFE technology and can be applied as natural food preservatives or as active 
ingredients of functional beverage, nutraceuticals, cosmetics, pharmaceutics. In 
Slovenia pectin could be produced form wine and oil production residue by 
enzymatic extraction and applied as gelling agent in food industry, stabilizer in some 
beverage and cosmetics and as drug delivery in pharmaceuticals. Biochar can be 
produced from wood and oil production residue by pyrolysis. Its main application 
is as soil amendment in agriculture, as pollutant adsorbent and as additive in cement 
industry.  
 
For all three product the market insight was prepared to light out the global market 
possibilities (Figure 3 B – D). The bigger Global Market size in 2024, with 2,1 B 
USA, was evaluated for biochar, followed by pectin with 1,01 B USD and 
polyphenols with 1 B USD in 2022. The bigger market growth in years 2024 – 2029 
was predicted for polyphenols with more than 13 %, following by biochar (12 %) 
and pectin (6 %). Biochar and polyphenols have a better economical prediction and 
a broad spectrum of potential uses in comparison to pectin those is mostly applied 
in food application. Therefor biochar and polyphenols have high potential for 
exploiting by-products of evaluated sectors in Slovenia. 
 
3 Conclusions  
 
The potential of by-products and residue from three sectors in Slovenia, fruit 
production and processing, oil production, and wood processing industry, were 
evaluated in the framework of TeBiCE project by application of Value Chain 
Generator® artificial intelligence tool. Three value chains were outlined, where three 
products polyphenols, biochar and pectin can be produced by three valorization 
technologies SFE, pyrolysis and enzymatic extraction. For all three products the 
market overview was performed. Biochar and polyphenols have a better economical 
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prediction and a broad spectrum of potential application regarding to pectin and 
therefore are products with high potential for exploiting by-products biomass in 
Slovenia. VCG.AI tool was shown as applicable tool for fast and good evaluation of 
by-products potential for development of value chains in the context of circular 
bioeconomy. 
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The rapid growth of the quantity of generated electronic waste (e-
waste), driven by the increasing demand for electrical and 
electronic equipment (EEE), has raised urgent concerns regarding 
its environmental and health impacts. E-waste is the fastest-
growing global waste stream, with only a small fraction recycled 
sustainably. Printed circuit boards (PCBs), a major component of 
e-waste, contain valuable metals and hazardous substances, 
complicating recycling efforts. This study explores bioleaching as 
an environmentally friendly alternative to traditional recycling 
methods. Bioleaching, utilising microorganisms such as 
Acidithiobacillus ferrooxidans and A. thiooxidans, which can effectively 
extracts metals like copper, nickel, and zinc from e-waste, 
reducing environmental contamination. Our research, conducted 
under the EIT RawMaterials WEEE-NET9 project, focuses on 
bioleaching's potential for sustainable recovery of critical raw 
materials (CRMs) from e-waste. Results demonstrate the 
effectiveness of bioleaching in metal extraction, supporting the 
EU's goals of increasing CRM recycling and reducing reliance on 
primary sources for critical materials, which we have to import 
into the EU. 
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1 Introduction 
 
The growing demand for innovative technologies and electrical and electronic 
equipment (EEE) has led to a rapid increase in waste electrical and electronic 
equipment (WEEE or e-waste). E-waste is the fastest-growing waste stream globally, 
expanding at an annual rate of 3–5% (Ji et al., 2022). According to the Global E-waste 
Monitor 2024 (Baldé et al., 2024), e-waste production reached 62 million metric tons 
in 2022 (Figure 1), an 82% increase since 2010, with only a small fraction recycled 
in an environmentally sound manner. In 2022, just 22.3% of e-waste was formally 
collected and recycled (Figure 2). In Europe, 13.5 million tonnes of EEE are placed 
on the market annually, generating 4.9 million tonnes of e-waste, with less than 40% 
recycled and an average of 11 kg collected per person (EC ENV, 2024). E-waste 
contains hazardous and valuable materials, including critical raw materials (CRMs) 
and rare earth elements (REE), making recycling complex. The OECD projects 
global material demand will rise from 79 billion tonnes today to 167 billion tonnes 
by 2060 (Blengini et al., 2020). 
 
It is estimated that 82 million metric tons of electronic waste will be generated in 
2030, a significant increase from the 62 million tonnes generated in 2022 (Statista 
2025).  This situation underlines the urgent need for effective e-waste management 
strategies and the development of innovative technologies for extracting critical raw 
materials from e-waste. One of these technologies is also bioleaching, where we use 
microorganisms for CRM extraction from e-waste, for example PCBs.  
 
The 2022 report on e-waste in the European Union (EU) and EFTA countries, 
based on data collected under Directive 2012/19/EU, outlines trends in the 
collection and processing of e-waste. In 2022, the collection rate in the EU reached 
40.1%, measured as the weight of e-waste collected relative to the average weight of 
electronic equipment put on the market in 2019-2021. From 2012 to 2022, the 
amount of electrical and electronic equipment (EEE) on the EU market grew by 
89.3%, from 7.6 million tonnes to 14.4 million tonnes. Over the same period, the 
total collected e-waste increased by 67.9%, from 3.0 million tonnes to 5.0 million 
tonnes, while treated e-waste grew by 56.8%, from 3.1 to 4.9 million tonnes. 
Recovered e-waste rose by 72.1%, from 2.6 million tonnes to 4.5 million tonnes, and 
e-waste recycled and prepared for reuse grew by 66.6%, from 2.4 to 4.0 million 
tonnes (Figure 3).  
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Figure 1: Electronic waste generated worldwide from 2010 to 2022. 
Source: Statista 2025 

 

 
 

Figure 2: Amount of e-waste generated  and collected globally 
Source: Unitar 2024 
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Figure 3: E-waste put on the market and waste EEE collected, treated, recovered, recycled 
and prepared for reuse, EU, 2012–2022. 

Source: Eurostat, 2025 
 
2 Definition and classification of e-waste 
 
E-waste has a highly heterogeneous composition, consisting of both hazardous and 
non-hazardous materials. It contains polymers, glass fiber, flame retardants, and 
various ferrous and non-ferrous metals. Additionally, e-waste includes precious 
metals (e.g., Au, Ag, Pt-group metals), base metals (Al, Co, Cu, Ni, Zn, Fe), rare 
earth elements (e.g., In, Nd, Ta), and other elements (e.g., Be, Cd, Cr, Hg, Pb, Sb, 
Sn, Ti). Due to the high metal content, often exceeding that of some natural ores, e-
waste is considered a valuable secondary resource (Fu et al., 2021; Rautela et al., 
2021). 
 
On the other hand, e-wastes also contain hazardous, making recycling and extraction 
of and valuable materials, such as critical raw materials (CRMs) and rare earth 
elements (REE) very complex task. Properly managing and recycling e-waste is not 
just a necessity, but a crucial step towards EU's 2050 climate neutrality targets under 
the EU Green Deal (2019), contributes to the EU policy in the field of critical and 
strategical raw materials, and supports the transition to a circular economy and 
decarbonisation. The most essential parts of e-wastes are PCBs (printed circuit 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:F1EEE_put_on_the_market_and_WEEE_collected,_treated,_recovered,_recycled_and_prepared_for_reuse,_EU,_2012%E2%80%932022_(thousand_tonnes)_1.png
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boards). Today, a significant portion of  e-waste and PCBs end up being incinerated 
or landfilled, where they are covered up, which can lead to environmental 
contamination (Yaashikaa et al., 2022). The urgent need for effective and sustainable 
e-waste management is underscored by its severe risks to human health and the 
environment (Jain et al., 2023; N. Perkins et al., 2014).  
 
Innovative strategies are needed to improve awareness, collection, pre-treatment, 
recycling, and reuse of electronic products. Both society and researchers are 
encouraged to develop new technologies for recovering critical raw materials 
(CRMs) from e-waste. Sustainable PCB processing methods, such as bioleaching, 
can tackle environmental and economic challenges while strengthening the value 
chain and creating jobs in the EU’s recycling and raw materials sectors. 
 
2.1.1 Environmental and Health Effects of E-Waste 
 
The improper management of e-waste poses a serious threat to both the 
environment and human health. E-wastes is made up of a number of toxic organic 
and inorganic compounds such as polybrominated diphenyl ethers – polychlorinated 
biphenyls, brominated flame retardants, dioxins and a whole range of heavy metals 
which are harmful to any ecosystem and living organisms. Most of these toxins find 
their way into the environment in various forms (Yaashikaa et al., 2022; Rautela et 
al., 2021; Li & Achal, 2020). 
 
There are several different ways through which a person might be exposed to e-
waste. Fine and coarse particles from disintegrated wastes can be inhaled, or leached 
skin contaminants from the e-waste can be ingested directly, as well as hazardous 
dust. The high toxicity of pollutants such as e-waste increases concentration as an 
individual moves up the food chain. This heightened concentration can lead to 
serious health consequences including heart failure, skin dermatitis, various types of 
cancer, DNA damage and even birth defects (Adetunji et al., 2023; Anaya-Garzon 
et al., 2021).  Improper disposal also releases dust particles and toxins such as dioxins 
into the environment, contributing to air pollution and respiratory problems 
(Rautela et al., 2021). 
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3 What is bioleaching? 
 
Bioleaching, also known as biomining, is a biotechnological process that utilizes 
microorganisms to extract valuable metals from e-waste. It has gained attention as 
an environmentally friendly alternative to traditional methods like pyrometallurgy 
and hydrometallurgy (Pathak et al., 2017). Printed circuit boards (PCBs) are 
particularly suitable for bioleaching (Figure 4). Microorganisms such as 
Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans play a key role due to their 
ability to oxidize iron and sulfur compounds, leading to sulfuric acid formation and 
iron mineral oxidation (Mostafavi et al., 2018). During bioleaching, microorganisms 
interact with metal-bearing particles, facilitating oxidation, reduction, and acidolysis 
reactions that dissolve solid metals into the leaching solution. Several factors 
influence the process, including pH, temperature, pulp density, bacterial growth, and 
particle size (Arshadi et al., 2019). 
 

 
 

Figure 4: Bioleaching within circular economy 
Source: Cozma et al., 2024 

 
Like any other technique, bioleaching has some advantages and some disadvantages, 
which are presented in Table 1.  
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Table 1: Advantages and disadvantages of bioleaching. 
 

Advantages Disadvantages 
Environmentally sustainable Slow process kinetics 
Low cost of operation and energy requirement Long processing time 
Minimal use of strong chemical reagents Not feasible in highly toxic environments 
High metal recovery efficiency Low efficiency at high pulp density 
No toxic fume release Hard process control measures 

 
4 Materials and methods  
 
The study included PCB and mobile phoned samples codes SP-1, PG-2, and PM-2, 
each with distinct origins and processing characteristics (Table 2). SP-1 consisted of 
mobile phone materials from the MSH (Metal Shredder Hungary) new batch, which 
were processed using a hammermill to an intermediate stage with particles smaller 
than 1 mm. PG-2 represented PCB samples from the Gorenje batch, categorised as 
communication intermediate products with particle sizes below 1 mm. Similarly, 
PM-2 comprised PCB materials from the MSH, also processed with a hammermill 
to achieve an intermediate stage with particle sizes under 1 mm (Figure 5). At first, 
samples had to be grinded up to a size below 100 μm. Composition of samples: 
copper (Cu), zinc (Zn), nickel (Ni) and barium (Ba) are the dominant elements in all 
the samples.  
 

Table 2: E-waste samples used in our research 
 

Sample  Batch Description 
SP-1 Mobile phones - MSH new hammermill intemediate II <1 mm 
PG-2 PCB Gorenje < 1 mm, communication intermediate product 
PM-2 PCB MSH new hammermill <1mm, intermediate 

 

                           
 

Figure 5: Codes of e-waste samples used in the bioleaching process. 
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Before initiating the bioleaching process, the e-waste samples were autoclaved at 121 
°C for 15 minutes to ensure sterility. The process began with SP1 smartphone 
samples, PM2 printed circuit boards, and PG2 printed circuit board samples. The 
next step involved preparing the MIX media for culturing Acidithiobacillus ferrooxidans 
and Acidithiobacillus thiooxidans in a 50:50 ratio (Table 3). 
 

Table 3: Chemicals needed for MIX medium preperation 
 

Growth media MIX medium 

Bacteria Acidithiobacillus ferrooxidans and 
Acidithiobacillus thiooxidans (50:50) 

Media composition (g) 
(NH4)2SO4 4.00 
KCl 0.10 
K2HPO4 0.50 
MgSO4 x 7H2O 0.50 
Ca(NO3)2 0.01 
FeSO4 x 7H2O 22.10 
S 5.00 

 
Once the MIX was ready, 200 mL of the medium was dispensed into 250 mL 
Erlenmeyer flasks, each containing 3 grams of electronic waste. A 10% inoculum of 
the bacteria (50% Acidithiobacillus ferrooxidans and 50% Acidithiobacillus thiooxidans) was 
added to the medium. The flasks were placed in a shaking incubator set to 30 °C for 
25 days (Figure 6). Samples were collected and analysed after 2, 6, 8, 11, 14, 18, 21, 
and 25 days.   
 

 
 

Figure 6: Bioleaching setup 
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The entire process was conducted in a sterile environment. Each sample was first 
centrifuged at 9,000 rpm for 10 minutes, then filtered through a 0.22 μm filter. The 
filtrate was analysed using ICP-MS (7900x, Agilent Technologies, Tokyo, Japan). To 
ensure reliable results, every experimental condition was run in parallel. 
 
5 Results 
 
The results for the MIX medium showed differences in pH and elemental 
concentrations over 25 days for SP1, PM2, and PG2 samples (Figure 7). 
 

 
 

Figure 7: pH results for SP1, PM2 and PG2 samples. 
 
