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A B S T R A C T

With the trend towards renewable alternatives to fossil fuel sources, further uses of biomass and 
waste ash instead of landfilling are being explored. This study investigates the potential of fly and 
bottom ashes from burning wood (alone or with coal), as well as coal-co-combustion of municipal 
solid waste, sewage sludge, and paper sludge, for use in extruded fired bricks fired at 950 ◦C. The 
influence of ash content (0 to 15 wt% ash) and ash type (10 wt% ash) on the physical, mechanical, 
and microstructural properties of the fired bricks was studied. The compressive strength of the 
reference sample without ash was 72.6 MPa and decreased gradually with an increasing ash 
content. Open porosity ranged from 28% (reference, no ash) to 43% (15 wt% ash), and water 
absorption from 12% to 28%, reflecting the pore-forming role of the added ashes. All samples had 
a compressive strength above the 10 MPa limit specified in EN 772-1, except for bricks with 5 wt 
% paper sludge bottom ash (B4, W-PS BA). The leaching concentrations indicate that heavy 
metals were effectively immobilised within the ceramic structure of the fired bricks, relative to 
inert and non-hazardous waste limit values under EN 12457-2 test conditions. These results 
suggest that 5% substitution of primary raw materials with ashes may contribute to the pro
duction of bricks with reduced environmental impact and improved resource efficiency. The 
study provides a basis for further formulation of extruded bricks with biomass and waste-derived 
ashes.

1. Introduction

The growing world population leads to increasing amounts of unavoidable biomass and municipal solid waste (MSW). Their 
combustion and co–combustion with coal in thermal and power plants enables a gradual and simultaneous reduction in coal con
sumption and an increase in the utilization of wastes [1]. The by-product of such a process is ash, which can be, similar to coal 
combustion ash [2], used in various construction materials, avoiding their landfilling and promoting the circular economy and 
zero-waste approach [3]. Significant quantities of such ash can be used to replace clay in the brick industry [4–9].

Reusing such ashes usually requires a specific pretreatment for the removal of contaminants [10–12]. Previous studies have shown 
that the leaching of heavy metals from fired bricks is significantly lower than from unfired bricks [13,14]. Furthermore, thermal 
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treatments efficiently remove dioxins from ash, making it one of the most promising methods to ensure the safe use of ash [13]. The 
incorporation of ash into fired bricks ensures a safe handling of ash through its direct use, which can avoid the cost of ash treatment and 
reduce the cost of brick production [13]. Non-plastic additives, such as ashes, disrupt clay alignment during extrusion and reduce 
water retention, resulting in stiffer, less deformable material with reduced plasticity and drying shrinkage [15]. However, there is a 
scientific gap in studies evaluating the influence of ash addition on the properties of extruded mass for clay brick production. Several 
researchers have investigated the replacement of clay with MSW ash [13,16], sewage sludge (SS) ash [17,18], biomass ash [19–21] and 
paper sludge (PS) ash [22] in fired clay bricks with up to 50 wt% of ashes. The firing temperature of the bricks was between 950 ◦C [13] 
and 1050 ◦C [16]. All noted studies feature bricks produced by pressing into moulds and concluded that an ash content of up to 20 wt% 
results in acceptable bricks. However, the industrial scale production of bricks is performed via vacuum extrusion, which results in a 
denser and less porous structure [23–25], which might allow higher amounts of incorporated ash. In order to mimic the conditions of 
an industrial scale production, brick samples for ceramic technology tests can be produced using laboratory extrusion equipment 
[26–29].

In fired bricks, biomass ash acts as a pore-forming additive that increases the porosity of the bricks and can weaken the mechanical 
properties of the final products [19]. Similar to biomass ash, admixed MSWI ash was reported to alter the microstructure of bricks, 
resulting in lower compressive strength and density as well as increased porosity and water absorption [30]. On the other hand, clay 
discs with MSWI ash in the study of Kirkelund et al. showed a low porosity and water absorption. The addition of SS to the fired bricks 
resulted in an apparent density and open porosity within the expected range of 1610-2120 kg/m3 and 19-39 vol% [18,31]. The 
mechanical properties and water absorption, porosity and durability of extruded clay bricks strongly depend on the type of clay, and 
microstructure of the matrix [25,32].

European Landfill directive [33] defines the permissible limits for toxic elements including Cr, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, Hg 
and Pb. The leaching properties, along with the mineralogical and chemical composition of a material, can also provide indirect in
formation about the immobilisation potential of heavy metals [34,35]. The type of fuel used in thermal power plants and boilers 
influences the mineralogical, chemical, and physical properties of the produced ash [36]. Therefore, replacing parts of the natural clay 
brick raw mix by biomass ashes affects the mechanical and environmental properties of the fired clay bricks. Due to the global trend of 
accelerated transition to the use of renewable energy sources, additional studies on the influence of biomass ashes (either pure or 
co-fired with coal) on the mechanical and environmental properties of the fired clay bricks with such ashes are urgently needed to 
ensure safe ash management and prevent their landfilling. Some studies on the application of biomass ashes in fired bricks are 
available, but the properties of ashes and bricks cannot be compared directly due to variation in mineralogical and chemical 
composition of clays as well as ashes, therefore experimental confirmation of usability of specific ash with specific clay is needed. 
Therefore in the present study ashes from four manufacturers are evaluated for use in extruded bricks fired at 950 ◦C, including wood 
(W) biomass ash (pure or co-fired with coal), ash from the co-firing of SS and MSW, and ash from the co-firing of coal, W biomass and 
PS. The study presents the results of chemical and mineralogical characterisation of ashes and comprehensive technological tests of 
bricks, performed using consistent analytical protocols, which allow direct evaluation of the ashes in brick production. The key ad
vances are: (i) the simultaneous and direct comparison of fly ash and bottom ash from the same source under identical processing 
conditions; (ii) the systematic evaluation of eight ashes spanning chemically distinct categories (Ca-rich wood ash, high-salt MSW-SS 
FA, and mixed-fuel ashes); and (iii) their evaluation in a vacuum extrusion process replicating industrial practice. This 
multi-dimensional comparative framework, conducted under consistent analytical protocols, provides a unified basis not available 
from previous single- or dual-ash studies. The variation of properties is discussed from two points of view: the amount of ash added and 
the microstructural characteristics. The potential impact of such products on the environment is evaluated on the basis of the leaching 

Table 1 
Brick raw mixtures (% by dry mass) prepared by clay (C) and ashes (F1 – F4 and B1 – B4) and fraction >1 mm (wt%). Abbreviations: BC = brown coal; 
W = wood; MSW = municipal solid waste; SS = sewage sludge; PS = paper sludge.

Sample designation Fuel type for ash Incineration plant F1 B1 F2 B2 F3 B3 F4 B4 C

A-0 - - - - - - - - - 100
A-2 BC-W 1 5 - - - - - - - 95
A-1 BC-W 1 10 - - - - - - - 90
A-3 BC-W 1 15 - - - - - - - 85
A-4 BC-W 1 - 5 - - - - - - 95
A-5 BC-W 1 - 10 - - - - - - 90
A-6 BC-W 1 - 15 - - - - - - 85
A-7 MSW-SS 2 - - - 5 - - - - 95
A-8 MSW-SS 2 - - - 10 - - - - 90
A-9 W 3 - - - - - 5 - - 95
A-10 W 3 - - - - - 10 - - 90
A-11 W 3 - - - - 5 - - - 95
A-12 W 3 - - - - 10 - - - 90
A-13 MSW-SS 2 - - 5 - - - - - 95
A-14 MSW-SS 2 - - 10 - - - - - 90
A-15 W-PS 4 - - - - - - - 5 95
A-17 BC-W-PS 4 - - - - - - 5 - 95
A-18 BC-W-PS 4 - - - - - - 10 - 90
Fraction > 1 mm (wt%) 2.9 47.2 0.3 20.9 1.4 7.6 1.8 33.9
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properties in water. The main research questions are: (i) How do fly ash versus bottom ash from the same combustion source affect 
porosity, crack development, and compressive strength of bricks fired at 950 ◦C? (ii) What ash types and substitution dosages can be 
incorporated while still achieving the EN 772-1 compressive strength standard? (iii) Are the resulting fired bricks classifiable as inert or 
non-hazardous waste under the European Landfill Directive, and which elements pose the greatest leaching risk?

