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ARTICLE INFO ABSTRACT

Keywords: The fine fraction of municipal incinerator bottom ash (MIBA) from three different waste to energy facilities in the
Wafte to energy Netherlands has been processed by wet milling, screening, dewatering and drying. The milled MIBA filler par-
Incmerat“;n ticles have then been used to replace 25 wt% of Portland cement in cement paste and mortar samples, without
Bottom as compromising performance. Subsequent industrial trials have used 73 kg/m® of MIBA filler in pressed unrein-
Low-carbon cement . . . X . . .

L forced earth-moist concrete tiles. The products containing MIBA filler had higher density and higher strength
Milling X i . 3 . A B
Pozzolanic than tiles made using the conventional mix. MIBA filler production technology has been operated at pilot plant

scale, with a production rate of ~0.65 tonnes/h. Optimization trials have involved the production of more than
1000 tonnes of MIBA filler. The research demonstrates that MIBA filler particles are suitable for use in unrein-
forced concrete products, and that this is a viable reuse application for the fine mineral fraction of MIBA. The
processing technology described contributes to urban mining, as it allows the mineral fraction of MIBA to be

Circular economy

reused in commercially viable cementitious products.

1. Introduction

Improving the sustainability of waste management is dependent on
reducing emissions and increasing the circularity of resources. The
combustion of residual municipal solid waste in waste to energy (WtE)
facilities, that meet EU emission standards, produces electrical energy
and/or hot water for district heating systems, and is an important
component in a sustainable waste management system [1]. It is
compatible with maximum recycling, as only residual wastes, consisting
of materials that cannot be reused or recycled, should be used as the fuel
in these facilities. There are currently ~498 WtE plants operating in
Europe, and these processed ~ 103.35 million tonnes of residual waste
in 2021, while generating 87 billion kWh of heat and 35 kW h of elec-
tricity [2].

The combustion of residual waste in an energy from waste facility
produces municipal incinerator bottom ash (MIBA) as the major solid
waste. This typically represents ~30 wt% of the mass of residual waste
entering the plant. MIBA normally contains significant metal resources
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as approximately 7-10 wt% of MIBA is ferrous metal, that can be
removed using magnets, and ~ 3 wt% is non-ferrous metals, predomi-
nantly Cu and Al. These can also be effectively extracted from MIBA
using eddy current separators. This leaves a significant volume of
mineral-based materials which are sorted by size. The course fractions
can be reused in civil engineering applications, typically as a fill mate-
rial. However, the fine fraction, typically consisting of less than 4 mm
particles, is more problematic as it is difficult to reuse. As a result, sig-
nificant volumes of the fine fraction of MIBA have been landfilled [3].
Concrete is by far the most used material globally, and Portland
cement (CEM I) is the most common binder used in concrete. Portland
cement is produced in amounts exceeding 4.0 billion tonnes per annum
globally. Although concrete can be considered as a low-carbon material,
the enormous volumes produced means that it is associated with major
global adverse environmental impact. The majority of this is associated
with the production of Portland cement, which typically emits ~800 Kg
of CO; per tonne of cement produced. There are significant ongoing
efforts to reduce the amount of Portland cement in concrete, and ground
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granulated blast furnace slag (GGBFS) from the steel industry, and coal
fly ash (FA) from energy generation are the two main supplementary
cementitious materials (SCMs), although both have significant supply
issues in some regions. Extensive research is ongoing to develop alter-
native commercially viable SCMs [4-10].

The literature on potential beneficial reuse applications for MIBA is
extensive, although commercial use in cement mortar and concrete
products has been limited, particularly because metallic aluminium
present in MIBA can react in highly alkaline environments to produce Hy
gas that cause expansion and cracking [11-14]. A sustainable treatment
method has recently been reported that allows MIBA to be used as a
supplementary cementitious material [15]. This involved metal removal
and ball milling prior to reacting residual aluminium metal in the MIBA
with sodium hydroxide solution, with the release of Hy gas. The treated
MIBA had relatively low reactivity compared to coal fly ash.