For SP1, the pH steadily dropped from 2.3 to below 1.9 by day 25. Copper (Cu) 
peaked early on day 6, while zinc (Zn) reached its maximum on day 18. Nickel (Ni), 
cobalt (Co), and chromium (Cr) didn’t reach their highest concentrations during the 
experiment (Figure 8). 
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Figure 8: Results for SP1 – mobile phone samples 
 
PM2 had a more stable pH, staying between 2.4 and 2.6 with a spike around day 14. 
Copper (Cu) peaked on day 21, and nickel (Ni) on day 18. Zinc (Zn), cobalt (Co), 
and chromium (Cr) showed lower activity and didn’t reach maximum levels (Figure 
9). Some of the data in the graphs is missing, due to unreliable results.  
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Figure 9: Results for PM2 – printed circuit boards. 
 
For PG2, the pH decreased gradually, staying between 2.1 and 2.4. None of the 
elements, including Cu, Ni, Zn, Co, or Cr, reached their peak concentrations, 
suggesting slower bioleaching progress (Figure 10). 
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Figure 10: Results for PG2 – printed circuit boards 
 
6 Conclusion 
 
E-waste presents a growing threat to both the environment and human health due 
to the improper handling of its potentially toxic components. As the electronics and 
electrical industries expand globally, the challenges associated with e-waste 
management become increasingly urgent. Innovative strategies, such as recycling 
and bioleaching, are gaining atraction as sustainable solutions. Recycling plays a 
crucial role in mitigating environmental harm, while bioleaching offers a modern, 
environmentally friendly approach to recovering valuable metals from waste.   
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Bioleaching stands out as a promising method for e-waste management, using 
microorganisms to extract precious metals and reduce reliance on traditional mining. 
This process not only supports resource sustainability but also minimises the 
quantity of hazardous waste. Microorganisms such as Acidithiobacillus ferrooxidans and 
Acidithiobacillus thiooxidans are commonly used in bioleaching. To fully harness its 
potential, further advancements are needed, including the optimisation of 
bioprocesses, the development of novel catalysts, genetic enhancements of 
microorganisms, and the exploration of hybrid technologies and innovative 
microbial substrates. If these enhancements are made, it may be possible to optimise 
bioleaching for efficient waste management. 
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Additive manufacturing (AM) has experienced significant growth 
in recent years, emerging as a transformative technology with 
broad applications across various industries. This review explores 
the advantages, disadvantages, and environmental impacts of 
AM, an important area of consideration as this technology 
continues to gain popularity. By analyzing existing literature, we 
assess the challenges associated with AM processes, particularly 
in comparison to traditional manufacturing methods. AM has the 
greatest potential to contribute to sustainable development by 
the production of lightweight components and complex 
industrial products with intricate designs. These products are 
made with minimal material usage. Consequently, also waste and 
emissions are reduced, which are significant environmental 
advantages. Overall, this review highlights the importance of AM 
as a tool for advancing sustainability in manufacturing and offers 
valuable insights for Continuous Fiber Fabrication, Direct Metal 
Laser Sintering, and Selective Laser Sintering techniques to 
enhance their competitive advantage while reducing their 
environmental impact. 
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1 Introduction 
 
Additive manufacturing (AM) has emerged as a promising alternative to traditional 
manufacturing methods, offering potential benefits in terms of sustainability and 
environmental impact (Zhou et al, 2024, Rasiya et al, 2021). This review focuses on 
three key AM techniques: Continuous Fiber Fabrication (CFF), Direct Metal Laser 
Sintering (DMLS), and Selective Laser Sintering (SLS). By examining these methods 
through the lens of environmental considerations and life cycle assessment (LCA), 
we aim to provide an overview of their respective impacts, supported by relevant 
statistics.  
 
CFF technique uses continuous fibers made from fiberglass, carbon fiber or even 
Kevlar. Fibers are integrated into thermoplastic matrices (e.g. polyamide), which 
improves the mechanical properties of printed parts, and makes those parts stronger 
and more durable (Kuschmitz et al, 2021). CFF is a dual-extrusion process, where 
the first extruder lays down the base material (matrix) and forms the shape of the 
printed product. The second extruder embeds continuous fiber within the printed 
layers of the matrix focusing on hot spots where mechanical wear out is expected. 
Working temperature in the nozzle (up to ~300 °C) depends on the matrix material 
and not on the continuous fiber, because fiber should not melt to contribute its 
physical properties to the melted matrix material. While targeting for the maximum 
performance of the layer-by-layer printed product, the use of the fiber is minimized, 
and the creation of waste is reduced with complete control of the process with 
the software. After printing, the thermoplastic with a reinforced internal structure 
cools and solidifies. It becomes a composite material that combines the strength of 
the fiber with the flexibility of the polymer. Because the addition of fiber is a 
selectively targeted process, printed products with enhanced mechanical properties 
remain lightweight and can be used for prosthetic limbs, frames for bicycles, brackets 
and fixtures for cars, parts for drones and even satellites. 
 
While CFF is cited as particularly advantageous for producing lightweight, strong 
components, DMLS, an AM process that uses a high-powered laser to melt metal 
powders (titanium, stainless steel, aluminum, cobalt-chrome etc.), is often used for 
complex geometries (Anand et al, 2021). Computer-aided design (CAD) of the to-
be-printed metal part is sliced into thin layers to guide the laser (working at 
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the power from 100 to 500 W) layer-by-layer in the machine’s build chamber which 
is filled with a fine metal powder. Layer bed temperature is often heated to reduce 
thermal stress (temperatures are from 100 to 200 °C). The laser selectively scans the 
chamber in the predefined path and melts (and not sinters) the “beamed” metallic 
powder particles together. After finishing each layer, the build platform lowers, a 
new layer of metal powder is spread over the previous and the sintering process 
continues until the part is built. Because the process demands high temperatures, 
the solidified printed part is cooled down in the chamber along with the machine to 
avoid thermal stress and crack formation. While the non-fused powder is removed 
for reuse purpose, the printed part requires additional post-processing like surface 
finishing, polishing etc. Like CFF, also DMLS is used for aerospace, automotive, 
and medical device manufacturing. 
 
Like DMLS, also SLS is a powder bed fusion (PBF) layer-by-layer technique that 
fuses powdered materials using a high-powered (CO2) laser (working at the power 
from 30 to 200 W). The entire build chamber is usually heated just below the melting 
point of the powdered material to gain uniform melting and prevent warping 
(temperatures depend on the material used; usually from 170 to 190 °C). While 
DMLS is used for metals only, SLS is used for polymers (thermoplastics: polyamide, 
polypropylene, polyether ketone) and elastomers (flexible polymers: thermoplastic 
polyurethane, thermoplastic elastomer), where both can be mixed with metals (like 
aluminum powder), ceramics, carbon-fiber, and glass beads or glass fibers to 
enhance desired properties of the final (composite) product. SLS uses mostly 
polyamide, while composites and elastomers increase the variety of materials, 
making SLS suitable for prototyping, low-volume production, and production of 
parts that require high performance making it suitable for the aerospace, automotive, 
and healthcare industry. 
 
The environmental impact of additive manufacturing techniques presents 
opportunities and challenges (Zhau et al, 2024). While these methods offer 
significant potential for reducing material waste and increasing design flexibility, they 
also face challenges related to high energy requirements (some printing 
technologies), emissions from material production, and challenges in recycling or 
disposing of materials. This review addresses the challenges and opportunities for 
AM techniques selected in the AddCircles project.  
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2 Environmental benefits and challenges  
 
The answer to how much impact a certain technology has on the environment 
requires a comprehensive overview of its entire life cycle (Figure 1), i.e. LCA, and 
not just the technological capabilities of the technology itself. For the AddCircles 
project used AM technologies, SLS, DLMS and CFF, focus was on the most in-
literature-exposed characteristics. 
 

 
 

Figure 1: The main stages of LCA 
 
The CFF technique has been found to be more material efficient, as continuous fiber 
manufacturing can reduce material consumption by 30-50% compared to traditional 
manufacturing methods due to its ability to optimize material placement and reduce 
waste. Studies have shown that this technique can lead to a solids-to-envelope ratio 
of less than 1:7, which is beneficial for reducing environmental impacts (Jung et al, 
2023). However, it is also important to note that the production of synthetic fibers 
(e.g. carbon fibers), which is energy intensive and can emit up to 20 kg of CO2 per 
kilogram produced, also has a large impact on the environment. This emphasizes the 
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need for sustainable sourcing of materials for CFF technology as well (Faludi et al, 
2015). So, an important part of the impact on the environment is also the possibility 
of using recycled materials and the ability to recycle a newly designed product, as 
this contributes to the circular economy, reduces the demand for raw materials and 
reduces the amount of waste (Sanchez et al, 2020). Many of the thermoplastics used 
in the CFF process can be recycled (Sola et al, 2023). Often the environmental 
challenge is the energy consumption of CFF. The energy required for CFF ranges 
from 0.5 to 2 kWh per kilogram of material produced. If sourced from non-
renewable energy, this can significantly impact the overall carbon footprint of the 
process (Gopal et al, 2023). 
 
We have also high energy demand in DMLS additive manufacturing techniques. The 
energy consumption for DMLS ranges from 5 to 10 kWh per kilogram of metal 
powder processed (Gopal et al, 2023). The carbon footprint associated with this 
energy use can be significant if derived from fossil fuels (Macheter et al, 2023). There 
is certainly room for manoeuvre here to reduce the impact on the environment, as 
well as in the handling of metal dust. Effective management strategies can mitigate 
the safety and environmental risks in AM posed by the production and challenging 
handling of metal dust (Modupeola et al, 2024, Chen et al, 2020). A positive 
characteristic of DMLS technique is the huge ability to reduce material waste. DMLS 
can achieve a material waste reduction of up to 90% compared to traditional 
machining processes (Mecheter et al, 2023). This is due to its additive nature, where 
only the required amount of material is used. Also, DMLS has Life cycle benefits. 
Parts manufactured with DMLS often have superior mechanical properties, leading 
to longer life and reduced resource consumption over time. For example, DMLS 
components can be designed to be lighter, which in turn reduces energy 
consumption during product use – which is especially critical in industries such as 
the aerospace industry (Markforged and Metalcraft solutions, assessed on 19.9.2024). 
 
As with DMLS, the source of energy required for SLS has a strong impact on the 
overall sustainability of the process, as the energy consumption rate for SLS is 
approximately 3-6 kWh per kilogram of processed material (Hegab et al, 2023). 
However, SLS technology also has advantages such as design flexibility and a good 
ability to recycle the material. SLS enables the production of complex geometries 
that would be difficult or impossible with conventional techniques. This flexibility 
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can lead to more efficient designs that use less material overall while improving 
performance. At the same time, SLS enables the recycling of unused powder, with 
studies showing that up to 70% of unused material can be recovered and reused in 
subsequent builds (Peng et al, 2018). This significantly improves the sustainability 
profile of SLS compared to traditional production methods. However, we must also 
pay attention to the fact that some powders can release harmful particles or volatile 
organic compounds (VOCs) during processing, which requires adequate ventilation 
and filtration systems to mitigate the impact on air quality. 
 

Table 1: Energy consumption and material waste reduction for CFF, DMLS and SLS. 
 

A type of additive 
manufacturing technique 

Energy Consumption 
[kWh/kg] 

Material Waste Reduction 
[up to %] 

CFF 0.5-2 50 
DLMS 5-10 90 

SLS 3-6 70 
 
LCA is a method supported by international standards (ISO 14040 and ISO 14044). 
LCA provides a comprehensive framework for assessing the environmental impacts 
associated with all stages of a product's life cycle – from raw material extraction to 
production, use and disposal. Some comparative LCA results are available in open 
access and provide conclusions regarding AM technologies. In line with LCA 
findings, AM processes generally exhibit lower greenhouse gas (GHG) emissions 
than traditional manufacturing when production volumes are small (under 
approximately 1,000 parts per year). For example, AM can reduce emissions by 
approximately 35-80%, depending on part geometry and production volume. AM 
also has the advantage of lower production volumes (below ~1000 units per year) 
due to cost efficiency and environmental benefits. In contrast, traditional methods 
become more favorable due to economies of scale when production exceeds 
approximately 42,000–87,000 units annually (Jung et al, 2023). 
 
In Figure 2, we present a schematic illustration that highlights the relationship 
between production volume and production costs in additive manufacturing, 
juxtaposed with traditional manufacturing methods. 
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Figure 2: Relationship between production volume and production costs in additive 
manufacturing vs. traditional manufacturing. 

 
The net environmental benefit of AM therefore depends on various factors. LCA 
has indicated that AM can reduce transportation distances with smarter logistic (Pilz 
et al, 2020, Kayikci, et al, 2018), as well as the associated transportation emissions. 
Traditional manufacturing (TM) often requires transporting goods over long 
distances, which can account for approximately 30% of a product's total carbon 
footprint (Nagabandi, 2023). AM and TM may also involve high energy 
consumption during production phases, where the important parameters are 
production scale and energy sources used during manufacturing. 
 
The review identifies that AM has a big potential to contribute to sustainable 
development. Also, for small and medium-sized enterprises (SMEs), adopting AM 
can lead to substantial improvements in productivity, product quality, and 
environmental performance (Forth et al, 2018, Surya et al, 2021, and OECD 2019). 
However, successful implementation requires careful consideration of best practices 
to maximize the technology's benefits while mitigating its potential environmental 
drawbacks.  
 
3 Conclusions 
 
While AM can be seen as a sustainable alternative to TM, the degree to which the 
AM technique is environmentally friendly in the production of a certain product is 
specific for each individual case. If LCA output of AM can be lowered depends on 
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its ability to accept environmentally friendly inputs from all LCA phases and the 
consistency of following the recommendations. Certainly, a case-by-case LCA 
analysis is recommended. 
 