2. Materials and methods

The basic raw material in this study was a mixture of marl (50 wt%), clay (48 wt%) and coal powder (2 wt%) taken from regular 
production of clay bricks. Clay and marl came from a quarry in western Slovenia. We have added a short paragraph in the Materials 
section. The clay-marl mix used exhibits a Pfefferkorn plasticity value of 1.48, which is relatively high compared to average European 
brick clays (typical range 1.0–1.6), and a carbonate content of approximately 4 wt% CaO (Table 2), which is within the normal range. 
Eight ashes were used, originating from 4 incinerators burning different materials, including fly ash (FA) and bottom ash (BA) from 
each site (Table 1): (i) brown coal (BC), wood (W) (F1, B1); (ii) MSW and SS (F2, B2); (iii) wood (W) (F3, B3); (iiii) brown coal (BC), 
wood (W), paper sludge (PS) (F4) and paper sludge (PS) (B4). B4 is a mixture of FA (20%) and BA (80%). The ashes were sieved using a 
sieve with 1 mm diameter openings. The fractions <1 mm were used in brick mixtures, while particles >1 mm were discarded. No 
additional grinding was applied. The weight percentages of the fraction >1 mm, determined by dry sieving [37], are given in Table 1. 
These data may be beneficial for potential future evaluation of industrial applicability and processing-related costs.

The particle size distribution (PSD) of ashes and clay 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 clay was analysed in distilled water with the addition of a dispersant (5 % Sodium pyrophosphate solution). 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 the UniQuant 5 software (Thermo Fisher Scientific Inc., 
Walthem, MA, USA). The samples were previously ignited at 950 ◦C for 2 h 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. Due to the high sodium and chlorine content (halite) of sample F2, XRF was performed on the non-ignited sample 
(pressed pellets with the ratio sample: celuluse 5:1).

The XRD examination of raw materials and bricks was carried out using a PANalytical Empyrean X-ray diffractometer with CuKα 
radiation (wavelength CuKα1 1.54 Å). The samples were ground to a grain size of less than 63 μm and manually back–loaded into a 
cylindrical sample holder (diameter 27 mm). 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 
amorphous content was determined using the external standard NIST 676a.

Approximately 20 kg of each mixture were 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 × 27.7 
mm2; extruded length = 150 mm) and tiles (mould dimensions: 57.2 × 9.3 mm2; extruded length = 150 mm). Extruded tiles were cut 

Table 2 
Chemical composition of raw materials (except F2, all ignited at 950 ◦C) measured by XRF. The LOI for ignited samples and the main percentiles of the 
PSD are also given. Abbreviations: F1-F4 = FA; B1-B4 = BA; C = brick clay-marl mix. The margin of error is considered to be ±0.1 wt%.

F1 B1 F2 B2 F3 B3 F4 B4 C

Na2O (wt%) 0.3 0.5 30.2 1.9 0.6 0.4 0.9 0.7 0.8
MgO (wt%) 8.2 10.4 1.8 3.8 3.7 6.2 6.2 2.2 1.7
Al2O3 (wt%) 10.7 6.5 9.0 16.6 6.6 3.0 11.2 10.9 15.6
SiO2 (wt%) 28.2 30.1 9.0 26.4 18.6 5.3 23.1 14.2 59.0
P2O5 (wt%) 0.6 1.0 1.0 2.6 2.2 3.1 0.3 0.3 0.1
SO3 (wt%) 1.7 0.1 3.1 1.0 1.0 0.3 1.7 0.3 0.2
Cl (wt%) 0.0 0.0 22.4 0.4 0.1 0.0 0.2 0.1 0.0
K2O (wt%) 2.2 3.2 3.8 0.5 5.6 8.7 1.1 0.3 2.2
CaO (wt%) 20.0 31.0 15.0 30.7 28.3 47.0 33.9 55.4 4.1
TiO2 (wt%) 0.5 0.3 1.1 2.0 0.4 0.1 0.8 0.2 0.7
Cr2O3 (wt%) 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0
MnO (wt%) 0.3 0.0 0.1 0.2 0.4 0.0 0.1 0.0 0.2
Fe2O3 (wt%) 10.6 0.3 1.4 3.4 1.7 1.0 8.4 0.4 6.0
Co3O4 (wt%) 0.0 3.6 0.0 0.0 0.0 0.7 0.0 0.0 0.0
CuO (wt%) 0.0 0.0 0.1 0.3 0.0 0.0 0.0 0.1 0.0
ZnO (wt%) 0.0 0.0 1.2 0.8 0.0 0.0 0.2 0.0 0.0
As2O3 (wt%) 0.1 0.1 0.4 0.1 0.1 0.1 0.1 0.1 0.1
SrO (wt%) 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0
ZrO2 (wt%) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
BaO (wt%) 0.2 0.1 0.1 0.2 0.1 0.3 0.2 0.0 0.0
Other (wt%) 0.1 0.0 0.2 0.2 0.0 0.1 0.1 0.0 0.0
LOI 950 ◦C (wt%) 16.3 12.9 * 8.9 30.6 23.6 11.4 14.7 9.0
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into smaller samples (57.2 mm × 9.3 mm x 25 mm) for firing in a gradient furnace. Samples were prepared at a constant extrusion 
speed and a constant pressure of approximately 0.9 kg/cm2. The brick mixtures were prepared according to (Table 1) with clay and up 
to 15 wt% ashes. Namely, 5, 10 and 15 wt% replacements were tested for F1 and B1 ashes, but due to the difficulty of shaping at 15 wt 
% ash (extruded shapes were cracked at the edges), 5 and 10 wt% replacements were tested for other ashes (except B4, where only 5 wt 
% ash was possible as a replacement for clay due to cracking during extrusion). An extruded specimen was considered unacceptable if 
visible macroscopic cracks at the edges exceeded approximately 10 mm in length, or if multiple cracks were present across the cross- 
section, making the specimen geometrically unsuitable for standard ceramic-technological testing. The plasticity was determined 
using the Pfefferkorn method which is based on impact deformation and determines the amount of water required to achieve a 
contraction of 30% of the initial height of a test specimen under the action of a standard mass [38,39]. The specimens for Pfefferkorn 
method were cylindrical, with a height of 40 mm and a diameter of 30 mm. The distance between the hammer and the sample was 150 
mm. The extruded samples were gradually dried: 3 days at room temperature and covered with a plastic bag, 3-5 days at room 
temperature uncovered, 6-8 h at 45 ◦C and 16-20 h at 110 ◦C, in an air stream. For each mixture, nine specimens of the smallest tiles 

Fig. 1. XRD patterns of (a) ash (F1 - F4 and B1 - B4) and powdered clay (C). The characteristic reflections of identified major phases are highlighted.
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were fired in a gradient kiln at a heating rate of 150 ◦C/h with a holding time of 20 min. Each tile was fired at an individual temperature 
using nine heaters, with temperatures ranging from approximately 750 ◦C or 850 ◦C to around 1140 ◦C. For the comparison of 
shrinkage and water absorption at 950 ◦C, the closest data point (heater) below 950 ◦C was selected. The water absorption of the 
samples fired in the gradient furnace was determined after gradual immersion in distilled water (immersion of one quarter of the 
length per hour for 4 h) and subsequent boiling for 2 h. Cylinders, prisms and tiles were fired in a chamber kiln at 950 ◦C, with a heating 
rate of 150 ◦C/h and a holding time of 2 h.

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. The compressive strength was 
measured on 5 specimens and the bending strength on seven specimens. 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 (7 samples, 2 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. The water 
absorption was determined after the prisms had been boiled in water for 2 h (the cooled samples were weighed) [40].