Different particle size fractions of MIBA have been used as fine
aggregate in cement mortars, and it was found that there was an opti-
mum addition for each size fraction [16]. The porosity of mortar samples
increased when greater than 10 wt% of medium and coarse fractions of
MIBA were added. Changes in the strength and the leaching behaviour
of Portland cement mixed with activated MIBA have been reported [17].
This work aimed to improve the reactivity of MIBA using chemical and
mechanical activation, and a combination of dry ball milling and CaCl,
addition had the most beneficial effect on the cement hydration process.
MIBA has also been submerged in water for 14 days and then used as a
supplementary cementitious material in blended cement pastes [18].
The water treatment oxidised Al metal present in the MIBA, so that
subsequent Hy gas generation was minimised. Different reaction prod-
ucts and microstructures were formed compared to samples containing
unwashed MIBA.

MIBA has been used to partially replace the fine aggregate in con-
crete samples [19]. The MIBA samples were crushed and sieved to give
particles ranging between 0.075 and 20.00 mm, and this material was
used to replace different proportions of fine aggregate in concrete mixes.
It was found that the optimum MIBA additions filled internal pores in the
concrete, and this reduced water adsorption and increased the
compressive strength. The literature review shows that reports on the
use of MIBA in the production of commercially viable concrete products
are limited [20].

The aim of this work was to develop industrially relevant processing
technology so that the mineral fraction of MIBA could be beneficially
reused and diverted from landfill. Processing of the mineral fraction of
MIBA has involved size reduction, milling and drying, to produce milled
MIBA filler. The objectives of the work were to assess how using the
MIBA filler to replace Portland cement influenced the properties of
cement paste samples, cement mortars and unreinforced pressed earth-
moist concrete products produced in full-scale industrial trials to pro-
duce commercially viable products [21].

Water and electricity
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2. Experimental
2.1. Materials

The mineral fractions of MIBA were obtained from three different
WE facilities in the Netherlands. The easily removed ferrous and non-
ferrous metals had been extracted, and the samples were received
after ageing in air and in a dry condition. The three IBA samples were
used to produce three different milled MIBA fillers, and these were used
to produce cement paste, cement mortar samples, and concrete paving
slabs.

The as-received MIBA samples were subjected to the processing
shown in Fig. 1. This was completed using a 650 kg/h demonstration
plant located at a MSWI facility in The Netherlands (AVR Duiven), with
the MIBA processing plant built and optimized to be as energy efficient
as possible by Blue Phoenix. The input MIBA was initially screened using
a magnet, to remove any residual ferrous metals. The material was then
wet milled, to reduce the particle size to less than 0.5 mm, with sieves
used to remove non-ferrous metals and residual organic components.
The undersize fraction (< 0.5 mm) was then further processed in a
second mill, to produce particles with a target dsg value of between 8.0
and 10.0 pym, as determined in previous laboratory-based studies that
indicated this was an acceptable particle size for concrete filler particles.
This was screened through a 40 pm sieve and the slurry formed was
dewatered using a membrane filter press to produce filter cake with a
target dry solids content of ~70 wt%. This was then dried, using a
paddle dryer, to produce the MIBA filler product with ~99.8 % dry
solids content.

Paste, mortar and concrete paving tile samples were prepared using
CEM 1 52.5 N, as this is the cement used in commercial pressed concrete
tile production. 0-2 mm sand, and 2-10 mm granite aggregate were also
used in mortar and concrete samples, as required, as these are also used
in commercial concrete tile production.

2.2. MIBA filler characterisation

The MIBA filler materials produced were characterized for particle
size distribution by laser diffraction (Beckman Coulter LS13-320 Wet
Module model, using Mie Theory). The elemental composition of the
MIBA filler materials was analysed by X-ray fluorescence (XRF) spec-
troscopy (Axios WD-XRF Panalytical) with a 2.4 kW X-ray tube using the
AP WROXI analysis method, and a Panalytical package of 21 oxides
made from synthetic standards.

The mineral composition of MIBA filler samples was determined
using X-ray diffraction (XRD, Bruker D8 Advance diffractometer with
Bragg-Brentano geometry and a Lyneye position-sensitive detector),
with scanning between 10 and 110°, and steps of 0.030°, with a
measuring time of 2 s per step. Data was analysed using the Bruker
software Diffrac.EVA version 4.3. The acid and water-soluble chloride
content was determined using NEN-EN196-2 and NEN-EN 1744-1, and
the water and acid soluble sulphate content were also determined (NEN-
EN 196 and NEN-EN 1744-1). The total organic carbon (TOC) content in

Electricity Energy
Mineral s ‘Wet Mineral
n ‘Wet Milling .
fraction 5 Fraction Dewatering Filter 4 MIBA
of MIBA and Screening = Cake Drying filler
Metal concentrate Water Water

Fig. 1. The sequence of operations used to process the three different IBA samples to produce MIBA fillers, MSWI-1, MSWI-2 and MSWI-3.
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the MIBA filler samples was assessed using the method in NEN-EN
13639.