To increase the sustainability potential of AM, future research should focus mainly 
on improving the energy efficiency of printing processes, on the development of 
more sustainable AM input materials, on choosing the energy sources with the 
smallest environmental impact, and on further minimizing the environmental impact 
coming from the energy production of the selected energy source. By addressing 
challenging areas with innovative approaches, like by using renewable energy 
sources, digitalization of supply chains, and improving recycling capabilities, AM can 
play a key role in advancing sustainable manufacturing practices worldwide while 
meeting increasing demands in various technology industries. 
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The study highlights the pressing need to recycle mineral waste 
to mitigate resource depletion and environmental damage. It 
focuses on creating sustainable pavement slabs through alkali 
activation, using a variety of waste materials such as bio-ash, local 
slags and mineral wool. Through extensive testing of different 
mix designs, the optimal mixture was identified: bio-ash, ladle 
slag, and metakaolin, activated with sodium silicate. This 
combination demonstrated good mechanical properties and 
showed low concentrations of toxic elements in leaching tests, 
confirming environmental safety. The research also prioritized 
energy efficiency, with the curing process conducted at room 
temperature and demolding after just one day. A test field at 
Termit d.d. was established to assess the practical application and 
potential for commercial use of these innovative paving 
materials, aiming to support a circular economy by extending the 
lifecycle of resources.  
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1 Introduction 
 
Alkali-activated materials (AAMs) are sustainable binders produced by activating 
industrial by-products such as slag and various ashes with alkaline solutions. They 
offer an environmentally friendly alternative to conventional cement, reducing 
carbon emissions while ensuring high strength and durability. Alkali-activated 
pavements must have high compressive and bending strength to withstand heavy 
loads and traffic. Durability is essential, with resistance to abrasion, chemical attack 
and freeze-thaw cycles ensuring long-term performance. They should have low 
permeability to prevent water ingress and avoid moisture damage. Appropriate 
surface texture and slip resistance are critical for safety, while thermal stability and 
minimal shrinkage help maintain structural integrity. In addition, these coverings 
should align with sustainability goals by containing industrial by-products and 
reducing environmental impact.  
 
The durability of concrete is largely influenced by the properties of its pore structure 
and the extent of cracking. The ability of water, chloride ions, carbon dioxide, acids 
(including chlorides) and sulfates to penetrate the pavement directly affects its long-
term performance and resistance to degradation (Mohd Tahir et al., 2022). When it 
comes to alkali-activated pavements, research studies mainly use ground granulated 
blast furnace slag (GGBFS) and fly ash (FA) as base materials and activate them with 
sodium silicate/sodium hydroxide (Girish et al., 2018; Girish et al., 2017; Badkul et 
al., 2022; Marathe et al., 2021; Phummiphan et al., 2018). Pavement construction 
promotes the development of special concretes with reduced cement content, which 
are produced from inexpensive raw materials and exhibit high early strength and 
improved durability, fatigue strength and shrinkage resistance. However, there is a 
lack of knowledge about the long-term performance of AAM, especially in terms of 
durability and AAM produced with unconventional raw materials (Rambabu et al., 
2022). 
 
Some studies have already described the production of alkali-activated paving slabs, 
but not all studies focus on the durability aspects. The study by Frankovič et al. used 
copper slag mixed with GGBFS and activated with a K-based alkali silicate solution. 
The results of splitting tensile strength, abrasion resistance, slip and skid resistance, 
freeze-thaw resistance and freeze-thaw resistance in the presence of de-icing salts 
show comparable results to those of commercially available concrete pavers. In 
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addition, certain properties (e.g. abrasion resistance, freeze-thaw resistance and 
freeze-thaw resistance in the presence of de-icing salts) were significantly better 
(Frankovič et al., 2020). Another study shows that a significant increase in pavement 
quality can be achieved by increasing the activator concentration and the 
GGBFS/FA content. However, an increase in the activator concentration above 12 
M and a GGBFS content of over 28% did not show any significant effects (Badkul 
et al., 2022). By using GGBFS and FA in a weight ratio of 75:25 and recycled 
concrete aggregates, the desired mechanical strength and durability of the pavements 
were achieved, but only when up to 50% recycled aggregates were used (Marathe et 
al., 2021). The comparison of metakaolin (MK)-based concrete and Portland cement 
concrete shows comparable performance with higher stiffness and resistance to 
surface abrasion in the fuel resistance test (Eisa et al., 2022). In the study by Hossiney 
et al. alkali-activated pavers were produced using FA, GGBFS, NaOH, sodium 
silicate, natural aggregates and recycled asphalt aggregate (RAP), with 0, 25, 50 and 
75% replacement of natural aggregates by weight. The tests showed that RAP 
reduced the compressive strength and abrasion resistance, but still met the standards 
for pedestrians and non-motorised road users. In addition, the use of RAP 
aggregates reduced production costs by up to 25.8% (Hossiney et al., 2020). 
Rambabu et al. investigated alkali-activated concrete for road pavements using low 
calcium FA partially replaced by 30% GGBFS, using an 8 M NaOH solution and 
curing at room temperature. Key tests included mechanical properties, abrasion 
resistance, shrinkage strain and microstructural analysis, as well as fatigue life 
comparison with Pavement Quality Concrete (PQC). The mixture of 70% FA and 
30% GGBFS achieved optimum results after 28 days with a compressive strength 
of 45.7 MPa, a splitting tensile strength of 3.8 MPa and a bending strength of 4.6 
MPa, while the shrinkage strains after 90 days were 31% lower than with PQC 
(Rambabu et al., 2024). 
 
In the present work, various local mineral wastes (bio-ash, slag, waste stone wool) 
were used to develop and optimize a mix design for alkali-activated pavers. Through 
trial and error approach, many different mixes (pastes and mortars) were produced 
and the most suitable mix was selected based on mechanical properties, visual 
appearance and durability (freeze-thaw test, leaching test). Testing field was made to 
evaluate the long-term stability of the prepared pavements. 
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2 Materials and methods  
 
Sample preparation 
 
Various precursors (three bio-ashes labelled as B5, B6 and B7, ladle slag labelled as 
LS, waste stone wool labelled as SW and metakaolin labelled as MK) were selected 
as testing precursors for alkali-activated paving stones. The SW used for alkali-
activation was first ground in a vibrating disc mill (Siebtechnik) and then sieved to 
below 63 µm. LS and three bio-ashes were sieved below 250 µm to remove larger 
particles such as pebbles, wood, etc. MK was used as received. 
 
The alkali-activated paste was prepared by manually mixing different precursors and 
adding sodium silicate stepwise for 10 minutes. Sodium silicate Silvez (mining 
company Termit, 11.9% Na2O and 28.5% SiO2, MSiO2/Na2O = 2.5) was used for alkali 
activation. After mixing, the slurry was poured into silicone or urethane rubber 
moulds. All samples were cured at room temperature in closed PVC bags to prevent 
dehydration.  
 
Analysis of the precursors and AAMs 
 
All precursors were characterised based on their chemical and mineralogical 
composition using X-ray fluorescence (XRF) and X-ray powder diffraction (XRD). 
All samples used for XRF and XRD analysis were ground using the disc vibrating 
mill (Siebtechnik) and sieved below 125 µm. 
 
The loss on ignition (LOI) was determined at 950 °C. XRF analysis (XRF; Thermo 
Scientific ARL Perform'X Sequential XRF) was performed on melt beads  prepared 
with Fluxana(s) (FX-X50-2, lithium tetraborate 50% / lithium metaborate 50%) to 
a lower melting point and with the addition of LiBr(l) (prepared from 50 ml H2O 
and 7.5 g LiBr(s) from Acros Organics) to prevent the melt from sticking to the 
platinum vessel. The measured data were characterised using UniQuant 5 software. 
The chemical analyses of the measured samples are listed in Table 1. 
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Table 1: Chemical composition determined by XRF analysis. 
  

LS (wt%) SW (wt%) MK (wt%) B5 
 

B6 
 

B7 
 Na2O   - 2,14  1,02 0,41 0,79 

MgO    8,11 11,5 0,17 4,56 0,64 5,58 
Al2O3  21,8 18,5 44,4 7,28 32,1 10,6 
SiO2   17,2 38,6 52,2 39,0 10,9 37,8 
SO3    1,57 0,02 - 0,76 4,09 0,14 
K2O    - 0,80 1,30 3,01 2,21 6,34 
CaO    47,5 15,8 0,07 29,4 17,7 23,6 
Other oxides   1,22 2,14 1,41 2,20 2,20 4,48 
LOI - 3,28 0,63 9,38 23,4 5,39 

 
The mineralogical analysis (XRD analysis, Empyrean PANalytical X-ray 
diffractometer, Cu X-ray source) was performed using the X'Pert Highscore plus 4.1 
software. Rietveld refinement was performed using the external standard corundum 
NIST SRM 676a to determine the amount of amorphous phase and minerals in the 
waste materials. The amount of amorphous phase is listed in Table 2. 
 

Table 2: The amount of amorphous phase in the precursors used for alkali activation. 
 

Sample Amount of amorphous phase (wt%) 
Ladle slag (LS) 31.9 
Stone wool (SW) 99.7 
Metakaolin (MK) 57.0 
Bioash 5 (B5) 63.0 
Bioash 6 (B6) 59.5 
Bioash 7 (B7) 74.7 

 
Measurements of the bending and compressive strength of AAMs were carried out 
using a compressive and bending strength testing machine (ToniTechnik 
ToniNORM) after 28 days of curing at room temperature. 
 
The presence of toxic elements in the leachate was assessed after 28 days in 
accordance with the European standard SIST EN 12457-2 (SIST, 2002). The AAM 
was crushed to a particle size of less than 4 mm and placed in a glass bottle with 
deionized water, using a mass ratio of solid to liquid of 1:10. The suspensions were 
rotated around the vertical axis for 24 hours at room temperature and then filtered 
to a particle size below 0.45 µm. The filtered solution was acidified to a pH value 
below 2. All prepared solutions were used to determine the amount of released 
metals using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 
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7900). The results were compared with the total amount of toxic trace and trace 
elements measured in the preliminary stage and with the figures from the legislation 
(Decree on the landfill of waste (Official Gazette of Republic Slovenia, 2014) and 
Decree on waste (Official Gazette of Republic Slovenia, 2022)). 
 
The durability of the prepared mortars under cold weather conditions was tested 
using the freeze–thaw test (the test was modified from the standard for roof tiles 
SIST EN 539-2/2013 and for concrete pavers ETAG 004). The samples were dried 
at 110 °C, weighed and examined for defects. They were then gradually immersed in 
water over a period of 5 days. After the coverings were fully immersed, they were 
soaked for a further 72 hours, then removed and weighed. They were then subjected 
to 150 freeze–thaw cycles, with the temperature operated in a range of (−16 ± 1) °C 
to (+ 17 ± 1) °C and the humidity in a range of 10% to 95% according to the 
standard procedure. In each cycle, the temperature of the samples is decreased from 
+ 17 °C to 1 °C in 20 minutes, then from + 1 °C to -3 °C in 40 minutes, then from 
−3 °C to -16 °C in 1 hour and the temperature is maintained, then increased to 5 °C 
in 20 minutes, and then to + 17 °C in 30 minutes. The samples were tested at 30, 90 
and 150 cycles. The samples were examined for cracks and other surface damage 
(spalling, flaking, peeling), delamination, fractures, structural damage etc. After 150 
cycles, the samples were evaluated by visual observations for any change in surface 
properties and any deformation at the edges of the samples is also reported. 
 
Pilot production 
 
At Termit d.d., a separate area was set up for the machines and materials needed for 
the pilot production of paving stones. The main equipment included a machine for 
preparing the solid parts (a mixer for dry components), a dissolver mixer (R60, 1999, 
2 kW) for batches of up to 50 kg, molds for shaping, a mobile frame for curing and 
a vibrating table (0.40 x 0.35 m, 0.18 kW) for compacting the mixture. The laboratory 
equipment included an electronic balance (EOB 35K10) for precise measurements 
and a slump test setup to assess the consistency of the slurry. Bending and 
compressive strength measurements were taken for each batch after 28 days of 
curing at room temperature. 
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Figure 1: Mixer for the production of mixes selected for the production of pavements slabs 
(wet mix). 

 
3 Results and discussion 
 
Mix design development  
 
Many different mix designs were prepared (mixes with different mechanical 
properties, all cured at room temperature). Further selection was based on the 
workability of the mixture, the mechanical properties, the visual appearance of the 
cured samples (e.g. efflorescence, curvature, disintegration in water, etc.) and the 
concentrations of toxic elements (determined by the leaching tests). The prepared 
mixtures (pastes and mortars) are listed in Tables 3 and 4. 
 
The mechanical properties of all the mixtures produced (pastes and mortars) were 
measured and the results are shown in Figures 2 and 3. The combination of different 
bio-ashes and a small amount of LS resulted in compressive strengths below 20 MPa 
and bending strengths around 10 MPa or below (Figure 2). The mechanical 
properties increase with the increase in LS and the addition of MK. Mixture Z (B7 
with a combination of MK) shows the highest compressive strength (50.8 MPa), 
while the highest bending strength is exhibited by mixture AC (21.1 MPa). 
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Table 3: Various pastes prepared using three different bio-ashes (B5, B6 and B7), SW, LS, 

MK and sodium silicate as alkali activator. 
 