The pore distribution of the manufactured bricks was measured using Mercury intrusion porosimetry (MIP). Small representative 
fragments (one representative fragment per brick mixture) were dried in an oven (Binder) at 105 ◦C under a laboratory atmosphere to a 
constant mass and analysed with a Micromeritics® Autopore IV 9500 (Micromeritics, Norcross, GA, USA).

Bricks were cut in two directions (parallel and perpendicular to the extrusion direction), cast in epoxy resin, dry polished and 
coated with a carbon layer of approximately 15 nm thickness. Samples were examined by scanning electron microscopy (SEM) and 
energy dispersive x-ray spectroscopy (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 evaluated using the Aztec 5.0 SP1 software (Oxford 
Instruments Nanotechnology Tools Ltd). The pore diameters and crack widths were measured using the 'ruler' tool of the SEM software 
in two cross sections; parallel (P) and perpendicular (V) to the extrusion direction. To minimise the influence of the measurement of 
apparent pore diameters and crack widths in 2D cross-sections, a large number of measurements was taken and statistically evaluated 
(histograms, average values). Pore diameters and crack widths were measured systematically over an area of approximately 1 cm ×
1.5 cm on the polished cross-section (the entire area was examined), for one representative brick specimen per mixture.

The leaching tests were carried out in accordance with the standard EN 12457-2:2002 [41]. Brick fragments were crushed to below 
4 mm. The mixture was agitated for 24 h with the liquid to solid (L:S) ratio 10, after which the suspension was filtered through a 0.45 
μm membrane filter prior to ICP-MS analysis, in accordance with standard procedure EN 12457-2. The concentrations of heavy metals 
were analysed by inductively coupled plasma-mass spectrometer (ICP-MS; Agilent 7900 ORS). Prior to analysis, all samples were 
acidified, and each measurement was performed twice to ensure reproducibility, with the average values used for data analysis.

3. Results and discussion

3.1. Characterization of the raw materials

Table 2 presents the chemical composition and particle size distribution (PSD) of the raw materials used, while Fig. 1 illustrates 
their mineralogical composition. The images of the raw materials are provided in Supplement 1 and are partly sourced from Ref. [42]. 
The main crystal phases were quartz, calcite, illite/muscovite, kaolinite, feldspars and chlorite. FA were coarser than BA, with the 
exception of B4, which is a mixture of FA and BA. Ashes from the co-combustion of BC and W (F1, B1) had the highest SiO2 content, 
with similar values for FA and BA, related to quartz. The quartz phase transformation at 573 ◦C may generate local stresses. The FA (F1) 
had the highest Fe2O3 content of all ashes, mainly related to hematite (there was also an indication of brownmillerite), while the BA 
had the highest MgO content, mainly due to periclase, which can undergo a hydration reaction generating micro-stresses. The 
composition of the ashes from MSW and SS incineration (F2, B2) differed significantly for FA and BA. F2 had a very high Na2O and Cl 
content, related to halite, while B2 had the highest Al2O3 content, related to calcium aluminate phases (gehlenite, mayenite). Ashes 
from the incineration of W, PS and the co-combustion of BC, W and PS had the highest CaO content, related to calcite and lime, which 
cause delayed expansive reactions. For both incinerators, BA (B3, B4) contained about 30 wt% more CaO than FA (F3, F4). Based on 
PSD, FA were coarser than BA, except for B4, which is a mixture of FA and BA (Table 3).

3.2. Physical and mechanical properties of bricks with ashes

Samples were first fired in a gradient kiln at temperatures up to approximately 1130 ◦C, combined with a water absorption test, to 
demonstrate the effect of firing temperature on shrinkage and water absorption (Fig. 2). Replacing the clay-marl mixture with ash 
resulted in reduced shrinkage and significantly increased the open porosity. For example, the firing shrinkage and water absorption of 

Table 3 
The main percentiles of the particle size distribution for raw materials, measured by laser diffraction (fraction <250 μm). Abbreviations: F1-F4 = FA; 
B1-B4 = BA; C = brick clay-marl mix.

F1 B1 F2 B2 F3 B3 F4 B4 C

PSD d90 (μm) 207.1 235.5 88.1 197.4 228.1 239.1 234.8 228.9 204.1
PSD d50 (μm) 28.4 44.3 18.0 31.2 31.9 27.5 32.5 11.9 8.4
PSD d10 (μm) 5.0 4.7 5.1 4.4 8.8 5.2 4.6 1.8 1.2
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the pure clay-marl sample (sample A-0) at around 950 ◦C were 1.0% and 13.0%, whereas the firing shrinkage and water absorption of 
the sample with clay-marl mixture and 15 wt% ash (BC, W; sample A-3) at around 950 ◦C were 1.2% and 26.8%. At approximately 
950 ◦C, water absorption ranged from 13.0% (A-0) to 26.8% (A-3), and firing shrinkage from 0.3% (A-14) to 1.9% (A-11). In general, a 
progressive closure of open porosity due to vitrification occurred at temperatures above approximately 1050 ◦C. Bricks with 10 wt% 

Fig. 2. The effect of firing temperature on the shrinkage and water absorption of brick samples with different ashes (S denotes shrinkage and WA 
water absorption): (a) F1; (b) B1; (c) F2); (d) B2; (e) F3; (f) B3; (g) F4; (h) B4.
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MSW-SS FA (A-14) reached the highest water absorption at approximately 1050 ◦C, showing no deviation in the shrinkage curve 
(Fig. 2c). On the other hand, bricks with 10 wt% WFA (A-12) showed an increase in open porosity at around 1100 ◦C, accompanied by 
expansion (Fig. 2e). The sample contained ash with lime and very high calcite content, which during firing transformed to lime. At the 
highest porosity level, water accessed the pores and reacted with lime, resulting in expansion. The study aimed to determine the 
optimal ash-clay mixture for pilot production at a Slovenian brick factory. For the ceramic-technological tests, a firing temperature of 
950 ◦C was used, as this is the temperature applied in the company's regular brick production. The clay-marl mix used exhibits a 
Pfefferkorn plasticity value of 1.48, which is relatively high compared to average European brick clays (typical range 1.0–1.6) and 
indicate highly plastic material sensitive to moisture changes. The mix contained approximately 4 wt% CaO (Table 2), which is within 
the normal range for Central Europe [43,44].

The mixture properties during shaping, drying, and firing at 950 ◦C are shown in Table 4. Higher ash content required increased 
mix moisture. This is related to the greater water demand of the mixture due to the incorporation of non-plastic ashes [45,46]. Mixtures 
requiring very high moisture to achieve workability (e.g. W-BC FA, A-3 at 33.92%) experienced enhanced clay alignment during 
extrusion (Supplement 4). This elevated alignment resulted in higher drying shrinkage, amplified crack widths upon thermal treat
ment, and consequently reduced compressive strength. The exceptions were mixes with F2 (MSW-SS FA) and B3 (W BA) ashes, where a 
10 wt% ash mix had a lower water demand than a 5 wt% ash mix, and mixes with F4 (BC-W FA), where 5 and 10 wt% ash had similar 
water requirements. MSW-SS FA contains significant amount of halite which decreases plastic limit and increases the flowability of 
illite clay, which can explain the specific water demand behaviour [47]. On the other hand, W BA (F4) and BC-W FA (F4) contained the 
larger amounts of large particles, which probably affected water demand. 15 wt% ash required a moisture of around 33% to achieve 
high plasticity, which made the raw mix difficult to shape and resulted in cracks at the edges of extruded specimens. Consequently, an 
ash content of 15 wt% was considered to be too high for the investigated type of clay. In industrial practice, the moisture of the 
extrusion mix is typically controlled within narrow limits (often 20–27 wt%) to maintain die pressure and throughput stability; 
exceeding these limits would require adaptation of the extrusion line parameters. We therefore recommend that industrial trials be 
limited to 5–10 wt% ash substitution as a conservative starting point.