2.3. Paste and mortar sample preparation and testing

Cement pastes were prepared using the three MIBA filler samples.
Samples containing ground limestone (GL), and reference paste samples
containing no fillers (REF) were also produced. In each set of samples,
25 wt% of the CEM I 52.5N was replaced by MIBA filler particles.
Standard-compliant paste and mortar samples (40 mm cubes) were
prepared according to NEN-EN 196-3, using 125 mL of water for every
500 g of CEM I/filler. REF denotes the paste samples prepared using no
filler and just CEM I 52.5 N. GL refers to samples containing 25 wt%
ground limestone filler. The MSWI-1, MSWI-2 AND MSWI-3 samples
contained 25 wt% replacement of CEM I by MIBA filler particles.

Cement mortars were similarly prepared using the three MIBA filler
samples, ground limestone (GL) and no fillers (REF), with standard
compliant samples (40 mm cubes) prepared according to NEN-EN 196-
1, using CEM I 52.5N. 25 % of the cement was replaced by ground
limestone filler in the GL samples, and 25 % of the cement was replaced
by MIBA filler in the MSWI-1, MSWI-2 and MSWI-3 samples. The water
used in BS EN 196-1 is 225 mL for a mortar containing 450 g of CEM 1/
filler, and 1350 g of 0-2 mm sand.

The setting time of paste samples was assessed using NEN-EN 196-3,
and the soundness of samples was assessed using NEN-EN 196-3. An
autoclave test was completed on paste samples following the method
described in ASTM C151, and the air content of fresh mortars was
determined using the method described in NEN-EN 12350-7.

Mortar samples with dimensions of 40 x 40 x 160 mm were used to
determine expansion properties in accordance with NEN-EN 196-1.
After casting, the samples were covered with a glass sheet for 23.5h
to prevent water loss, after which time they were removed from the
mould. The first length measurement (0 measurement) was taken after
24 h, and this was mathematically corrected to 40 °C using an expansion
coefficient of 13.10 x 107% °C™1. The samples were then stored under
water at 40 °C to provide expansion data with time. The weight of each
sample was also determined throughout the period of sample submer-
sion. Compressive and flexural strengths of mortar samples were
determined at 7, 28 and 90 days following the sample preparation and
test methods described in NEN-EN 196-1.

2.4. Concrete tile production and testing

Concrete paving tiles containing the three MIBA fillers were pro-
duced (MSWI-1, MSWI-2 and MSWI-3) and compared to reference tile
samples containing no filler (REF), and samples containing ground
limestone filler (GL). The composition of the five concrete mixes pre-
pared are given in Table 1. The REF mix is the material formula used for
commercial concrete tile production. All tile samples were produced at a
commercial concrete paving tile production facility, and had dimensions

Table 1

Composition (kg/m®) of concrete tiles produced at a commercial production
facility. REF is samples prepared using just CEM I 52.5N. GL refers to the samples
containing ground limestone. The other samples, MSWI-1, MSWI-2 AND MSWI-3
contained MIBA filler particles.

Component REF GL MSWI- MSWI- MSWI-
1 2 3

CEM I 52.5N 289 219 218 219 219

Filler 0 79 73 73 73

Water (effective) 80 89 106 106 106

Adsorption water (in 11 11 11 11 11
aggregate)

Sand 0-2 791 791 801 794 790

Granite 2-8 1154 1154 1152 1177 1157

Water to binder ratio 0.28 0.30 0.36 0.36 0.36
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0f 300 x 300 x 60 mm. For each mix, a batch of 1.25 m? of concrete was
produced, and this was used to produce over 200 tiles of each type, using
a commercial tile press.

To achieve a uniform consistency suitable for pressing, the water
content of the concrete containing ground limestone (GL) had to be
increased by 9 1/m® compared to the REF samples. The water content
was increased by a further 17 1/m® for the three concrete mixes con-
taining MSWI fillers.