Mass (g) B5 B6 B7 SW LS MK Alkali 
activator 

Mixture A 100 25 25 / / / 80 
Mixture A 100 25 / / 25 / 80 
Mixture C 100 / 25 / 25 / 80 
Mixture D / 50 50 / 50 / 80 
Mixture E 25 100 25 / / / 80 
Mixture F / 100 25 / 25 / 80 
Mixture G 25 100 / / 25 / 80 
Mixture H 25 25 100 / / / 80 
Mixture I / 25 100 / 25 / 80 
Mixture J 25 / 100 / 25 / 80 
Mixture K 25 25 / / 100 / 80 
Mixture L / 25 25 / 100 / 80 
Mixture M 25 / 25 / 100 / 80 
Mixture N 50 / / / 50 50 80 
Mixture O / 50 / / 50 50 80 
Mixture P / / 50 / 50 50 80 
Mixture R 25 25 25 / 25 50 80 
Mixture S 25 25 / / 50 50 80 
Mixture Š / 25 25 / 50 50 80 
Mixture T 25 / 25 / 50 50 80 
Mixture U 50 / / /  100 80 
Mixture V / 50 / /  100 80 
Mixture Z / / 50 /  100 80 
Mixture Ž 25 25 25 /  75 80 
Mixture X 50 / 50 /  50 80 
Mixture Y 75 / / 25  50 80 
Mixture 

 
50 / 25 25  50 80 

Mixture 
 

25 / 50 25  50 80 
 

Table 4: Various mortars prepared using bioash B5, MK, LS, cement, aggregate (0-2 mm) 
and sodium silicate as alkali activator. 

 
Masa (g) B5 MK Agreg

 
Cement 

 
LS Alkali 

 Mixture AD 30 30 80 10 / 80 
Mixture AE 30 50 60 10 / 80 
Mixture AF 30 30 70 20 / 80 
Mixture AG 30 30 60 30 / 80 
Mixture AH 30 30 50 40 / 80 
Mixture AI 50 40 50 10 / 80 
Mixture AJ 50 40 40 20 / 80 
Mixture AL 50 30 50 20 / 80 
Mixture AM 50 20 50 30 / 80 
Mixture AO 30 50 60 / 10 80 
Mixture AP 30 50 50 10 10 80 
Mixture AR 30 50 50 / 20 80 
Mixture AS 30 50 40 / 30 80 
Mixture AŠ 30 60 50 5 5 80 
Mixture AT 30 60 40 10 10 80 
Mixture AU 30 80 30 / 10 80 
Mixture AV 30 40 30 10 40 80 

 
 



M. Pavlin, K. Zupančič, A. Pavlin: Mineral Waste Into Alkali-Activated Pavements 129 

 

 

 
 

Figure 2: Mechanical properties of prepared pastes. 
 
Compressive strengths of around 20 MPa and bending strengths in the range of 4.7-
8.6 MPa were measured with the AD-AO mortar mixtures (Figure 3). Cement was 
added in all cases, except in mix AO, where LS was added instead of cement. In the 
AP-AV mixes, LS was added in addition to B5, MK and aggregate. In some cases, 
however, a small amount of cement was also added (AP, AŠ, AT and AV). The 
compressive strength increased to around 30 or even over 40 MPa (mixture AS), 
while bending strength was around 10 MPa (Figure 3). 
 

 
 

Figure 3: Mechanical properties of prepared mortars. 
 
After measuring the compressive and bending strength, all samples were placed in 
water to see if they were stable or degraded under water conditions (Figure 4). If the 
samples showed signs of degradation, efflorescence or strong leaching of alkalis, 
indicated by the formation of a gel-like solution, these samples were excluded from 
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further testing. Some samples showed a coloured solution, probably due to the 
presence of organic compounds in the mixture. 
 

 
 

Figure 4: Various samples were placed in water to test the initial water resistance of the 
prepared samples. 

 
Based on the consistency of the mixture and curing time, mechanical properties and 
water resistance test (visual appearance of the sample after exposure to water), 
samples with good mechanical properties, no degradation in water, no efflorescence 
and no curvature were selected for leaching experiments to evaluate environmental 
acceptability. 
 
Leaching tests 
 
Leaching tests were first carried out to assess the environmental acceptability of the 
raw materials used. Table 5 shows the concentrations of toxic elements in the 
leachates of the starting materials. The concentrations for Cr, Mo, Ba, As and Pb in 
some samples were above the permissible limits for inert waste (taking into account 
the Directive on the landfill of waste with the establishment of criteria for the 
acceptance of waste in landfills) and/or the Slovenian Decree on Waste. However, 
the leaching potential of AAMs may differ from the leaching of elements from 
precursors.
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Table 5: Concentrations of toxic elements in the leachates of various precursors. Red numbers indicate that the concentrations of the elements 
have exceeded the limits specified in the legislation (values in grey). 

 
mg/kg Cr Co Ni Cu Zn As Se Mo Cd Sb Ba Hg Pb 

B5 0.826 0.006 0.011 0.043 0.110 0.000 0.027 0.669 <0.002 <0.001 8.091 <0.001 0.768 
B6 0.308 0.011 0.006 0.022 0.002 0.525 0.480 6.546 0.007 0.004 1.379 <0.001 0.006 
B7 0.416 0.006 0.008 0.076 0.390 0.001 0.006 0.294 <0.002 <0.001 57.11 <0.001 0.213 
MK 0.001 <0.002 <0.002 0.006 <0.002 0.008 <lod 0.063 <0.002 <0.001 <0.002 <0.001 0.002 

C42.5 17.04 0.028 0.007 0.084 0.048 <0.001 0.059 0.911 <0.002 <0.001 7.166 <0.001 0.106 
SW 0.013 <0.002 0.008 0.025 0.002 0.015 0.003 0.024 <0.002 0.002 0.015 <0.001 0.001 
LS <0.002 <0.002 <0.002 <0.001 0.007 0.001 0.203 <0.002 <0.002 <0.001 14.24 <0.001 <0.005 

Decree on waste 0.5 0.03 0.4 0.5 2.0 0.1 0.6 0.5 0.025 0.3 5.0 0.005 0.5 
Inert waste 0.5 / 0.4 2.0 4.0 0.5 0.1 0.5 0.04 0.06 20.0 0.01 0.5 

Non-hazardous waste 10.0 / 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0 
 
Table 6: Concentrations of toxic elements in the leachates of various pastes. Red numbers indicate that the concentrations of the elements have 

exceeded the limits specified in the legislation (values in grey). 
 

mg/kg Cr Co Ni Cu Zn As Se Mo Cd Sb Ba Hg Pb 
Mixture K 0.506 0.008 0.008 0.112 0.021 5.225 0.719 6.242 0.006 0.102 0.019 <0.002 0.002 
Mixture N 0.304 0.002 0.005 0.021 <0.002 0.422 0.112 1.650 0.001 0.062 0.037 <0.002 0.003 
Mixture S 0.316 0.005 0.027 0.028 0.010 12.63 0.262 3.380 0.003 0.177 0.045 <0.002 0.009 
Mixture L 0.503 0.010 0.013 0.090 0.009 5.567 0.424 5.956 0.005 0.104 0.020 <0.002 0.001 
Mixture R 0.343 0.004 0.026 0.041 0.005 15.05 0.959 2.679 0.002 0.249 0.110 <0.002 0.058 
Mixture T 0.332 0.003 0.020 0.032 <0.005 0.490 0.084 2.045 0.001 0.066 0.048 <0.002 0.004 

Decree on waste 0.5 0.03 0.4 0.5 2.0 0.1 0.6 0.5 0.025 0.3 5.0 0.005 0.5 
Inert waste 0.5 / 0.4 2.0 4.0 0.5 0.1 0.5 0.04 0.06 20.0 0.01 0.5 

Non-hazardous waste 10.0 / 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0 
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When testing the leaching concentrations of toxic elements produced from selected 
AAMs (pastes), some elements exceeded the limit values (e.g. Cr, As, Se and Mo) 
(Table 6). As and Se in the case of mixture R are even above the limit values for 
non-hazardous waste. Based on these results, additional mixtures were produced to 
reduce these concentrations. 
 

The addition of a small amount of cement significantly reduced the leaching of Se 
and Mo, as well as that of As, but on the other hand an increase in Cr was observed 
(Table 7). Toxic metals can be immobilised by sorption in C-S-H (including physical 
and chemical adsorption (Chen et al., 2009)) or by ion substitution in ettringite 
(Glasser, 1997). In cement, however, Mo could also be immobilised in the form of 
powellite (CaMoO4) (Diaz Caselles et al., 2021; Minocha and Goyal, 2013). Although 
we were able to significantly reduce the high As concentrations in some samples, the 
addition of cement still resulted in a slight increase in As in all samples analysed 
(Table 7). The study by Wang et al. suggests that the addition of Ca(OH)2 to calcined 
clay enables the hydration of clay minerals with efficient immobilisation of As and 
Pb by physical encapsulation (Wang et al., 2019). Bothe and Brown also suggested 
the addition of lime to reduce the mobility of As through the formation of poorly 
soluble Ca–As precipitates (Bothe and Brown, 1999). However, a high amount of 
lime is required, which affects the acceleration of hydration and thus shortens the 
setting time and increases the rate of early strength development. Based on our 
previous experiments (Pavlin et al., 2022), the presence of lime has a strong influence 
on workability and due to the fast setting time, it is sometimes almost impossible to 
mould the mixture. 
 

A modification of the mixture was necessary to reduce the concentrations of Cr and 
As. Therefore, some additional mixtures were prepared in which we reduced the 
amount of cement or even removed it from the mixture. Six samples (AP, AR, AS, 
AŠ, AT and AU) were selected for leaching tests on the basis of their mechanical 
properties and appearance (no curvature, no efflorescence, no decomposition on 
contact with water). Due to the Mo concentrations in the leachates of the mixtures 
AP, AR, AS and AT, which were above the limits specified in the Slovenian Decree 
on waste, we selected the mixtures AŠ and AU for further testing (yellow colour in 
the Table 8). The mixture AŠ contains a small amount of cement, the mixture AU 
does not. As can be seen in Table 8, we have significantly reduced the amount of Cr, 
while the concentration of As is still slightly above the limit values of the Slovenian 
Decree on waste. 
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Table 7: Concentrations of toxic elements in the leachates of various mortars. Red numbers indicate that the concentrations of the elements have 
exceeded the limits specified in the legislation (values in grey). 

 
mg/kg Cr Co Ni Cu Zn As Se Mo Cd Sb Ba Hg Pb 

Mixture AE 3.579 0.004 0.051 0.122 0.114 0.465 0.021 0.292 0.001 0.126 0.207 0.003 0.197 
Mixture AD 3.325 0.003 0.039 0.111 0.078 0.463 0.022 0.301 0.001 0.155 0.136 0.003 0.108 
Mixture AI 3.436 0.003 0.025 0.094 0.092 0.487 0.023 0.350 0.001 0.179 0.172 0.002 0.115 
Mixture AL 6.903 0.002 0.008 0.054 0.024 0.574 0.031 0.502 0.001 0.255 0.081 0.002 0.025 
Mixture AJ 6.791 0.002 0.008 0.046 0.053 0.568 0.029 0.491 0.001 0.230 0.092 0.002 0.024 
Mixture AF 6.779 0.003 0.017 0.056 0.016 0.558 0.032 0.445 0.001 0.221 0.090 0.002 0.038 

Decree on waste 0.5 0.03 0.4 0.5 2.0 0.1 0.6 0.5 0.025 0.3 5.0 0.005 0.5 
Inert waste 0.5 / 0.4 2.0 4.0 0.5 0.1 0.5 0.04 0.06 20.0 0.01 0.5 

Non-hazardous 
waste 10.0 / 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0 

 
Table 8: Concentrations of toxic elements in the leachates of selected mortars. Red numbers indicate that the concentrations of the elements have 

exceeded the limits specified in the legislation (values in grey). 
 

mg/kg Cr Co Ni Cu Zn As Se Mo Cd Sb Ba Hg Pb 
Mixture AP 0.503 0.002 0.023 0.175 <0.002 0.582 0.068 0.686 <0.001 0.155 0.109 0.003 0.115 
Mixture AR 0.201 0.002 0.029 0.059 <0.002 0.553 0.032 0.887 <0.001 0.099 0.134 0.003 0.106 
Mixture AS 0.248 0.001 0.025 0.064 <0.002 0.583 0.038 1.242 <0.001 0.093 0.072 0.003 0.058 
Mixture AŠ 0.268 0.002 0.051 0.110 <0.002 0.496 0.046 0.353 <0.001 0.114 0.247 0.003 0.328 
Mixture AU 0.204 0.003 0.030 0.127 0.112 0.471 0.055 0.433 <0.001 0.101 0.567 0.002 0.642 
Mixture AT 0.581 0.002 0.039 0.057 <0.002 0.598 0.063 0.697 <0.001 0.146 0.120 0.005 0.109 
Decree on waste 0.5 0.03 0.4 0.5 2.0 0.1 0.6 0.5 0.025 0.3 5.0 0.005 0.5 
Inert waste 0.5 / 0.4 2.0 4.0 0.5 0.1 0.5 0.04 0.06 20.0 0.01 0.5 
Non-hazardous 
waste 10.0 / 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0 
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Freeze-thaw test of selected samples AŠ and AU 
 
Before we started pilot production, freezing and thawing tests was carried out to test 
the pavers' resistance to outdoor environmental conditions. The first step was to test 
water absorption. Less water was absorbed in the AU mix (Table 9). However, no 
damage occurred during freezing and thawing in either mixture or the loss of mass 
was lower in the AŠ mixture. It follows that both tested samples (Figure 5, mixtures 
AŠ-left and AU-right) pass the test of 150 freeze-thaw cycles. As we want to produce 
a low-carbon product, the AU mixture was chosen for the pilot production as it does 
not contain cement. 
 

 
 

Figure 5: Pavements of mixtures AŠ (left) and AU (right) after freeze-thaw testing. 
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Table 9: Freeze-thaw test. 
 