Drying shrinkage decreased with an increasing ash content, which confirmed the findings of previous studies [48]. The exception 
was the mix with 15 wt% ash F1, where the drying shrinkage increased, probably due to the highest moisture of mix A-3, which was not 
compensated by the ash. However, mix A-6 showed similar moisture to A-3 but lower drying shrinkage. This is probably related to the 
presence of larger particles. Drying shrinkage depends on the mean particle size [49], namely shrinkage was smaller in BA which 
contains coarser particles. Conversely, firing shrinkage was lower in FAs, most likely due to the higher carbonate content in BA. The 
increased firing shrinkage of mixtures with ash F4 may be attributed to the formation of metastable phases [50]. The samples with ash 
F2 (MSW-SS FA) disintegrated during firing at 950 ◦C, which may be caused by a structural transformation and melting of halite, 
sylvine and their solid solution [51]. The reference mixture without ash (A-0) had a density of 1.89 g/cm3, while the increased ash 
content decreased the density to 1.49 g/cm3 for 15 wt% ash F1 (Table 4). This phenomenon is attributed to the pore-forming char
acteristics of the biomass ashes [52].

Fig. 3 depicts compressive and bending strength of fired bricks in relation to water absorption. The compressive strength, bending 
strength and water absorption of the pure clay-marl sample (sample A-0) at 950 ◦C were 72.6 MPa, 17.0 MPa and 11.8%. The reference 
compressive strength of 72.6 MPa is higher than the commercial values typically quoted for standard clay bricks (commonly 15–35 
MPa for hollow bricks), which can be attributed to two factors: (i) the clay used in this study is of high plasticity, producing a 
particularly dense ceramic matrix upon firing [53]; and (ii) the laboratory-extruded cylinders tested here are solid and compact, unlike 
the perforated hollow blocks used in most commercial production, so the area under load is the full cross-section. The compressive 

Table 4 
Mixture properties at shaping and their relation to drying shrinkage, firing shrinkage and density. Abbreviations: F1-F4 = FA; B1-B4 = BA.

Mixture properties at: shaping drying firing

Sample Ash Ash content (wt 
%)

Pfeffer- 
korn

Moisture (% by dry 
mass)

Drying shrinkage by length 
(%)

Firing shrinkage by length 
(%)

Density (g/ 
cm3)

A-0 - 0 1.48 23.2 7.8 0.2 1.89
A-2 5 1.43 25.2 6.7 0.1 1.72
A-1 F1 10 1.45 27.6 5.6 0.2 1.63
A-3 15 2.22 33.2 6.8 0.1 1.49
A-4 5 1.60 26.2 7 0.2 1.73
A-5 B1 10 1.67 29.6 5.3 0.4 1.61
A-6 15 2.67 32.4 5.1 0.4 1.54
A-7 B2 5 1.60 26.2 6.9 0.5 1.7
A-8 10 2.67 30.6 6.4 0.6 1.62
A-9 B3 5 1.90 31.7 6.6 0.3 1.61
A-10 10 2.10 25.6 6.1 0.1 1.49
A-11 F3 5 1.82 27.6 6.8 0.3 1.71
A-12 10 2.35 31.7 6.7 0.2 1.58
A-13 F2 5 1.67 23.4 6.7 samples disintegrated
A-14 10 1.74 22.2 5.8 samples disintegrated
A-15 B4 5 1.74 30.9 4.8 0.8 1.54
A-17 F4 5 2.22 32.3 8 0.5 1.63
A-18 10 2.00 32.3 6.1 0.5 1.54
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strength of perforated bricks decreases in proportion to the reduction in solid cross-sectional area [23,54,55]. As the clay-marl mixture 
was partly replaced by ash, an increased water absorption resulted in the significantly reduced compressive and bending strength. 
These findings are in agreement with existing studies [56]. However, except for the brick with 5 wt% paper sludge ash, all samples had 
compressive strengths above the 10 MPa limit specified in EN 772-1 [57]. To gain better insights into the reason for the decrease in 
strength, the brick microstructure was studied.

3.3. Effect of the ash content on the brick microstructure

The influence of the ash content on the brick microstructure was studied for the selected ash F1, which showed the smallest 
reduction in brick strength (Fig. 3), which is a critical parameter for brick production [58]. It should be noted that differences in mean 
compressive strength between adjacent replacement levels, particularly 5 and 10 wt%, may not be statistically significant given the 

Fig. 3. Compressive/bending strength and water absorption for fired bricks with different ashes (Table 1): a) F1, b) B1, c) B2, d) F3, e) B3, f) F4, 
g) B4.
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observed variability (Fig. 4b). The main crystal phases in the fired bricks were quartz, feldspar, anhydrite and hematite (Supplement 
2). The increased amount of ash had no significant effect on the amorphous content (Table 5).

The pore size distribution of open pores, as revealed by MIP, is shown in Fig. 4a. However, MIP measures the largest entrance of the 
pores and, due to the "bottleneck" effect, underestimates the pore diameter [27,59,60]. To get a more complete picture (e.g. closed 
pores, pores larger than 1 mm, cracks, etc.) it is combined with other methods, such as SEM [61]. The pore diameters and crack widths 
measured by SEM are shown in Table 6 and Fig. 5.

The pure clay-marl bricks had a total porosity of 28.2% according to MIP. After adding 5, 10, or 15 wt% of ash F1, porosity 
gradually increased, similarly as reported by Ref. [21]. The results were consistent with increased water absorption and decreased 
density (Table 4) and strength (Fig. 4b). As the ash content increased, the number of pores around 100 μm in diameter decreased, while 
larger pores became more common. Spherical, spheroidal, angular and rod-like pores [62] were identified. Spherical and spheroidal 
pores (aspect ratio <2) are attributed to gas bubble entrapment during mixture homogenisation and vacuum extrusion. Angular pores 
(aspect ratio 2-5) commonly reflect the decomposition of mineral grains (e.g., carbonates), while rod-like pores (aspect ratio 5-25) are 
linked to the burnout of elongated unburnt carbon particles from wood-derived ash, oriented parallel to the extrusion direction [52]. 
According to their orientation (Fig. 5d), cracks originated in the discontinuities such as slip lines and laminations within the plastic 
mass, which are formed by the translational and rotational movements of the clay particles during extrusion [25].

3.4. Influence of the ash type on the brick microstructure

The influence of the ash type on the brick microstructure was studied for the samples with 10 wt% ash, except for ash B4, where 5 
wt% ash was studied (mixture A-15), since it was not possible to mould samples with a higher content of ash B4. However, according to 
the Pfefferkorn value the plasticity of A-15 was similar to that of the mixes with 10 wt% ash (Table 4). The main crystal phases in the 
fired bricks with 10 wt% ash were quartz, feldspar, anhydrite and hematite (Supplement 3). The quantitative phase composition, 
including amorphous content, is shown in Table 7.

Compared to other samples, bricks with MSW-SS ash had a significantly decreased amorphous content and an increased feldspar 
and hematite content, most likely due to the presence of NaCl, which lowered the temperature of mineral transformations [63]. The 
amorphous content of the bricks varied between 57 and 62 wt% with exception of A-14 (MSW-SS FA), where it was 30%. However, the 
amorphous content showed no correlation with the compressive strength of the bricks because at 950 ◦C vitrification has not yet 
occurred and the amorphous phase is related to the unreacted surplus of decomposed clay minerals [64].

The pore size distribution of open pores, as revealed by MIP, is shown on Fig. 6. Pores larger than 1 μm in diameter, potential closed 

Fig. 4. (a) Log differential intrusion vs. pore size of the prepared brick specimens with various wt% of the ash F1: A-0 = 0 wt%; A-2 = 5 wt%; A-1 =
10 wt%; A-3 = 15 wt%. (b) Influence of the ash content on the compressive strength and open porosity.

Table 5 
Phase composition and amorphous content of fired bricks with 0, 5, 10 and 15 wt% ash F1, determined using a Rietveld refinement. Agreement 
indices: Rwp – weighteg R profile, GOF - goodness of fit.