The density, propagation velocity of ultrasonic waves, and the flex-
ural strength using the method described in appendix F of NEN-EN 1339,
were determined for each of type of concrete tile after curing for 28 days.
The compressive strength of cube shaped samples was determined in
accordance with the methods described in NEN-EN 12390-3 for concrete
tiles after they had been cured for 90 days. Capillary water absorption
and drying tests were completed on tiles that had been stored outside on
pallets for approximately three months. These were dried in the labo-
ratory for one month at 20 °C and ~50 % RH, and the capillary water
adsorption determined by submerging samples in water at 40 °C for
72 h. After the absorption test, the weight loss of samples dried at 20 °C,
and 50 % RH for 144 h was recorded.

3. Results
3.1. MIBA filler characterisation data

Table 2 shows the particle size distribution data for the three MIBA
fillers produced using the processing outlined in Fig. 1, the commercial
limestone, and CEM I 52.5N. The MIBA filler produced from MSWI-3
was finer than the other MIBA samples, and those produced from
MSW1 and MSW2 were virtually identical. The particle size distribu-
tions of the four fillers and CEMI are broadly comparable, and the
manufactured MIBA fillers satisfy the requirements outlined in BRL
1804.

XRF data showing composition data, presented as oxides, is shown in
Table 3. The composition of the MIBA fillers derived from the three
different WtE facilities are remarkably similar, with main elemental
components of Si, Ca, Fe and Al. A range of other elements are present at
< 1.0 % when expressed as oxides. The sulphate content is lower than
the generic requirement set in BRL 1804 (< 4.0 % (m/m)) and the
requirement set in EN 450-1 for fly ash (< 3.0 % (m/m)). As the use of
MSWI fillers are expected to be limited to unreinforced concrete prod-
ucts, a limit value is not relevant. However, the chloride content can
impact on the shrinkage characteristics of concrete This is only observed
at high chloride levels (> 1 wt% of the cement), and even at very high
additions of MSWI filler, such as a 50 wt% replacement of cement, the
effect of the chloride content was limited and not expected to have a
negative impact. The TOC values vary significantly between the
different MSWI fillers, and values are above the requirements set for
ground limestone in the Dutch Technical Guideline BRL 1804 (< 0.5 wt
%).

Mineralogical composition data derived from XRD data for the three
different MIBA filler samples is presented in Table 4. There is a consis-
tency between the different samples, with a significant proportion of
amorphous phase present, typically ~ 66 wt%. The major crystalline
phases are quartz, a mellite-type silicate, and calcite. Chemical and
mineralogical analyses did not identify any components in amounts that

Table 2
Particle size distribution data of the three MSWI fillers, ground limestone and
CEM I 52.5N.

Particle size MSWI- MSWI- MSWI- Limestone  CEM I
(um) 1 2 3 52.5N
dio 0.5 0.5 0.2 0.8 0.8
dso 8.4 8.2 5.8 9.8 7.6

doo 47.0 55.0 25.0 48.0 34.0
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Table 3
Element composition (XRF data), chloride and sulphate contents and TOC of the
three MSWI fillers, produced using the process shown in Fig. 1 (mass % as
oxides).