Sample Water absorption Mass loss during frezze-
thaw test (g) 

Desription 
of damage  m0 (g) m1 (g) wa (%) 

1_AŠ 2547 2618 2,8 139 No damage 
2_AU 2571 2629 2,2 164 No damage 

 
Pilot production 
 
The process began with the mixing of the dry components (quartz aggregate, MK, 
bio-ash and local slag), which were gradually added to a mixer with a glass of water 
and mixed for 10 minutes. The mixture is then poured into moulds, placed on a 
vibrating table for 5 minutes and left to harden for a day at room temperature and 
covered with the plastic bag. The next day, the pavers are demolded, placed on a 
rack and cured further at room temperature. Once 250 pavers had been produced, 
the test surface was prepared by levelling the ground, applying a crushed stone base 
layer compacted with a vibrating plate, spreading sand and laying the pavers. This 
area is used to test the performance and durability of the paving stones under real 
conditions. 
 
Testing of mechanical properties (quality control of pilot production): 
Mechanical properties were measured after 28 days for each batch of prepared 
pavements. Figure 6 shows the compressive and bending strength of the mixtures 
produced in the pilot production. Although the same formulation was used each 
time, slight variations in the mechanical properties were observed during the 
production of the pavements. 
 
Another quality control parameter for the pilot production was slump test. By 
performing the slump test, we assessed the consistency (workability) of the fresh 
alkali-activated concrete. Table 10 shows the measured diameters of the spread, 
which vary slightly between the different batches. 
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Figure 6: Quality control of the mechanical properties of prepared paving stones. Although 
the same material was used and the same sample preparation was carried out, there are some 

deviations due to the slight variations between the waste materials used in the alkali 
activation. 

 
Table 10: Spread of the prepared mixture. 

 
Sample (batch) 

 
Slump test (mm/mm) 

3. 7. / 
10. 7. 140/140 
17. 7. 135/140 
24. 7. 146/150 
30. 7. 145/145 
1. 8. 145/145 
5. 8. 145/145 
7. 8. 145/145 
9. 8. 151/151 
12. 8. / 
19. 8. 145/145 
22. 8. / 

 
As can be seen in Figure 7 (left), the mixture was not so liquid that it could simply 
be poured into the molds, but we used our hands to pour the mixture into each 
mold. It should be emphasized that the mixture was not too dense and was easy to 
work with. 
 
The final step was to create a test field in Termit d.d., as shown in Figure 7 (right). 
It provides a controlled environment to evaluate the performance of alkali-activated 
pavers under real-life conditions. 
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Figure 7: Filling the molds with the mixture AU (left) and testing field in the company 
Termit d.d. (right). 

 
4 Conclusions 
 
In this study a mix design for alkali-activated pavements slabs was successfully 
developed, taking into account critical parameters such as mechanical strength, 
durability and environmental acceptability. By using waste materials such as bio-ash, 
slag and mineral wool and testing different mix designs, the optimum formulation 
was determined. The selected mixture based on bio-ash, LS and MK activated with 
sodium silicate showed the desired mechanical properties, freeze-thaw resistance and 
low environmental impact. However, the mix design still needs to be optimised in 
the future to reduce two toxic elements (As and Pb) whose concentrations are 
slightly above the limit values. Curing was energy efficient at room temperature to 
reduce the CO2 footprint. Further testing, including abrasion resistance and freezing 
in the presence of de-icing salt, will ensure product quality. The establishment of a 
test field at Termit d.d. is an important step towards the commercial application and 
long-term evaluation of these innovative paving solutions. 
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1 Introduction to Sewage Sludge Treatment 
 
Sewage sludge is an inevitable byproduct of municipal and industrial wastewater 
treatment processes. As urban populations and industrial activities grow, the volume 
of sewage sludge generated also increases, presenting significant challenges for its 
management and disposal. Typically, sewage sludge consists of a mixture of water, 
organic materials, microorganisms, and inorganic solids. Its high moisture content, 
often around 80%, makes it heavy and voluminous, which complicates 
transportation and disposal. Additionally, the organic content can be a source of 
energy if properly processed, but it can also pose environmental hazards if not 
managed correctly. 
 

 
Figure 1: Process of drying and pyrolysis of sewage sludge 

 
Conventional methods of sludge disposal, such as landfilling, incineration, and 
agricultural use, are facing increasing scrutiny and regulatory constraints due to 
concerns over environmental contamination, greenhouse gas emissions, and long-
term sustainability. As a result, there is a growing interest in innovative treatment 
technologies that can reduce the volume of sludge, recover valuable resources, and 
minimize environmental impacts. One such promising approach involves the 
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integrated process of drying sewage sludge followed by pyrolysis. This method not 
only reduces the moisture content and volume of the sludge but also converts it into 
valuable by-products like pyrolysis gas and biochar, thereby enhancing the overall 
sustainability and economic viability of sludge management.1 
 
2 Drying Process 
 
2.1  Characteristics of Sewage Sludge 
 
The raw sewage sludge entering the drying process has an input flow rate of 1 tonne 
per hour (1000 kg/h) with an initial moisture content of 80%, equivalent to 800 kg 
of water and 200 kg of dry solids. The sludge's initial temperature is 20 °C. Given its 
high moisture content, substantial drying is required to reduce its weight and volume, 
making it more manageable for further processing and disposal. 
 
2.1 Heating the Sewage Sludge 
 
The first critical step in the drying process is to raise the temperature of the sewage 
sludge from 20 °C to 60 °C. This heating is essential to enhance the evaporation rate 
during the drying phase. The energy required for this temperature increase, 
considering the specific heat capacity of the sludge, amounts to 55.6 kWh. This 
heating process ensures that the sludge reaches an optimal temperature for effective 
moisture removal in the subsequent drying stage. 
 
2.1.1 Air Used for Drying 
 
In addition to heating the sludge, the drying process requires a significant amount 
of heated air to facilitate the evaporation of water content. The air must be heated 
from its ambient temperature to the required drying temperature of 60 °C. The input 
air flow rate is 3000 kg/h, and the final air flow rate after drying is 765 kg/h. The 
energy required for heating this air is 69 kWh. The moisture content of the air used 
for drying is 0.003 kg H2O per kg of dry air. Heated air at 60 °C, with this moisture 

 
1 Dušan Klinar, ‘Universal Model of Slow Pyrolysis Technology Producing Biochar and Heat from Standard 
Biomass Needed for the Techno-Economic Assessment’, Bioresource Technology, 206 (2016), pp. 112–20, 
doi:10.1016/j.biortech.2016.01.053. 
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content, maximizes the drying process's efficiency by absorbing more moisture from 
the sludge, thereby accelerating the drying rate. 
 
2.1.2 Detailed Drying Process 
 
The primary objective of the drying process is to reduce the moisture content of the 
sewage sludge from 80% to 15%. This involves removing a substantial amount of 
water, which requires precise control of temperature and airflow. The output sewage 
sludge flow rate is 235.3 kg/h with a final moisture content of 15%, and the energy 
required for drying is 764.71 kWh. The drying phase involves several key steps:  
 

− Pre-Heating: The pre-heated sludge is exposed to hot air, initiating the 
evaporation of surface moisture. 

− Moisture Removal: As the process continues, moisture within the sludge 
gradually moves to the surface and evaporates. 

− Drying Rate: The drying rate is governed by factors such as temperature, 
airflow, and the physical characteristics of the sludge. 

− End Point: The process continues until the sludge reaches the desired final 
moisture content of 15%. 

 
The enthalpy change associated with drying is critical, as it represents the energy 
required to evaporate the water content from the sludge. This process is energy-
intensive, necessitating efficient energy use and recovery strategies. 
 
2.1.3 Total Energy Requirements for the Drying Process 
 
Summarizing the energy inputs required for the drying process, the energy for 
heating sewage sludge is 55.6 kWh, the energy for heating air is 69 kWh, and the 
energy for the drying process is 764.71 kWh, resulting in a total energy requirement 
of 889 kWh. This comprehensive energy requirement underscores the need for 
efficient energy recovery and supplementation methods to ensure the process's 
sustainability. 
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Figure 3: Process mass balances 
 
3 Pyrolysis Process 
 
Post-drying, the sewage sludge undergoes pyrolysis, a thermochemical 
decomposition process conducted in the absence of oxygen. The pyrolysis in this 
scenario is a slow pyrolysis method occurring at a temperature of 500 °C. Slow 
pyrolysis is characterized by a longer residence time, which maximizes the yield of 
solid char compared to faster pyrolysis processes that favour liquid and gas 
products.2 
 
Pyrolysis transforms the organic components of the dried sludge into valuable by-
products such as pyrolysis gas and biochar. The dried sewage sludge input is 235.3 
kg/h, and the pyrolysis gas production is 132.5 kg/h, yielding 232 kWh of energy. 
Additionally, biochar production is 45 kg/h, which, when burned, provides 363 kWh 
of energy. Ash production is 47.1 kg/h. The pyrolysis process involves several 
stages: 

 
2 Aida Hosseinian and others, ‘Life Cycle Assessment of Sewage Sludge Treatment: Comparison of Pyrolysis with 
Traditional Methods in Two Swedish Municipalities’, Journal of Cleaner Production, 455 (2024), 
doi:10.1016/j.jclepro.2024.142375. 
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− Dehydration: Any remaining water in the dried sludge evaporates. 
− Decomposition: Organic materials break down into gases, liquids, and 

solids (biochar). 
− Gas Collection: The gases produced (pyrolysis gas) are collected and can 

be used as a fuel source. 
− Char Production: The remaining solid fraction is converted into biochar, 

a carbon-rich product with potential energy and soil amendment 
applications 

 
3.1 Energy Recovery from Pyrolysis 
 
The energy produced from the pyrolysis process can be harnessed to offset the 
energy requirements of the drying process. The contributions from pyrolysis gas and 
biochar are substantial, amounting to a total of 595 kWh. This recovered energy 
plays a crucial role in making the overall process more energy efficient and reducing 
the reliance on external energy sources. 
 
3.2 Energy Deficit Analysis 
 
Despite the significant energy recovery from pyrolysis, there remains an energy 
deficit that must be addressed to ensure the process's viability. The total energy 
required for drying is 889 kWh, while the energy produced from pyrolysis is 595 
kWh, resulting in an energy deficit of 294 kWh (missing 33 %). This shortfall 
highlights the need for additional energy inputs to fully meet the drying process's 
energy demands. 
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Figure 4: Process energy balances 
 
4 Process Optimization and Reuse of Char 
 
To enhance the efficiency of the drying process, biochar produced during pyrolysis 
can be reused multiple times. Char has excellent thermal properties and can be used 
as a heat transfer medium in the drying process. By incorporating biochar back into 
the drying system, it is possible to optimize the heat transfer rates, thereby reducing 
the overall energy consumption. Biochar can typically be reused about eight times in 
the drying process before it needs to be replaced, which contributes to a reduction 
in operational costs and energy use.  
 
4.1 Environmental and Economic Benefits 
 
The integrated process of sewage sludge drying with char and pyrolysis offers 
significant environmental and economic benefits:3 
 

 
3 Salman Raza Naqvi and others, ‘Recent Developments on Sewage Sludge Pyrolysis and Its Kinetics: Resources 
Recovery, Thermogravimetric Platforms, and Innovative Prospects’, Computers and Chemical Engineering (Elsevier Ltd, 
2021), doi:10.1016/j.compchemeng.2021.107325. 
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− Volume Reduction: By reducing the moisture content and converting the 

organic matter into char and gas, the volume of sewage sludge is 
significantly reduced, lowering transportation and disposal costs. 

− Resource Recovery: Pyrolysis gas can be used as a fuel source, and biochar 
has potential applications as a soil amendment, enhancing soil fertility and 
carbon sequestration. 

− Energy Efficiency: The process maximizes energy recovery, reducing the 
reliance on external energy sources and contributing to a more sustainable 
operation. 

− Reduced Environmental Impact: By minimizing the amount of sludge 
sent to landfills or incinerated, the process reduces greenhouse gas 
emissions and potential leachate issues. 

 
5  Conclusion 
 
The integrated process of sewage sludge drying with char and pyrolysis represents a 
forward-thinking approach to managing the complex challenge of sewage sludge 
disposal. By leveraging the combined benefits of drying and slow pyrolysis at 500°C, 
this method not only reduces the volume and moisture content of the sludge but 
also generates valuable by-products such as pyrolysis gas and biochar, which can be 
used as energy sources. This approach significantly enhances the sustainability and 
economic viability of sludge management by recovering energy and reducing 
environmental impact.4 
 
Despite the process's efficiency, an energy deficit remains, necessitating the 
integration of additional renewable energy sources like solar panels or efficient 
systems such as heat pumps. These supplementary energy sources help bridge the 
gap, making the overall process more self-sufficient and environmentally friendly. 
 