A-0 A-2 A-1 A-3

Ash F1 (wt%) 0 5 10 15
Quartz (wt%) 30.4 29.7 28.1 27.2
Plagioclase (wt%) 6.6 6.5 6.1 7.9
K-feldspar (wt%) 3.2 4.6 5.2 5.3
Hematite (wt%) 1.2 1.6 1.7 1.6
Iron sulfate (wt%) <1.0 <1.0 <1.0 <1.0
Anhydrite (wt%) <1.0 <1.0 <1.0 <1.0
Perovskite (wt%) <1.0 <1.0 <1.0 /
Amorphous (wt%) 57.4 56.4 57.7 56.7
Rwp 4.2 4.3 4.4 4.4
GOF 2.3 2.3 2.4 2.3
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pores and cracks, which were examined by SEM, are presented on Fig. 7 and Fig. 8. It should be noted that MIP may underestimate pore 
and crack dimensions due to the bottleneck effect and may not fully capture microcracks depending on their connectivity. SEM-based 
crack-width quantification was employed to explicitly capture microcracking features that may be missed or underestimated by MIP. 
After adding the ashes, the pore diameter and open porosity significantly increased, except for MSW-SS fly ash F2 (A-14). Bricks with 
BA had a higher open porosity than bricks with FA, with the exception of MSW-SS ash where the porosity of the bricks was similar 
independent of whether FA or BA was incorporated in the samples. This is probably related to a similar PSD of the ashes (Table 2). 
Wood BA (A-10) acted as a pore forming agent [52] with the highest increase in brick porosity (MIP and SEM). The lowest increase in 
open porosity (MIP) was documented for bricks made with MSW-SS BA (A-8). Bricks with BC-W FA showed the smallest reduction in 
strength, probably due to a higher degree of sintering [22,65,66].

Despite having the lowest porosity, bricks with the MSW-SS FA (A-14) cracked and disintegrated during firing. Bricks with BC, W, 
PS or MSWI ashes mostly had spherical, spheroidal and angular pores, while rod-like pores [62] were also common in bricks with W 
ash. These pores originated from elongated unburnt carbon particles [67].

Fig. 5. Histograms of pore diameter (a) and crack width (b). Data were measured by SEM tools on brick specimens with 0 wt% (A-0), 5 ma % (A-2), 
10 wt% (A-1) and 15 wt% (A-3) of the ash F1. For each shown specimen representative SEM micrographs of pores (c) and cracks in cross section 
parallel to extrusion (d) were evaluated.

Table 6 
Porosity, measured by mercury intrusion porosimetry (MIP) and pore diameter/crack width, measured by scanning electron microscopy (SEM) tools 
for various mass % of the ash F1. Abbreviations: no. = number of data.

Ash 
(wt 
%)

MIP SEM – pore diameter SEM – crack width

Porosity 
(%)

Average pore 
diameter (μm)

Average pore 
diameter - 

increase (%)

No. Min 
(μm)

Max 
(μm)

Average 
(μm)

Average – 
increase (%)

No. Min 
(μm)

Max 
(μm)

Average 
(μm)

Average – 
increase (%)

A-0 0 28.2 0.4 0 105 12.5 645.7 83.8 0 13 9.9 21.5 14.9 0
A-2 5 34.4 0.6 50 126 7.4 1486.0 147.8 76 43 5.5 45.8 15.5 4
A- 

1
10 38.2 0.7 75 183 5.2 1240.0 142.8 70 81 2.8 33.1 11.3 − 24

A-3 15 42.8 0.7 75 158 10.7 1104.0 156.9 87 89 4.3 326.5 27.8 87

Negative values denote a reduction relative to A-0.
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Based on SEM observations the presumed predominant origin of the cracks was suggested (Table 9). Structures in bricks A- 
0 (without ash) were considered as a reference, with a minimal number of cracks. Although A-0 exhibited almost the largest drying 
shrinkage (Table 4), these cracks are unlikely to originate from drying. Specifically, these are subhorizontal in the P cross-section and 
inclined at approximately 30◦ from the top or bottom of the brick, whereas drying cracks are parallel structures that typically initiate at 
the top surface and propagate into the interior [68]. The cracks in A-0 most likely originate from extrusion-induced interlaminar 
tangential stress, which caused the alignment of irregular particles parallel to the slip [25]. Bricks with BC-W FA and BA showed a 
similar crack distribution to A-0, except that the deformation was more pronounced, especially in BA (Fig. 9), which required addi
tional moisture to achieve adequate kneadability (Table 4). The influence of vacuum extrusion was evident from the specific geometry, 
indicating extensional deformation of the sample ([69], Supplement 4). In bricks with MSW FA large subvertical cracks are most 
probably associated with halite and sylvine decomposition (Fig. 1) related to high Cl content of ash F2 (Table 2). Namely, F2 contains 
22.4 wt% Cl, 30.2 wt% Na2O, and 3.8 wt% K2O. At temperatures around 600 ◦C, the NaCl-KCl system forms a eutectic [70], resulting in 
a liquid phase trapped in the dense brick matrix. Above 800 ◦C, Cl salts release HCl gas [71], which probably accumulated in the bricks 

Table 7 
Phase composition, amorphous content and compressive strength of bricks with 10 wt% of various ashes and reference A-0, determined by Rietveld 
method. Agreement indices: Rwp – weighteg R profile, GOF - goodness of fit. Fuel type abbreviations: BC = brown coal; W = wood; MSW = municipal 
solid waste; SS = sewage sludge; PS = paper sludge.* The maximum ash content allowing a proper shaping of A-15 was 5 wt%.

A-0 A-1 A-5 A-8 A-10 A-12 A-14 A-15* A-18

Ash - F1 B1 B2 B3 F3 F2 B4 F4
Fuel type for ash - BC-W BC-W MSW-SS W W MSW-SS PS BC-W-PS
Quartz (wt%) 30.4 28.1 28.6 26.7 24.6 26.6 20.1 29.1 27.0
Plagioclase (wt%) 6.6 6.1 5.8 6.2 4.2 4.8 26.7 4.3 3.4
K-feldspar (wt%) 3.2 5.2 5.8 4.6 6.3 6.4 16.3 6.2 5.8
Hematite (wt%) 1.2 1.7 1.4 1.4 1.1 1.2 4.4 1.2 1.1
Iron sulfate (wt%) <1.0 <1.0 1.1 <1.0 1.3 1.2 - 1.4 1.3
Anhydrite (wt%) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Perovskite (wt%) <1.0 <1.0 <1.0 <1.0 - <1.0 <1.0 <1.0 <1.0
Halite (wt%) - - - - - - <1.0 - -
Amorphous (wt%) 57.4 57.7 57.4 59.5 62.1 59.2 30.5 57.3 61.1
Compressive strength (MPa) 72.6 27.3 14.2 12.9 13.9 25.7 disintegrated at firing 9.7 14.3
Rwp 4.2 4.4 4.7 4.4 3.1 4.4 3.6 5.0 4.6
GOF 2.3 2.4 2.5 2.3 2.3 2.3 1.9 2.6 2.4

Fig. 6. Log differential intrusion vs. pore size of the prepared brick specimens with 10 wt% of various ashes: (a) F1 (A-1) and B1 (A-5); (b) F2 (A-14) 
and B2 (A-8); (c) F3 (A-12) and B3 (A-10); (d) F4 (A-18) and B-4 (A-15*). * The maximum ash content, which allowed proper shaping was 5 wt% 
(A-15).
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with a dense structure and small pore diameter, generating internal stresses that led to crack formation. In bricks with MSW BA, large 
subhorizontal cracks formed, probably primarily due to increased clay alignment related to the high water demand of the mixture 
(Table 4). Volume changes related to the α-β quartz phase transformation [72] and calcite calcination [73] during firing at 950 ◦C may 
also contribute to cracking (Fig. 1, Table 2, Supplement 5). During vacuum extrusion, in bricks with both types of wood ash, elongated 
unburnt carbon particles within the plastic mixture were oriented parallel to the clay alignment and formed weakened areas, which are 
connected by subparallel cracks (Supplement 6). Similar conclusions have been reported for bricks with sawdust, where larger pores 
acted as more intense crack initiation sites, drastically reducing the compressive strength of the samples [74]. In bricks with PS ash, 
cracks most commonly formed near carbonate and quartz clasts (Fig. 1, Table 2, Supplement 7). PS mixtures required very high 
moisture to achieve adequate kneadability (Table 4), which accelerated clay alignment during extrusion (Fig. 8). Subordinately, it may 
be induced by α-β quartz [72] and calcite-lime transformation [73], similar to that in bricks with MSW-SS BA.