Element (as oxide) MSWI-1 MSWI-2 MSWI-3
SiO, 50.07 47.61 50.46
CaO 18.18 17.03 16.41
Fe,03 7.90 11.04 10.59
Al,03 7.43 8.23 7.98
Na,O 4.13 4.13 3.94
SO3 2.69 1.60 1.64
MgO 2.39 2.42 2.02
P,0s 1.10 1.23 0.94
TiO, 1.15 1.32 0.98
K20 1.01 0.97 1.02
ZnO 0.54 0.60 0.50
CuO 0.31 0.38 0.27
Mn304 0.16 0.21 0.18
PbO 0.16 0.21 0.18
Cry03 0.10 0.11 0.09
ZrOy 0.14 0.06 0.07
BaO 0.21 0.27 0.20
SrO 0.07 0.05 0.05
NiO 0.02 0.03 0.03
V205 0.01 0.01 0.01
Sulphate, water-soluble (SO3) % (m/m) 1.18 0.70 0.88
Sulphate, acid -soluble (SO3) % (m/m) 2.10 1.31 1.65
Chloride, water-soluble % (m/m) 0.19 0.11 0.29
Chloride, acid-soluble % (m/m) 0.32 0.23 0.42
TOC % (m/m) 5.8 2.0 0.69
Table 4
Mineralogical composition from XRD data for the three MSWI fillers.
Mineral Theoretical formula MSWI- MSWI- MSWI-
1 2 3
Silicates
Quartz SiO2 14.8 11.3 15.6
Christobalite Si0, 0.2 0.2 0.1
Alkali feldspar (Na,K)AlSizOg 0.6 0.5 0.9
Plagioclase/ (Ca,Na)(Al,Si)4,Og 1.0 1.1 1.1
albite
Melilite-type (Ca,Na)(Al,Mg,Fe)(Si,A),07 5.0 6.5 5.9
minerals
Petedunnite Ca(Zn,Mn,Fe,Mg)Si>0¢ 1.2 1.7 2.0
C,S, Larnite CaySiO4 1.2 0.1 0.5
Muscovite/mica (K,Ca,Na)(Al,Mg,Fe)(Si, 1.2 0.9 1.1
AD4[(OH),(H20)]
Carbonates
Calcite CaCO3 4.5 4.8 3.1
Sulphates
Bassanite CaS04.1/2H,0 0.6 0.7 1.1
Anhydrite CaSO4 0.3 0.1 0.1
Oxides/
hydroxides
Magnetite Fe,04 1.6 2.4 2.2
Hematite Fe 03 0.8 1.0 0.7
Periclase MgO 0.2 0.1 0.1
Wiistite FeO 0.5 0.9 1.0
Rutile TiO, 0.3 2.1 0.1
Phosphates
Apatite Cas(PO4)3(F,0H,Cl) 0.8 0.9 0.5
Others/ 66.3 66.6 65.8
amorphous

would prevent the MSWI fillers from being used in concrete.

3.2. Paste and mortar test results

The results of tests on the five cement paste samples, in which 25 wt
% of cement was replaced by MIBA filler, are shown in Table 5. The
paste samples containing the MSWI fillers require increased water
content, and the setting rate is reduced. A higher water content, and the
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Table 5
Test results for cement paste samples containing 25 wt% of the cement replaced
by filler.

Property REF GL MSWI-1 MSWI-2 MSWI-3

Water requirement ~ 27.2 26.0 31.6 29.0 30.4
(% (mm/mm))

Start of setting 110 120 230 175 125
(min)
Variation from - + 10 + 120 + 65 + 15
REF

End of setting 150 190 310 265 200
Variation from - + 40 + 160 + 115 + 50
REF

Soundness (mm) 0.5 0.0 0.0 0.0 0.5

Autoclave:

Water content (% 24.9 23.5 28.8 26.9 27.5
(m/m))

Expansion (%) 0.031 0.015 0.055 0.044 0.051

partial replacement of cement by filler, results in slower setting. This
retardation effect associated with samples containing MSWI filler is also
likely to be influenced by the high TOC content. The highest retardation
occurred for the paste samples containing MSWI-1, and this had the
highest TOC content (5.8 wt%). The setting time of paste samples con-
taining MSWI-3 was comparable to the setting time of the sample con-
taining ground limestone (GL), and this had a TOC content of 0.69 %.
The soundness of the five pastes was excellent, and there was very little
or no expansion during water submersion. The autoclave expansion is
greater for pastes containing MSWI filler, but this remains below the
limit value given in ASTM C1157-20, which requires the expansion to be
< 0.80 %.

The results of the tests on the five mortar samples are shown in
Table 6. The mortars with MSWI fillers have high air content, and this
results in reduced mortar density. The difference in air content is by far
the most significant reason for the different densities of mortar samples.
This also results in reduced compressive strength for the samples con-
taining MSWI fillers, which are between 60 % and 80 % of the strengths
of the 100 % cement reference (REF) mortar samples. The increased air
content is not due to hydrogen formed from the presence of metallic
aluminium, as no metallic aluminium was detected in the characteri-
sation data. This means there are surface-active components present in
the MSWI fillers that are probably associated with the elevated TOC.