In summary, the drying and pyrolysis of sewage sludge offer a promising solution to 
the growing problem of sludge disposal. This integrated approach not only addresses 
the immediate need for effective sludge management but also contributes to broader 

 
4 Xiaoguang Liu and others, ‘Pre-Drying Limitedly Affected the Yield, Fuel Properties, Pyrolysis and Combusion 
Behavior of Sewage Sludge Hydrochar’, Waste Management, 184 (2024), pp. 63–71, 
doi:10.1016/j.wasman.2024.05.032. 
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environmental goals by minimizing waste, recovering energy, and producing useful 
by-products. As urbanization and industrial activities continue to expand, such 
innovative and sustainable methods will be essential for managing the by-products 
of human activity in an environmentally responsible manner. 
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There are several ways to utilize as-received or pre-treated waste 
ash, one of the most promising is by accelerated mineral 
carbonation. Ashes with a high content of Ca and Mg 
compounds, such as ashes from wood biomass, are ideal 
candidates for sequestration. Due to the shift toward renewable 
fuels, ash from biomass as a by-product of solid fuel combustion 
is therefore available in huge quantities. As part of the EU 
AshCycle project, we have analyzed ashes from different 
incineration and thermal power plants to determine their carbon 
sequestration potential. These include various waste ashes from 
Slovenia, which were subjected to accelerated carbonation in a 
closed carbonation chamber with a CO2 concentration of 4% 
(v/v), 80% relative humidity and a temperature of 40 °C until 
maximum CO2 uptake was reached. CO2 quantification was 
performed using calcimetry (pressure calcimeter) and 
thermogravimetry. We have shown that ash from wood biomass 
and the co-combustion of wood waste and paper sludge have a 
high CO2 sequestration potential in comparison to others. The 
direct use of wood biomass ash for CO2 sequestration in 
carbonated building products could significantly benefit the 
circular economy, especially since 70% of wood biomass ash is 
still landfilled. 
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1 Introduction 
 
Mineral sequestration is a carbonation approach, in which CO2 is captured and 
stored using alkaline materials consisting of calcium (Ca) and magnesium (Mg) 
(hydr)oxides and silicates, resulting in the formation of solid, permanently stored 
carbonate products (Alturki 2022, Koch et al. 2021, Li and Wu 2022). Many different 
carbonate phases can be detected in waste materials; however, after carbonation, Ca-
containing carbonates are the predominant products (Santos et al. 2013, Wang et al. 
2021). Alkaline solid waste materials such as steel slag, cement waste and coal fly ash 
are well suited for mineral carbonation due to their high reaction rates, low energy 
requirements and superior carbonate conversion efficiency compared to natural 
minerals where carbonation is slow (Ahmed et al. 2024). Carbonation can be 
accelerated by increased CO2 concentration, pressure, relative humidity, temperature 
or contact time (Ahmed et al. 2024, Capelo-Avilés et al. 2024, Li et al. 2022). To 
mitigate climate change fast enough, accelerated carbonation is very beneficial 
compared to natural carbonation. Therefore, a wide range of accelerated curing 
environments can be found in the literature (Koch et al. 2021, Zajac et al. 2022, 
Tominc and Ducman 2023, Winnefeld et al. 2022). In recent years, the direct wet 
carbonation process has been intensively investigated due to the highest carbonation 
efficiency, while studies on semi-dry carbonation are rare. 
 
The use of CO2 sequestration for the production of building materials is an 
economically sustainable industrial process with negative carbon emissions and 
therefore deserves attention for further development (Lippiatt et al. 2020). Possible 
sources from waste streams are ashes containing Ca and Mg compounds, as they 
enable the sequestration of CO2 in the form of carbonate compounds, for example 
ash from wood biomass (WBA) (Koch et al. 2021, Tominc and Ducman 2023). This 
is not only a waste management option, but also has the benefit of reducing CO2 
emissions. 
 
Various methods can be used to quantify the CO2 sequestration capacity. In 
thermogravimetric analysis (TGA), the mass of the sample is recorded as a function 
of time during the decomposition of CaCO3 into CaO and the release of CO2 in a 
controlled (inert) atmosphere. This method accounts for possible hydration and 
dehydroxylation reactions that contribute to weight loss (Nielsen and Quaghebeur 
2023). Using a pressure calcimeter, CaCO3 reacts with 10% hydrochloric acid (HCl) 
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in a closed reaction cell to form CaCl2, CO2 and H2O, measuring the pressure of the 
released CO2 (Tominc and Ducman 2023). In this regard, comparing different 
methods for estimating the CO2 or carbonate content in selected waste materials 
and determining the measurement uncertainty of each method can be challenging. 
 
As part of the AshCycle project, we have proposed a methodology to assess the CO2 
sequestration potential of waste ashes, as not all ashes are equally suitable for CO2 
sequestration. Wood biomass ash has shown greater potential than coal ash because 
it contains higher content of Ca oxides and other minerals that react with CO2 and 
convert it into stable carbonate minerals (Tominc and Ducman 2023). In this study, 
we shortened the duration of carbonation by optimizing the conditions, i.e. the 
temperature, and determined the maximum CO2 sequestration capacity of selected 
ashes after 7 days of carbonation at 40 °C, 80% relative humidity and 4% CO2 (v/v). 
 
2 Materials and methods  
 
We investigated the CO2 sequestration capacity of seven waste ashes from different 
Slovenian plants (Figure 1). The first two ashes, fly ash (WA.FA.1) and bottom ash 
(WA.BA.1) came from a Slovenian combined heat and power plant and were 
produced during the combustion of wood biomass (wood chips). The next two ashes 
came from a paper mill industry, where the fuel source for fly ash (CC.FA.2) was 
coal, biomass and paper sludge, while the fuel source for mixed ash (CC.MA.2) was 
fibrous paper sludge, waste wood and bark. The next two ashes (CC.FA.3 and 
CC.BA.3) came from a Slovenian combined heat and power plant, where the fuel 
source was brown coal and wood biomass-wood chips (15%). The last bottom ash 
(CC.BA.4) came from a Slovenian heat and power station, where municipal waste 
(light fraction) and dehydrated sewage sludge were used as fuel. All obtained ashes 
were first homogenized by quartering (see Figure 1), packed in a PVC bag and stored 
in a plastic container. 
 
For the chemical analysis, the samples were sieved below 125 μm and dried at 105 
°C. The loss on ignition (LOI) was determined at 950 °C. A fused bead was then 
prepared with a mixture of sample and flux (50% lithium tetraborate/50% lithium 
metaborate) at a ratio of 1:10 (0.947 g: 9.47 g) and heated at 1100 °C. The chemical 
composition was determined using an ARL PERFORM'X wavelength dispersive X-
ray fluorescence spectrometer (WDXRF; Thermo Fischer Scientific Inc., Ecublens, 
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Switzerland) with a Rh-target X-ray tube and UniQuant 5 software (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). Two measurements were performed for each 
ash. For mineralogical analysis, the ashes were sieved below 63 μm and placed in 27 
mm holders (in diameter). Analyzes were performed before and after CO2 treatment 
with X-ray diffraction (XRD; Empyrean X-ray Diffractometer, Cu X-ray source; 
PANalytical, Almelo, The Netherlands) in 0.013° steps from angles of 4–70° under 
clean room conditions using the external standard corundum NIST SRM 676a. The 
mineral phases were analyzed with the PANalytical X’Pert High Score Plus 
diffraction software v.4.8. Fourier transform infrared spectroscopy (FTIR) 
measurements were performed using an FTIR, PerkinElmer Spectrum Two, ATR 
mode. All infrared spectra were recorded in a wavenumber range of 4000-380 cm-1. 
 

 
 

Figure 1: Waste ashes from different sources, homogenized by quartering, source: own. 
 
20 g of each ash with a particle size of less than 125 µm was then placed in a petri 
dish and exposed to 4% CO2 (v/v) in a closed carbonation chamber at 80% relative 
humidity and a temperature of 40° C. Carbonation was completed when a constant 
mass was reached. 
 
For the determination of carbonate content, as-received and carbonated ashes were 
analyzed using the pressure calcimeter (OFITE Calcimeter, OFI Testing Equipment 
Inc., Houston, TX, USA, according to ASTM D 4373) with an analytical error of 
<5%. Each sample was ground and sieved below 125 µm and dried in an oven at 
105 °C for 24 hours. Then 1.0 ± 0.01 g of the sample was weighed and added to the 
reaction cell. The acid cup was filled with 20 mL of 10% HCl and carefully placed 
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in the reaction cell. CaCO3 reacts with 10% HCl in a closed reaction cell and the 
pressure of the released CO2 is measured with a manometer. The calcimeter was 
calibrated before the actual measurements by reacting HCl with pure CaCO3. 
 
The calculations for the amount of CO2 released were based on stoichiometry. 
 

CaCO3 + 2HCl → CaCl2 + CO2 + H2O                                                   (1) 
 

1mol : 2mol ------ 1mol : 1mol : 1mol 
n(CaCO3) = n(CO2)=1:1 
M(CaCO3) = 100.0869 g/mol; M(CO2) = 44.01 g/mol 
1 mol of CaCO3 releases 44.01 g of CO2. 

 
The thermal decomposition of each sample was analyzed before and after the 
carbonation process using a TGA Q5000IR thermal analyzer (TA Instruments, New 
Castle, Delaware, USA). Prior to the measurements, the ashes were dried at 105 °C 
and sieved to a particle size below 63 μm. The analysis included a controlled heating 
program with a ramp rate of 10 °C per minute, from 25 to 1000 °C. To prevent 
oxidation during the measurement, the sample chamber was filled with N2 at a flow 
rate of 25 mL per minute. Samples were placed in 100 µL Al2O3 crucibles. We used 
TGA to measure the weight loss in the temperature range of decomposition of the 
carbonate mineral. The results were analyzed with TA Universal Analysis 2000 
v.4.5A (TA Instruments, New Castle, Delaware, USA). 
 
3 Results and discussion 
 
First, the characterization of the different ashes before the carbonation reaction was 
assessed. Their CaO content is particularly important, as this is decisive for the 
extent of carbonation (Capelo-Avilés et al. 2024). X-ray fluorescence (XRF) analysis 
of the selected Slovenian ashes shows that they are mainly composed of CaO (20-
55%), SiO2 (6-31%), Al2O3 (3-18%), MgO (2-10%), Fe2O3 (1-10%) and K2O (0.3-
8%), with lower contents of Na2O and SO3. The average values of the primary oxides 
measured by XRF and LOI at 950 °C are shown in Table 1. 
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Table 1: Chemical composition of the analyzed Slovenian ashes in terms of primary oxides 

(wt%), measured by XRF and loss on ignition at 950 °C. 
 

Sample ID LOI 950 °C Al2O3 SiO2 CaO MgO Fe2O3 K2O Na2O SO3 
WA.FA.1 29.91 5.62 19.04 29.27 3.78 1.70 5.65 0.56 1.00 
WA.BA.1 26.09 3.35 5.64 44.95 5.88 0.68 8.14 0.48 0.32 
CC.FA.2 11.71 11.28 22.90 34.01 5.99 8.53 0.99 0.74 1.70 
CC.MA.2 14.55 11.08 14.45 55.40 2.12 0.56 0.25 0.41 0.20 
CC.FA.3 16.98 10.87 27.78 19.77 8.21 10.44 2.16 0.28 1.69 
CC.BA.3 12.79 7.43 31.17 28.98 10.25 3.56 3.21 0.57 0.07 
CC.BA.4 7.21 17.77 27.14 30.59 3.89 3.09 0.48 2.12 0.99 

 
The carbonation reaction of the waste ashes was then studied under the specified 
conditions (40 ºC, 80% RH, 4% CO2). The reaction was complete after 7 days, 
indicating a faster reaction rate at elevated temperature, as in our previous study 
(Tominc and Ducman 2023). With an increase in temperature from 20 to 40 °C, the 
kinetics of calcium species dissolution can be accelerated (Capelo-Avilés et al. 2024). 
However, at higher temperatures, the nucleation and growth of CaCO3 can be 
hindered due to lower CO2 solubility, which has a detrimental effect on the 
carbonation reaction (Capelo-Avilés et al. 2024). 
 
The CO2 content of each ash (in wt%) was compared using TGA and measured with 
a pressure calcimeter, as shown in Table 2. The weight loss in the temperature range 
of CaCO3 decomposition was between 550-950 °C, based on dry matter at 105 ºC 
(or between 620-950 °C for some samples). The main problem in determining CO2 
content using TGA is that thermal decomposition of carbon species sometimes 
overlaps with other thermal events (Protić et al. 2021). However, the results obtained 
with the calcimeter and TGA are very comparable in our case, as they differ by less 
than 3% (the difference is within the measurement error of the calcimeter, which is 
up to 5%).  
 
Of the analyzed Slovenian ashes, the ash from wood biomass and the mixed ash 
from co-combustion showed the highest sequestration potential, as the amount of 
sequestered CO2 in 1 kg of sample was 298 g for WA.BA.1 and 274 g for CC.MA.2 
(according to the calcimetric measurements). 
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Table 2: TGA and calcimetric measurements for Slovenian wood and co-combustion ashes. 
 

Sample ID 
TGA 

(weight losses-%) Calculations (TGA) Calculations 
(calcimeter) 

0-150 °C 550-950 °C % dry matter %CO2/dry 
matter % CO2 

WA.FA.1 2.0 16.3* 98.0 16.6 13.7 
WA.BA.1 2.8 27.9 97.2 28.7 29.8 
CC.FA.2 1.3 7.5* 98.7 7.6 8.6 
CC.MA.2 2.3 26.2 97.7 26.9 27.4 
CC.FA.3 2.2 8.8* 97.8 8.9 8.3 
CC.BA.3 1.0 12.2 99.0 12.3 14.8 
CC.BA.4 1.9 10.8 98.1 11.0 11.7 

 *T:620-950 °C 
 

 
 

Figure 2: TGA of selected samples after 7 days of carbonation 
Source: own. 

 
The presence of carbonates was also observed by FTIR spectra of as-received and 
carbonated ashes, recorded in the range between 4000 cm-1 and 380 cm-1 (Figure 3). 
The intense band centered at around 1400 cm-1 corresponds to the ν3 vibrations of 
CO3-2 (asymmetric C-0 stretching), while the peaks at 872 cm-1 and at 712 cm-1 are 
associated with out-plane and in-plane bending (ν2) vibrations of CO3-2, respectively 
(Capelo-Avilés et al. 2024). The peak at 1795 cm-1 can also be attributed to CaCO3 
(Capelo-Avilés et al. 2024). The increase in intensity of these bands in the carbonated 
sample indicates that the carbonation of the sample occurred during the CO2 
mineralization process, which was also confirmed by the X-ray diffraction (XRD).  
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Figure 3: FTIR spectra of original and carbonated WA.BA.1 
Source: own. 