Porosity was identified as the primary parameter influencing strength reduction. The compressive strength of bricks containing 
different ashes was negatively correlated with MIP porosity, maximum pore diameter, and average pore diameter (Fig. 9a). Similarly, 
the average crack width showed a negative correlation with compressive strength (Fig. 9c). However, MSW-SS ash was an outlier, 
exhibiting a significantly higher average crack width but a similar compressive strength to other BA (Fig. 9c). The Pearson correlation 
coefficient between MIP porosity and compressive strength (all data) is r = − 0.94. When MSW-SS samples are excluded, this improves 

Fig. 7. Frequency distribution of pore diameter for data, measured by SEM tools on brick specimens with 10 wt% of various ashes: (a) F1 (A-1) and 
B1 (A-5); (b) F2 (A-14) and B2 (A-8); (c) F3 (A-12) and B3 (A-10); (d) F4 (A-18) and B-4 (A-15*). * The maximum ash content, which allowed proper 
shaping was 5 wt% (A-15*). For each specimen are shown representative SEM micrographs of pores.
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to r = − 0.98. The corresponding values for average pore diameter vs. strength are r = − 0.86 (all) and r = − 0.85 (excluding MSW-SS). 
These values are confirming that the porosity-strength model is robust for most ash types and that the salt-rich MSW-SS ashes represent 
a mechanistically distinct sub-class. Considering the influence of porosity on the compressive strength of bricks, it can be observed that 
among bricks with porosity around 38%, those with MSW-SS BA (A-8) showed significantly reduced compressive strength compared to 
bricks with BC-W FA (A-1) and W FA (A-12) (Table 9, Fig. 9). This is most likely related to increased firing shrinkage (Table 4) and 

Fig. 8. Histograms of crack width, measured by SEM on brick specimens with 10 wt% of various ashes: (a) F1 (A-1) and B1 (A-5); (b) F2 (A-14) and 
B2 (A-8); (c) F3 (A-12) and B3 (A-10); (d) F4 (A-18) and B-4 (A-15*). * The maximum ash content, which allowed proper shaping was 5 wt% (A- 
15*). For each specimen are shown representative SEM micrographs of cracks. The effects on crack development were evaluated by comparison with 
the reference mix A-0.
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Fig. 9. The influence of the pore diameter and crack width of bricks with various ashes on their compressive strength: correlation matrix for all 
data, porosiy determined by MIP, and crack width determined by SEM for all ashes(a-c) and with excluded MSW-SS bottom ash (d-f).

Table 8 
Evaluation of the effects on crack development for various biomass ashes, based on the results of SEM, XRD, drying shrinkage and firing shrinkage. 
Abbreviations: BC = brown coal; W = wood; MSW = municipal solid waste; SS = sewage sludge; PS = paper sludge; FA = fly ash; BA = bottom ash.

Fuel type Ash 
type

Effects on crack development

Clay aligning during vacuum 
extrusion

Drying Firing at 950 ◦C Presumably predominant origin of 
cracks 

(schematic diagrams)
SEM (Figs. 7 and 8, 

Supplement 4-7)
Drying shrinkage (

Table 4)
Firing shrinkage (

Table 4)

Reference: No ash low low low clay aligning (a)
BC-W FA low low low clay aligning (a)

BA medium low low clay aligning (a)
MSW-SS FA low low very high salt decomposition (b)

BA medium low high clay aligning (a) and mineral 
transformation (d)

WA FA medium low low oriented elongated pores (c)/clay 
aligning (a)

BA high low low oriented elongated pores (c)/clay 
aligning (a)

PS-SS FA medium low medium clay aligning (a) and mineral 
transformation (d)

BA medium low very high clay aligning (a) and mineral 
transformation (d)

Schematic 
diagrams:

(a)  (b)  (c)  (d)  
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consequently increased average crack diameter (Table 8) in bricks A-8. The compressive strength of bricks with FA was generally 
higher than when BA was added (Fig. 9b), which is probably related to the higher packing density of fly ash compared to bottom ash 
[75]. The tertiary role in strength reduction was attributed to ash mineralogy; specifically, ashes with high CaO content (formed by 
calcite calcination above 900 ◦C) cause localised volume expansion, promoting crack nucleation near Ca-rich clasts.

3.5. Leaching behaviour of the fired bricks with ashes

Leaching tests were performed to evaluate the environmental impact of the prepared bricks in accordance with standard pro
cedures. In Slovenia, the assessment of recycled or waste-derived materials for reuse is guided by the national Decree on Waste [76]. 
However, to enable comparison with European legislation applicable in all EU countries, all concentrations in this study are compared 
with the limit values for inert and non-hazardous waste specified in the Decree on Waste Landfill [77]. The tests quantified the mobility 
of relevant toxic substances and ensured that the materials meet the criteria established for their intended application or disposal. It 
should be noted, however, that leaching analysis of brick samples is not required when no secondary raw materials are added.

First, raw mineral wastes (ashes) were tested to determine which sample leached more toxic elements. Then, brick samples were 
tested and compared with the original sample without ash addition and with regulatory limits for inert and non-hazardous waste. pH 
values of CaO-rich ashes of all samples are above 12, except for sample F2, which has a pH of about 10.5 (Table 10). As shown in 
Table 10, some waste ashes contain higher concentrations of potentially toxic elements, for example, sample F2 (MSW-SS FA). Ni, Cu, 
Zn, Cd and Hg did not exceed the limit values for inert waste in the raw materials. However, Cr is above the limit values for inert waste 
in samples B2, B3, F2 and F3, with B3 and F2 even exceeding the limit values for non-hazardous waste. As is above the limit values for 
inert waste in sample F2; Se in samples F2 and F3; Mo in samples F2, F3 and B3; and Pb in samples B2 and F4. Sb is above the limit 
values for inert waste in sample B2 and above the limit for non-hazardous waste in sample F2. Ba is the toxic element most frequently 
present above the limit values for inert waste in the raw materials (samples F1, F3, F4, B2, B3 and B4), and above the limit values for 
non-hazardous waste in sample F4. Sample F2 contains a high amount of Na and Cl (XRF data in Table 2), and sylvine was identified by 
XRD analysis (Fig. 1). The leaching of toxic elements may be associated with the presence of Cl− (or NaCl), which can be readily 
washed out and may thereby contribute to the mobility of these elements. The release of As could be facilitated by NaCl [78] and as 
seen in Tables 10 and in sample F2, As is significantly higher than in other raw materials.

Although fired bricks are typically considered inert construction materials, in this study the bricks incorporated up to 15 wt% of 
various ashes (brown coal, wood, municipal solid waste, sewage sludge, and paper sludge) and were tested for potential end-of-life 
scenarios where environmental leaching could be relevant. Similar than for raw materials, leaching tests were conducted according 
to EN 12457 [41] to assess the mobility of toxic elements under conditions relevant for waste assessment (L/S = 10, particle size < 4 
mm), a method widely used in regulatory frameworks across Europe, including national waste assessment procedures. The use of a 
single standardised ratio is sufficient to assess environmental relevance within the scope of this study. The objective was not to model 
detailed time-dependent leaching kinetics, but to ensure comparability with existing regulatory criteria and published literature.

Table 10 shows the concentrations of toxic elements leached from different mixtures of bricks, with and without added ashes. In 
addition, pH values for all mixtures were provided, with ash-clay bricks showing a pH above 11 (Table 10) in all mixtures except for 
samples A-13 and A-14, which had lower pH values of around 8 and 9, respectively. The reference mixture A-0 did not show elevated 
levels of toxic elements according to national and EU legislation for inert waste [77]. Leaching results for extruded bricks with addition 

Table 9 
Porosity, measured by MIP and pore diameter/crack width, measured by SEM for bricks with 10 wt% of various ashes (*the maximum ash content, 
which allowed proper shaping was 5 wt%). Abbreviations: BC = brown coal; W = wood; MSW = municipal solid waste; SS = sewage sludge; PS =
paper sludge; FA = fly ash; BA = bottom ash.

Fuel 
type for 

ash

MIP SEM – pore diameter SEM – crack width

Porosity 
(%)

Average pore 
diameter 

(μm)

Average pore 
diameter - 

increase (%)

No. Min 
(μm)

Max 
(μm)

Average 
(μm)

Average – 
increase 

(%)

No. Min 
(μm)

Max 
(μm)

Average 
(μm)

Average – 
increase 

(%)

A-0 - 28.2 0.4 0 105 12.5 645.7 83.8 0 13 9.9 21.5 14.9 0
A-1 BC-W 

(FA)
38.2 0.7 75 183 5.2 1240.0 142.8 70 81 2.8 33.1 11.3 − 24

A-5 BC-W 
(BA)

39.2 0.7 75 49 16.0 1052.0 190.4 127 217 8.3 352.8 33.4 124

A-8 MSW- 
SS (BA)

37.6 0.7 75 47 17.4 1104.0 249.4 198 139 11.3 545.0 102.2 586

A-10 W (BA) 42.8 0.9 125 47 26.0 1208.0 287.5 243 39 2.8 71.5 19.1 28
A-12 W (FA) 38.9 0.9 125 122 13.8 1093.0 211.9 153 93 5.7 107.7 22.0 48
A-14 MSW- 

SS (FA)
37.8 0.5 25 66 1.1 1219.0 194.8 132 131 6.1 767.2 116.1 679

A- 
15*

W-PS 
(BA)

41.7 0.8 100 28 33.2 1022.0 256.7 206 156 5.5 45.1 19.8 33

A-18 BC-W- 
PS (FA)

40.5 0.7 75 67 46.8 1152.0 264.5 216 54 3.9 31.4 16.9 13

Negative values denote a reduction relative to A-0.
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Table 10 
Leaching results of raw materials and extruded bricks with different ashes and the reference sample. Bolded values indicate results above limiting values for inert waste. Fuel abbreviations: C = clay; F1, 
F2, F3, F4 = fly ashes; B1, B2, B3, B4 = bottom ashes; BC = brown coal; W = wood; MSW = municipal solid waste; SS = sewage sludge; PS = paper sludge.

ash/fuel ash (wt%) Cr (mg/kg) Ni (mg/kg) Cu (mg/kg) Zn (mg/kg) As (mg/kg) Se (mg/kg) Mo (mg/kg) Cd (mg/kg) Sb (mg/kg) Ba (mg/kg) Hg (mg/kg) Pb (mg/kg) pH (25 ◦C)

C 0.011 0.005 0.012 <0.002 <0.001 0.026 0.041 <0.002 0.002 0.086 <0.001 <0.005 10.18
F1 BC-W 0.037 0.009 0.003 0.041 0.003 0.023 0.172 <0.002 <0.001 26.74 <0.001 0.026 12.87
B1 BC-W 0.143 0.014 0.008 0.005 0.002 0.017 0.066 <0.002 <0.001 15.97 <0.001 0.196 12.95
B2 MSW-SS 0.696 0.011 1.165 2.823 0.002 0.021 0.376 <0.002 0.157 94.61 <0.001 3.577 12.72
B3 W 13.83 0.006 0.039 0.312 <0.001 0.053 0.801 0.002 0.002 14.49 <0.001 0.021 13.46
F3 W 8.671 0.051 0.565 1.863 0.007 0.134 1.017 0.003 0.013 9.674 <0.001 0.169 13.01
F2 MSW-SS 33.67 0.004 0.016 <0.002 2.344 1.942 6.762 0.005 71.43 0.045 0.007 0.029 10.52
B4 BC-W-PS 0.018 0.01 0.185 0.095 <0.001 0.016 0.017 <0.002 0.004 96.14 <0.001 0.401 12.96
F4 BC-W-PS 0.014 0.007 0.08 1.573 <0.001 <0.003 0.079 <0.002 0.005 235.2 0.002 2.438 12.33
A-0 - - 0.139 0.006 0.002 0.002 0.237 0.036 0.442 <0.002 0.005 0.583 0.009 <0.005 12.09
A-2 F1/BC-W 5 0.343 0.003 <0.001 0.007 0.201 0.090 0.511 <0.002 0.005 0.255 0.002 <0.005 11.95
A-1 10 0.380 0.003 <0.001 0.015 0.252 0.104 0.660 <0.002 0.010 0.277 0.002 <0.005 11.54
A-3 15 0.621 0.003 <0.001 0.002 0.202 0.028 0.740 <0.002 0.007 0.502 <0.001 <0.005 11.70
A-4 B1/BC-W 5 0.381 <0.002 <0.001 0.004 0.012 0.025 0.413 <0.002 <0.001 0.458 0.001 <0.005 12.34
A-5 10 0.719 <0.002 <0.001 <0.002 0.004 0.026 0.330 <0.002 <0.001 0.165 <0.001 <0.005 12.37
A-6 15 1.163 0.004 <0.001 <0.002 0.001 0.039 0.312 <0.002 <0.001 0.225 <0.001 <0.005 12.48
A-7 B2/MSW-SS 5 0.566 0.002 <0.001 0.013 0.238 0.031 0.573 <0.002 0.088 0.260 0.001 <0.005 11.59
A-8 10 0.920 0.003 0.002 0.002 0.151 0.019 0.791 <0.002 0.095 0.279 0.001 <0.005 11.16
A-9 B3/W 5 0.816 <0.002 <0.001 <0.002 0.004 0.015 0.377 <0.002 <0.001 0.486 <0.001 <0.005 12.28
A-10 10 2.107 <0.002 <0.001 <0.002 <0.001 0.020 0.357 <0.002 <0.001 0.579 <0.001 <0.005 12.45
A-11 F3/W 5 0.363 0.002 <0.001 <0.002 0.103 0.037 0.397 <0.002 0.004 0.246 <0.001 <0.005 12.03
A-12 10 0.717 0.002 <0.001 <0.002 0.067 0.033 0.448 <0.002 0.002 0.325 <0.001 <0.005 11.86
A-13 F2/MSW-SS 5 0.130 0.025 <0.001 <0.002 0.726 <0.003 0.765 <0.002 0.023 0.085 <0.001 <0.005 7.92
A-14 10 0.690 0.038 <0.001 0.012 0.781 <0.003 1.267 <0.002 0.011 0.939 <0.001 <0.005 8.81
A-15 B4/W-PS 5 1.253 <0.002 <0.001 0.003 <0.001 0.013 0.362 <0.002 <0.001 0.277 <0.001 <0.005 12.41
A-17 F4/BC-W-PS 5 0.520 <0.002 <0.001 <0.002 0.154 0.032 0.573 <0.002 0.002 0.403 0.003 <0.005 11.76
A-18 10 0.869 0.007 <0.001 <0.002 0.021 0.025 0.683 <0.002 <0.001 0.726 0.002 <0.005 11.70
Inert wastea 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 wastea 10.0 10.0 50.0 50.0 2.0 0.5 10.0 3 0.7 100.0 0.20 10.0 /

a European Decree on the waste landfill.
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of different ashes show elevated concentrations of Cr, As, Mo, and Sb.
Chromium is a toxic element that exceeds the limit values for inert waste in almost all extruded brick samples with added ashes, 

except in samples A1, A2, A4, A11, and A13. Although the samples exceeded inert-waste limits, their leaching behaviour remains 
compatible with non-hazardous classifications. Waste-acceptance decisions under 2003/33/EC are formally based on total Cr; how
ever, regulations based solely on total Cr may misrepresent actual risk, and due to the higher toxicity of Cr(VI), specific Cr(VI) limits 
are needed [79] e.g. bricks and tiles mainly release Cr as Cr(III), whereas some mixed recycled aggregates mainly release Cr(VI) [80]. 
Chromium leaching from bricks is mainly controlled by how Cr is incorporated into the ceramic matrix and by the glassy phase formed 
during [81–83].