 

 
 

Figure 4: X-ray diffractograms of wood biomass ash (WA.BA.1) before and after 7 days of 
carbonation. 
Source: own. 
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The XRD analysis enabled us to determine the composition of the crystalline 
minerals. For example, the main phases detected in sample WA.BA.1 (Figure 4) were 
calcite (CaCO3), fairchildite (K2Ca(CO3)2) and lime (CaO). After CO2 treatment, a 
clear change in the intensity of the calcite peak can be observed, while the lime peak 
almost disappeared, indicating that CaO is the main reactant in the mineralization 
process. In the case of fairchildite, only a slight change in the intensity of the peak 
can be observed. 
 
4 Conclusions 
 
In this study, seven different waste ashes from Slovenia were subjected to 
accelerated carbonation to determine their sequestration potential. Depending on 
their chemical and mineralogical composition, the ashes showed different 
sequestration capacities. The highest CO2 sequestration capacity, i.e. 298 gCO2/kgash, 
was measured for ash from wood biomass (WA.BA.1). A high sequestration 
potential was also found for ash from the co-incineration of wood waste and paper 
sludge (CC.MA.2), while other waste ashes showed a lower potential. As most waste 
ashes are still landfilled, the use of these ashes for CO2 sequestration for carbonated 
building products would be very beneficial in terms of a circular economy. 
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End-of-life management with three CDW fractions are 
considered in this study: wood, steel, and broken concrete. The 
goal of the study is to evaluate the Global Warming Potential 
(GWP) of different end-of-life management approaches and to 
benchmark the circular approaches versus the linear approaches. 
In the case of waste wood, the circular scenario refers to wood 
recycling and the production of recycled particle board or glue-
laminated timber. Waste wood landfilling and the production of 
particle board/glue-laminated timber from primary wood are 
considered in the linear scenario. Considering the production of 
particle board, the circular scenario shows 4 times lower GWP 
than the linear scenario. Considering the production of glue-
laminated timber, the circular scenario shows comparable GWP 
as the linear scenario. In the case of waste steel, the GWP of two 
circular scenarios were compared; recycling versus reuse. The 
reuse scenario shows around 8 times lower GWP than the 
recycling. In the case of waste concrete, the circular scenario 
refers to the recycling of broken concrete into recycled aggregate. 
The linear scenario includes the landfilling of waste concrete and 
the production of natural aggregate. LCA results show around 2 
times lower impact on GWP in the case of the circular scenario. 
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1 Introduction 
 
Construction and Demolition Wastes (CDWs) pose significant environmental 
challenges, accounting for nearly half of all solid waste sent to landfills worldwide. 
In the European Union, this share is lower, but still around 38% (Tonini et al., 2023).  
Moreover, CDWs are among the heaviest and most voluminous waste streams, 
which is just one of the concerns relating to their landfilling (Zhang et al., 2020). 
Other concerns refer to problems such as resource efficiency and climate change, 
the latter is indirectly related to carbon embodied in CDW (Liu et al., 2023). 
 
Construction and demolition waste (CDW) consists of various materials such as 
concrete, bricks, tiles, plaster, timber, wood, glass, metals, plastic, stones, and others. 
Given its high potential for recycling or reuse, the European Commission has 
prioritized CDW as a key waste stream. The waste hierarchy serves as a framework 
for managing materials at the end of their life cycle, focusing on preserving their 
economic value in the market wherever feasible and environmentally acceptable. 
This approach prioritizes waste prevention above all else, followed by re-use, 
recycling, recovery, and disposal (landfilling) – the latter considered the least 
favorable option (Stahel and MacArthur, 2019; Kabirifar et al., 2020). 
 
The goal of this study is to compare the environmental performance of different 
end-of-life management practices for selected fractions of CDW: wood, steel, and 
broken concrete. Only global warming potential (known also as carbon footprint) 
was considered in the comparative analysis. Special attention was given to the 
comparison of linear circular versus linear end-of-life management practices.  
 
2 Material and methods  
 
2.1 Life Cycle Assessment (LCA) 
 
End-of-life (EoL) management practices for selected fractions of CDW are 
benchmarked with Life Cycle Assessment (LCA) method. This method is commonly 
used comparatively in order to find among different options the most 
environmentally sustainable solutions, for instance regarding waste management 
(Guinée et al., 2002). The end-of-life management scenarios were compared in terms 
of the impact on global warming potential (GWP), known also as carbon footprint, 
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expressed in kg CO2 equivalents. “LCA for experts” professional tool was applied 
to conduct LCA and to calculate GWPs.    
 
The functional unit in this study refers to the end-of-life management with 1 tone 
of specific CDW fraction.  
 
Demolition of the building and generation of CDW fractions are not considered in 
the system boundaries, considering the “cut-off” approach (Potrč Obrecht, 2021). 
System boundaries of the circular end-of-life management scenarios include 
processes related to recycling and the production of new products with recycled 
content. In the case of steel, system boundaries include processes related to reuse. 
In the case of linear end-of-life management scenarios, processes related to 
landfilling are included as well as the processes related to the production of products 
based on primary materials. These products are a functional equivalent to the same 
products from recycled materials, considered in the system boundaries of the circular 
end-of-life management scenarios. Transport of waste fractions to the recycling 
facility or to the landfill is also considered. 
 
2.2 Wood 
 
The most common linear end-of-life management of wood is incineration. Two 
circular scenarios were taken into account to make a comparison with the linear 
scenario; the first one is the recycling of waste wood into wood chips, which is 
further used in the process of particle board production. In the case of the linear 
scenario, system expansion was considered, which means that the linear scenario 
includes not only the incineration of waste wood but also the production of particle 
board from primary wood. Such particle board from primary wood is a functional 
equivalent of particle board from recycled wood. Life cycle inventory data for the 
production of particle boards were taken from Hossain and Poon (2018). 
 
The second circular scenario considered in this study is the production of glue-
laminated timber from waste wood. For environmental comparison with the linear 
scenario, system expansion was conducted in the latter scenario; e.g. production of 
glue-laminated timber from primary wood was accounted to incineration of waste 
wood. Life cycle inventory data were gathered from the paper of Risse et al (2019). 
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2.3 Steel 
 
Considering end-of-life management with steel recovered from CDW, recycling is a 
common end-of-life practice. Steel is a completely recyclable material. It can be 
continuously recycled without losing its quality or properties (Broadbent, 2016). 
Some steel components (claddings, beams, columns) recovered from demolished 
buildings can be reused (Tonini et al., 2023). Both recycling and reuse are circular 
end-of-life management practices. Landfilling as a linear approach is not practiced, 
because steel is a valuable and fully recyclable material. Life cycle inventory data for 
recycling and reusing steel components were taken from the literature (Andersen et 
al., 2022).  
  
2.4 Broken concrete 
 
The linear end-of-life practice for broken concrete is landfilling. A typical circular 
end-of-life practice of broken concrete is recycling at a stationary or mobile recycling 
plant to produce recycled aggregate, which can be used for road construction or 
even for concrete production – depending on the purity of raw material and 
consequent quality of produced recycled aggregate (Gruhler and Schiller, 2023). In 
the case of the linear scenario related to landfilling, system expansion includes the 
production of natural aggregate in a quarry as a functional equivalent of recycled 
aggregate produced in a circular scenario. Life cycle inventory data for recycling of 
broken concrete were taken from the study of Gruhler and Schiller (2023).  
 
3 Results and discussion 
 
3.1 GWP of end-of-life wood 
 
The linear scenario, which considers not only the incineration of EoL wood but also 
the production of particle board from primary wood, shows a significantly higher 
impact on GWP than the circular scenario, which deals with the recycling of EoL 
wood to woodchips and their further utilization in the process of particle board 
production. GHG emissions associated with incineration of waste wood 
predominate. For this reason, the linear scenario shows around 4 times higher 
impact on GWP than the circular scenario (Table 1). In the comparative LCA 
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analysis, credits related to heat production during waste wood incineration (e.g., 
benefits beyond the system boundary) are accounted for. 
   
The GWP of particle board produced from EoL wood and the GWP of particle 
board produced from primary wood are also compared. The one produced from 
EoL wood yields a lower impact. Both particle boards contain similar amounts of 
biogenic carbon, contributing to the mitigation of GWP. Hower, biogenic carbon 
was excluded from LCA, due to so so-called carbon-neutral approach. The lifecycle 
emissions of CO2 from bio-based products are offset by equivalent CO2 absorption 
during biomass growth. From this point of view, the uptake and release of biogenic 
CO2 can be omitted from the LCA (Hoxha et al., 2020).  
 
Excluding biogenic carbon storage in the final product, particle boards produced 
from primary wood show almost 50% higher impact on the GWP than particle 
boards produced from EoL wood. Production of primary wood as a raw material is 
directly related to deforestation, e.g. cutting down trees, which is the main reason 
for the higher GWP of the particle board produced from primary wood. 
 
Recycling EoL wood to glue-laminated timber shows a relatively low yield 
considering the literature data; e.g. only 26%. However, the yield (or recycling rate) 
depends on the contamination of the EoL wood with preservatives. Mechanical 
cleaning of the surfaces results in a significant share of rejects (shavings, off-cuts) 
and a relatively low recycling rate (Risse et al., 2019). However, when using primary 
wood to produce glue-laminated timber, the yield is much higher; 77% considering 
the literature data (Risse et al., 2019). However, a similar amount of energy is 
consumed in the production process of glue-laminated timber from the same 
amount of raw materials whether EoL wood or primary wood. For these reasons, 
glue-laminated timber produced from EoL wood shows higher GWP than glue-
laminated timber produced from primary wood; the difference is around a factor of 
6. Accounting credits associated with heat production during the incineration of 
shavings and off-cuts (e.g. benefits beyond system boundary), the difference in GWP 
between two benchmarked glue-laminated timbers is reduced to 1 versus 4.5, still in 
favor of glue-laminated timber produced from EoL wood. A greater amount of 
shavings and off-cuts is generated when using EoL wood as a raw material. The 
incineration of rejected parts (shavings, off-cuts ) is associated with heat recovery, 
which results in the reduction of GWP.    
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When accounting incineration of EoL wood to the linear scenario, in addition to the 
production of glue-laminated timber from primary wood as a functional equivalent 
of glue-laminated timber from EoL wood in the circular scenario, the difference in 
GWP between the two scenarios becomes minor. It is 1 versus 1.2 in favor of the 
circular scenario (Table 1). The incineration of the EoL wood in the linear scenario 
is the main contributor to the GWP, making the linear approach relatively less 
sustainable regarding GWP. 
 
3.2 GWP of end-of-life steel 
 
Recycling of EoL steel takes place in an electric arc furnace (EAF). A 100% recycling 
rate was assumed in this study. Considering the reuse scenario, it was also assumed 
that the EoL steel component is completely reusable. The reuse includes 
sandblasting, landfilling of removed paint, and adding a new protective layer. LCA 
results showed that reuse yields around 8 times lower impact on GWP than recycling 
(Table 1). However, the GWP of the reuse is influenced by the surface area of the 
steel component. The larger the surface area per certain mass of the steel 
component, the more energy is required for the sandblasting and the higher the 
GWP.    
 
3.3 GWP of broken concrete 
 
LCA results show that processing pure broken concrete at a recycling plant into 
recycled aggregate results in a similar impact on GWP as the production of natural 
aggregate in a quarry. The difference in GWP is in the range of data uncertainty. 
 
When accounting for the landfilling of pure broken concrete alongside the 
production of natural aggregate in a linear scenario, the difference between the two 
scenarios becomes significant. The linear scenario shows a double GWP impact 
compared to the circular scenario (Table 1). Landfilling of broken concrete is 
associated with the use of machinery (compactor), and the use of sealing materials, 
causing additional impact on GWP.  
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Table 1: Global warming potential of benchmarked end-of-life management scenarios, 
considering wood, steel, and broken concrete 

 
 EoL wood EoL steel EoL broken concrete 
Circular scenario (recycling) 341* / 803** 542 5.5 
Circular scenario (reuse) - 70 - 
Linear scenario 1333* / 1000** - 10.4 

* considering the production of particle board 
** considering the production of glue-laminated timber 
 
4 Conclusions 
 
The environmental benefits of circular end-of-life management practices were 
confirmed compared to linear end-of-life management practices for selected CDW 
fractions; e.g. broken concrete and waste wood. In the case of the recovered steel 
component, the reuse was confirmed to yield significantly lower environmental 
impact than recycling. Attention was given to Global Warming Potential (carbon 
footprint) expressed in kg of emissions equivalent to CO2. Further research should 
consider other CDW fractions and evaluate additional environmental impacts, 
especially the abiotic depletion of minerals and metals. This is related to another 
crucial aspect of the circular economy, such as resource efficiency. 
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The gradual replacement of coal by local renewable resources 
leads to an increased production of co-combustion ashes (CC). 
Their disposal can be limited by their use in the construction 
sector, where they can partially replace primary raw materials. 
This study evaluates the incorporation of selected Slovenian CC 
ash into clay-based fired bricks within the EU AshCycle project. 
The tests included the measurement of water absorption, 
porosity, density, weight loss, shrinkage, flexural and 
compressive strength, and freeze-thaw resistance. Two types of 
clay were used to compare the influence of the selected ash on 
the performance of the fired samples. Replacing clay mixtures 
with 10 wt% CC ash reduced the compressive strength of the 
fired bricks but it still reached the required 10 MPa as specified 
in EN 772-1 (2015). The addition of CC ash to fired bricks 
requires careful planning of the raw mixes, taking into account 
various parameters that may affect the properties of the 
products. 
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1 Introduction 
 
Worldwide large amounts of biomass ashes are landfilled (Insam and Knapp 2011). 
In accordance with the global initiatives on the gradual replacing of the fossil fuels 
by the renewable resources coal-combustion power plants are introducing a biomass 
as supplementary fuel (Sahu et al. 2014). The resulting co-combustion (CC) ashes 
may have various applications. One of the largest global industries, which could 
consume large amounts of co-combustion ashes, is brick making. 
 
Fired clay bricks are one of the most versatile building materials in the world. Clay 
for brick production can be at least partially replaced by various secondary raw 
materials, such as dredged sediments (Božič et al. 2023), sawdust (Cultrone et al. 
2020), wastewater treatment sludge (Detho et al. 2024), slags and various ashes 
(Zhang 2013): coal ash (Zhang 2013), MSWI ash (Haiying et al. 2011; Kirkelund et 
al. 2020), sewage sludge ash (Ottosen et al. 2020) and biomass ash (Eliche-Quesada 
et al. 2017; Šantek Bajto and Štirmer 2019). On the other hand clay supplies are 
limited and already running out in some parts of the world and consequently 
promoting the circular economy model seems crucial for the future of the brick 
sector (Zhang 2013). Furthermore, firing the mixture of clay and secondary raw 
materials at around 1000 °C can significantly reduce the leaching of heavy metals 
from the secondary raw materials (Ukwatta and Mohajerani 2017) what can be of 
importance also when utilize waste ash in clay bricks production to avoid disposal 
to landfills, which leads to a reduction in the cost of ash treatment and brick 
production (Haiying et al. 2011). 
 
Fired bricks are usually produced by a vacuum extrusion, which ensures a 
homogeneous and dense structure (Krakowiak et al. 2011; Božič et al. 2023). 
Extruded brick samples can also be produced on a laboratory scale, which allows a 
direct comparison of industrial and laboratory samples  (Viani et al. 2018). On the 
other hand, the final properties of fired bricks are strongly influenced by the 
composition of the raw mix. The high proportion of carbonates in the raw brick mix 
leads to increased weight loss during firing at temperatures of up to 950 °C and 
increased porosity of the fired bricks, which weakens their mechanical properties 
(Božič et al. 2023). Similar to carbonates, biomass ash is known as a pore-forming 
additive that increases the porosity of fired bricks and can contribute to the 
deterioration of mechanical properties (Beal et al. 2019). 
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As part of the EU project AshCycle - Integration of underutilized ashes into material cycles 
by Industry-Urban symbiosis, ashes from various Slovenian incineration plants were 
tested for their potential use in fired clay bricks. A screening of ash replacement and 
firing temperature in the production of extruded bricks was carried out by measuring 
water absorption, porosity, density, weight loss, shrinkage, flexural and compressive 
strength and freeze-thaw resistance. In this study two different clay mixtures were 
used to compare the influence of the selected CC ash on the performance of the 
fired samples. 
 
2 Materials and methods 
 
The raw materials included two types of basic clay mixes: (i) a mixture of marl (50 
wt%), clay (48 %) and coal (2 wt%), provided by Goriške opekarne d.o.o. brick 
factory (GO) (ii) pure clay, provided by NEXE brick factory, Dilj d.o.o. (NA). The 
replacement of both basic clay mixes by 10 mass percent (ma%) of selected 
Slovenian biomass ash from the co-combustion of brown coal and wood biomass 
was investigated. 
 
The particle size distribution (PSD) of ash and clays was measured by laser 
diffraction granulometry using a Sync+FlowSync laser particle size analyzer 
(Microtrack MRB) in wet dispersion measurement mode. The dispersion medium 
for the ash was isopropanol, while the clays were analyzed in distilled water with the 
addition of a dispersant. The ash was sieved to a particle size of less than 0.25 mm 
for this measurement. 
 
The chemical composition of the raw materials was determined with an ARL 
PERFORM’X sequential X-ray fluorescence (XRF) spectrometer (Thermo Fisher 
Scientific Inc., Ecublens, Switzerland) using UniQuant 5 software (Thermo Fisher 
Scientific Inc., Walthem, MA, USA). The samples were previously ignited at 950°C 
for 2 hours and then mixed with Fluxana (Li tetraborate and Li metaborate in a 1:1 
mass ratio) at a ratio of 1:10 and melted into discs. LiBr(l) (50 mL H2O and 7.5 g 
LiBr(s) from Sigma Aldrich) was added to the mixture to prevent the melt from 
sticking to the Pt crucible. 
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The mineralogical composition of raw materials and bricks was performed using a 
PANalytical Empyrean X-ray diffractometer with CuKα radiation (wavelength 
CuKα1 1.54 Å). The samples were ground to a particle size bellow 63 μm. Each 
sample was measured from 2θ = 4° to 70° with an increment of 0.0130° as it was 
rotated. The X–ray tube was operated at 45 kV and 40 mA. Phase determination 
was performed using PANalytical X’Pert High Score Plus Diffraction software v. 
4.8. using the structures for the phases from the ICDD PDF 4 + 2016 RDB powder 
diffraction files. 
 
The brick mixtures were prepared according to Table 1. Approximately 20 kg of 
each mixture was shaped in three main shapes using a laboratory vacuum extruder 
(Karl Hӓndle & Söhne Mühlacker, type PZVMga): cylinders (mould diameter=56.3 
mm; extruded length=55 mm), prisms (mould dimensions: 54.3 mm×27.7 mm; 
extruded length=150 mm) and tiles (mould dimensions: 57.2 mm×9.3 mm; extruded 
length=150 mm). Extruded shapes were fired in a chamber furnace at 950 °C, with 
a heating rate of 150 °C/h and a dwelling time of 2h. 
 
The compressive strength was measured on fired cylinders using a ToniNORM 
(ToniTechnik, Berlin, Germany) at a force rate of 0.5 kN/s, while the bending 
strength was measured on fired prisms using a Gabbrielli tile strength tester 
(Gabbrielli, s.r.l., Calenzano, Italy). Compressive strength was measured on five 
specimens and bending strength on seven specimens (both results are average 
values). Drying and firing shrinkage was calculated from the difference in the length 
of the 50 mm lines impressed on the fresh prisms before/after firing (seven samples, 
two measurements for each; the reported result is an average of 14 values). The 
density of the fired prisms was calculated from the measured dimensions and mass. 
Water absorption was determined after the prisms had been boiled in water for two 
hours (the cooled samples were weighed). Freeze-thaw resistance was determined 
according to SIST EN 539-2 (2013). The samples were dried at (110 ± 5) °C, pre-
saturated by gradual immersion in water and subjected to 150 freeze/thaw cycles in 
a temperature range between (-16 ± 3) °C and (+13 ± 3) °C. 
 
Extruded tiles were cut into smaller samples (57.2 mm × 9.3 mm x 25 mm) for firing 
in the gradient furnace. The samples were heated to 1134 °C at a heating rate of 150 
°C/h and a dwelling time of 20 minutes. The water absorption of the samples fired 
in the gradient furnace was determined after gradual immersion in distilled water 
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(immersion of ¼ of the length per hour, 4 hours) and subsequent boiling for two 
hours. 
 
Samples of extruded bricks were cast in epoxy resin and dry polished. The prepared 
polished cross-sections were coated with a carbon layer of approximately 15 nm 
thickness and examined by SEM and EDXS using a JEOL IT500 LV SEM equipped 
with an Ultim Max detector (Oxford Instruments) operated in high vacuum mode 
with an accelerating voltage of 15 kV. EDXS was performed using Aztec 5.0 SP1 
software (Oxford Instruments Nanotechnology Tools Ltd). 
 

Table 1: The extruded mixtures. 
 

sample designation CC ash (wt%) clay GO (wt%) clay NA (wt%) 
G-O - 100 - 
G-1 10 90 - 
N-0 - - 100 
N-1 10 - 90 

 
3 Results and discussion 
 
3.1 Characterization of the raw materials 
 
Clay GO had the finest granulation with the highest percentage of particles less than 
2 µm in diameter. However, the GO clay also had some larger particles, whereas the 
Našice clay had a unimodal distribution. The CC ash had a similar distribution to 
the GO clay, but with a lower percentage of particles smaller than 2 µm (Figure 1). 
 
The mineralogical composition of the raw materials is shown in Figure 2. Both clays 
contained illite/muscovite, chlorite, feldspars and quartz. The NA clay showed 
higher intensities of clay minerals than the GO clay. Clay mix GO had an intense 
calcite peak related to the marl content (Figure 2). This was also evident in the 
chemical composition, namely clay mix GO had a higher CaO content compared to 
clay mix NA (Table 2). The main crystal phases of CC ash were quartz, calcite, 
anhydrite, lime, periclase and hematite, with minor amounts of brownmillerite and 
portlandite. 
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Figure 1: Cumulative particle size distribution (PSD) of clay mixes (clay GO, clay NA) and 
co-combustion (CC) ash, determined by laser diffraction. 

 

 
 

Figure 2: XRD patterns of clay mixes (clay GO, clay NA) and co-combustion (CC) ash. 
 
Table 2: Chemical composition of raw materials measured by XRF (LOI = loss on ignition at 

950 °C). 
 

 LOI Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 other 
units wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 
clay 
GO 8.97 0.84 1.71 15.63 59.04 0.20 2.24 4.07 0.70 6.00 0.61 

clay 
NA 6.22 1.07 1.40 16.77 64.35 b.d.l. 2.17 0.84 0.95 5.57 0.66 

CC 
ash 16.30 0.35 8.18 10.70 28.21 1.70 2.22 19.98 0.53 10.57 1.26 
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3.2  Ceramic technological tests 
 
The physical and mechanical properties of the bricks after drying and firing at 950 
°C are shown in Table 3. Mixture N-0 had a higher drying shrinkage than mixture 
G-0. The 10 wt% replacement of clay GO with ash resulted in a lower drying 
shrinkage, while for clay Našice a 10 wt % ash did not significantly change the drying 
shrinkage of the samples, despite the high water demand (moisture content) of 
mixture N-1 (Table 3). 
 
The effect of the firing temperature on shrinkage and water absorption is shown in 
Figure 3. The mixtures with clay NA showed a higher water absorption and lower 
firing shrinkage than mixtures with clay GO. For example, the shrinkage and water 
absorption of the pure clay NA sample (sample N-0) at 940 °C were 0.0% and 
13.9%, while the shrinkage and water absorption of the sample with clay GO 
(sample G-0) at 940 °C were 1.0% and 13.0%. The water absorption increased 
significantly when 10 wt % CC ash was incorporated into both mixtures. Thus, the 
water absorption of the clay NA sample (sample N-1) at 940 °C was 23.2%, while 
the water absorption of the sample with clay GO (sample G-1) at 940 °C was 20.5%. 
The firing shrinkage was only slightly lower the when clay mixtures were replaced 
by 10 wt % CC ash. 
 

 
 

Figure 3: Water absorption and shrinkage of the samples, fired in gradient kiln. 
 
The fired sample G-0 (with marl) had a higher compressive and flexural strength 
than the fired sample N-0, which did not contain marl. However, when clay mixes 
were replaced by 10 wt % CC ash, the G-1 bricks (with marl) had a slightly lower 
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compressive strength than the N-1 bricks. Incorporated ash reduced the density of 
the fired products, regardless of the clay type (Table 3). 
 

Table 3: Properties of bricks after drying and firing at 950 °C and freeze-thaw resistance. 
 

 CC ash  
(wt %) 

moist. per 
wet mass 

during 
extrusion (%) 

drying 
shrink. 

by length 
(%) 

firing 
shrink. 

by length 
(%) 

water 
absorption 

(%) 

density 
(g/cm3) 

bending 
strength (MPa) 

compressive 
strength (MPa) 

freeze/ 
thaw 

resistance 

G-0 0 18.8 7.8 0.2 11.8 1.89 17 72.6 yes 
G-1 10 21.6 5.6 0.2 21.5 1.63 6.9 27.3 yes 
N-0 0 20.4 9.2 0.7 13.3 1.88 12.7 42.1 yes 
N-1 10 25.8 9.3 0.1 23.2 1.6 5.6 34.7 no 
 

 
 

Figure 4: SEM micrographs of the fired bricks and EDXS elemental maps for the selected 
areas. 

 
The fired bricks N-0 and N-1 showed a higher open porosity than G-0 and G-1 
(Figure 4). Electron microscopy confirmed the increased porosity of the sample N-
0 and N-1 compared to samples G-0 and G-1 (Figure 4). The homogeneously 
distributed elongated pores in N-0 and N-1 are most likely due to the higher clay 
mineral content in the clay mixture NA (Figure 2) and the shrinkage associated with 
the evaporation of physically bound water in clay. Sample N-1 had the highest open 
porosity (Table 3). As a result, the thinnest N-1 specimens (tiles) cracked during 
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room drying and were the source of new surface cracks during the freeze/thaw test 
(Table 3, Figure 5). In addition, the clay mix NA with 10 wt% ash (N-1) was very 
difficult to knead and required high moisture (Table 3), as the ash content of  
10 wt% is too high for this type of clay. Nevertheless, the compressive strengths of 
all samples exceeded the 10 MPa limit specified in EN 772-1(2015).  
 

 
 

Figure 5: Bricks, fired at 950 °C, after 150 freeze/thaw cycles: (a) G-0, (a) G-1, (c) N-0, (d) N-
1. * The circled cracks were formed during drying and are not related to freeze/thaw 

deformation. 
 
4 Conclusions 
 
Although the replacement of pure clay or clay with marl by 10 wt% CC ash reduced 
the compressive strength of the fired bricks, it was still above the 10 MPa limit 
specified in EN 772-1 (2015). The reduction in strength was less when pure clay was 
used than when clay with marl was used. However, the mixture of pure clay with  
10 wt% ash was very difficult to knead as the ash content of 10 wt% is too high for 
this type of clay. Higher clay mineral content promoted shrinkage associated with 
evaporation of physically bound water in the clay. This resulted in cracking during 
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drying and poorer freeze-thaw resistance. The incorporation of CC ash into fired 
bricks requires careful design of the raw mixtures, taking into account various factors 
that can affect the properties of the products. 
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