Free lime (CaO) in ash promotes high-temperature oxidation of Cr(III) [84] and the formation of solid chromates such as CaCrO4, 
increasing the Cr(VI) fraction and its potential leachability in alkali solutions. At high alkali pH, Cr is mainly present and leached as 
chromate (Cr(VI)), with its concentration controlled by Ca-chromate and other Ca–Al–Cr(VI) [85–87] phases.

Leaching of As occurs only in samples where ash F2 (MSW-SS FA) was added. Leaching of As from MSW SS bricks is controlled by 
the As content and speciation in the raw materials, as well as by firing-induced changes in phase and porosity, rather than solely by the 
stability of the final mineral structure. In case of Sb, only the bricks containing B2 ash exhibited elevated Sb leaching. B2 show elevated 
concentrations even when performing leaching test for raw materials. Sb leaching is strongly linked to the bottom ash chemistry and 
Ca–Sb phases. This is consistent with literature reporting that Sb in MSWI bottom ash is mainly present in Ca–antimonate phases 
(romeite) whose dissolution, especially under reduced Ca or carbonation, controls Sb(V) release, making Sb the critical element in 
bottom-ash based construction materials [88–90].

However, the F2 raw material, which contains a significantly high concentration of Sb in leachate, shows no leaching after being 
added to the clay mixture. There is strong leaching when alone, but once co-fired with clay, Sb is chemically incorporated and 
physically encapsulated in a denser ceramic matrix, so leaching can fall below the limit values for inert waste even though the total Sb 
in the brick remains high. Also very efficient immobilisation in fired bricks has been found for Ba, where the raw materials show high 
concentrations in almost all samples except B1 and F2.

Mo often remains mobile and leachable in bricks [91], largely independent of added ash (samples A1–A3, A7, A8, A13, A14, A17, 
and A18). In alkaline pore solutions (typical for ashes and many ceramics or binders), Mo is present mainly as molybdate (MoO4

2− ), a 
highly soluble oxyanion [92–94]. Similarly to Cr, in clay ceramics with industrial wastes, Cr and Mo are the only elements not fully 
immobilised after firing; their leaching depends on the amount of glassy phase and mixture basicity rather than just the total Mo 
content [81]. For coal-waste fired bricks, most toxic elements are strongly immobilised after firing, but Mo shows a distinct trend and 
can remain more mobile [91]. It follows that elevated Mo in raw materials and bricks likely reflect the oxyanion chemistry of Mo: it 
remains as soluble molybdate, controlled by matrix pH and glass or mineral phases, so firing and ash addition that immobilise, for 
example, Ba and Sb do not necessarily reduce Mo leaching. Adjusting mixture basicity, glass content, or adding specific Mo-stabilising 
phases would be needed to change this behaviour.

In summary, the required properties of fired clay bricks depend on their intended use. For masonry units, the European standard 
[57] prescribes a compressive strength of 10 MPa. All prepared mixtures produced from the clay investigated in this study met this 
criterion, except for bricks containing W-PS BA, where incorporating 5 wt% of ash resulted in a slightly lower compressive strength. 
Because the interaction between clay raw materials and additives is highly material-specific, the effect of the additive cannot be 
generalized and must be experimentally reassessed for each clay source and additive dosage. Generally high plasticity clay, as in 
present study, can accommodate higher amount of ash additives. Since the masonry units are covered by plaster and are not exposed to 
wet environments, leaching tests are not required and brick factories are not obligated to perform them. However, considering that 
brick buildings will eventually be demolished and the waste bricks will end up in landfill, information on the influence of ashes on the 
leaching behaviour of bricks is important. In the EU, the management of waste construction materials is prescribed by the Landfill 
Directive and national legislation. According to the Landfill Directive, all bricks are classified as non-hazardous waste, while bricks 
containing 5 wt% BC-W BA and 5 wt% W FA also meet the criteria for inert waste (Table 10).

For industrial applications, scaling effects should be considered, such as extrusion pressure, sample shape, and size. Industrial 
extrusion operates at higher pressure, which may influence the degree of clay particle alignment, lamination density, and reduce 
extrusion-related cracking. Conversely, small laboratory cylinders may exhibit higher compressive strength than large masonry units.

4. Conclusions

This study aimed to investigate the feasibility of reusing biomass ash (wood or wood co-combusted with coal), ash from co- 
combustion of SS and MSW incineration, and ash from co-combustion of coal, biomass and PS in the production of extruded clay 
bricks. The physical and mechanical properties, microstructure, and leaching behaviour of bricks containing 5, 10 or 15 wt% ash fired 
at 950 ◦C were evaluated. Based on extensive experimental data, the following conclusions can be drawn.

While ash incorporation generally reduced strength, a 15 wt% substitution met the 10 MPa standard for most ashes, except for 
Paper Sludge Bottom Ash (B4), where even 5 wt% substitution yielded marginally lower strength (9.7 MPa). The best mechanical 
performance was achieved by incorporating 5 wt% BC-W biomass ash, resulting in a compressive strength of 51 MPa. The main pa
rameters responsible for lower compressive strength values were: (i) increased clay alignment, related to the higher water demand of 
mixtures with non-plastic ashes; (ii) increased porosity, as ashes acted as pore-forming additives; (iii) excessive CaO content due to 
calcite decomposition; (iv) cracks (crack width); and (v) particle size of ashes (finer ashes resulted in denser bricks with higher 
compressive strengths). Ashes reduced the drying shrinkage of bricks. Particle size also played a crucial role in reducing drying 
shrinkage, which was lower for coarser BA than for FA. The type of ash determined the predominant mechanism of crack development.
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Ashes with high NaCl + KCl content (here, F2 MSW-SS FA with approx. 22 wt% Cl, 30 wt% Na2O and 4 wt% K2O) are incompatible 
with firing at 950 ◦C under the conditions tested: the formation of a eutectic liquid below 700 ◦C and HCl gas release above 800 ◦C 
caused catastrophic disintegration of all specimens. Industry should exercise extreme caution when considering high-salt ashes 
without prior pre-treatment (e.g., water washing).

All produced bricks comply with EU non-hazardous waste landfill criteria under EN 12457-2 standard procedure conditions. 
Notably, bricks incorporating 5 wt% BC-W BA (A-4) and 5 wt% W FA (A-11) also meet the stricter inert waste limits. Leaching 
behaviour for Cr, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, Hg, and Pb was discussed. It is important to note that leaching performance is 
strongly ash-chemistry-dependent; in particular, Cr and Mo remained comparatively mobile across most brick compositions, 
controlled by their oxyanion speciation and the alkalinity of the ceramic matrix, even when other heavy metals were effectively 
immobilised by firing relative to inert and non-hazardous waste limit values under EN 12457-2 test conditions (L/S = 10, 24 h 
agitation, particle size <4 mm).

The study enables direct comparison of the influence of eight different types of ashes on the characteristics of extruded fired bricks. 
It offers a unified basis for better understanding of the relationships between the chemical and mineralogical properties of ash on the 
one hand, and the physical, mechanical, microstructural and leaching properties of extruded fired bricks with incorporated ash on the 
other. Such knowledge is a crucial step towards establishing broader implementation of the circular economy in the brick industry, 
which can make an important contribution to global zero-waste goals.
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