The expansion and weight gain data for mortar samples kept under
water at 40°C are shown in Fig. 2. Expansion occurs for all the samples,
particularly during the first 14 days, but after 6 weeks the samples are
dimensionally stable. The amount of expansion and the weight increase
caused by water absorption in the samples containing MSWI fillers is
comparable to the reference mortar (REF). The measured expansion, of
between 0.2 % and 0.3 %, is significantly lower than the limit set for
mortar prisms in the UAMBT test (< 1.0 %). It is interesting to note that

Table 6
Test results for cement mortar samples containing 25 wt% of the cement
replaced by filler.

Property REF GL MSWI- MSWI- MSWI-
1 2 3
Air content (% v/v) 4.0 2.9 10.0 11.5 6.8
Density (kg/m>)
7 days 2.264 2.261 2.073 2.075 2171
28 days 2.294 2.280 2.089 2.103 2.189
Compressive strength
(MPa)
7 days 49.8 35.9 30.5 28.7 38.4
28 days 66.2 47.7 40.7 38.8 49.2
90 days 71.4 54.3 48.4 45.4 57.7
Flexural Strength (MPa)
7 days 7.7 6.2 5.2 4.9 5.8
28 days 8.6 7.8 6.1 6.0 6.6
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Fig. 2. The a) expansion and b) weight gain data for mortar samples kept under water at 40 °C.

the mortar samples containing ground limestone (GL) had significantly
higher expansion and reduced weight increase. This indicates that the
ground limestone has an expansive component, although this did not
result in any visible cracking.

3.3. Concrete tile properties

Table 7 shows the data obtained on the mechanical properties of
earth-moist pressed concrete tiles, including density, ultrasonic velocity,
flexural strength at 28 days, and compressive strength data at 90 days.
The densities of the samples containing the MSWI filler particles are
consistently higher than those of the REF samples and the GL samples,
and this is confirmed by the increased ultrasonic velocity. Both the
flexural and compressive strengths are higher for the samples containing
MSWI filler particles compared to the REF and GL samples. The MIBA
filler containing samples are also stronger than the REF samples

Table 7
Mechanical properties of concrete tiles produced at a commercial plant prepared
with the mix designs given in Table 1.

Property REF GL MSWI- MSWI- MSWI-
1 2 3
Density (kg/m>) 2180 2.210 2.280 2.260 2.270
Ultrasonic velocity (km/s) 3.98 4.07 4.17 4.10 4.06
Flexural strength (MPa) 5.6 5.6 8.5 7.3 7.6
Compressive strength (MPa) 317 n/a 53.9 51.8 53.6
Flexural/compressive 18 n/a 16 14 14

strength ratio

prepared with 100 % CEM I 52.5 N. These results may at least be partly
explained by improved compaction during pressing of the MSWI filler
containing earth-moist pressed concrete tiles.
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Capillary water absorption and drying data on concrete tile samples
is given in Fig. 3. The degree of water absorption and drying of the
concrete tiles with MSWI fillers was significantly lower than that of both
the REF and GL concrete tile samples. The pore structure of the concrete
tiles with MSWI fillers is finer and this results in reduced porosity.

The results show that MSWI fillers can be used as a partial replace-
ment for cement in earth-moist concrete products. This produces sam-
ples with increased flexural and compressive strengths compared to the
commercial mix without any filler particles (REF). The higher TOC
content of MSWI fillers does not seem to have a detrimental effect on

concrete made with these fillers, and this includes effects on the long-

term durability.

4. Discussion

The transition to sustainable waste management must involve max-
imising the circular economy for materials and resources. However,

Progress in Engineering Science 2 (2025) 100055

there will always be residual waste that cannot be recycled or reused,
and the environmentally acceptable options for managing this material
are either disposal in a properly engineered landfill site or combustion in
a WtE facility that operates effectively and meets stringent emission
standards. An advantage of the WtE option is that, unlike landfill,
methane is not generated, and the emissions from WtE facilities can be
closely monitored and controlled. MIBA is the major solid waste pro-
duced at WtE facilities, and finding reuse applications for all the MIBA
material generated has been problematic. Ferrous and non-ferrous
metals can be extracted, and the coarse mineral fraction can be used
as aggregate in low-grade civil engineering applications [22]. However,
in general, the fine mineral fraction of IBA has been difficult to benefi-
cially reuse. The research in this paper is therefore important, as it re-
ports on a breakthrough technology that allows all the mineral fraction
of MIBA to treated and beneficially used in pressed concrete products.
The mineral fraction of MIBA from three different WtE facilities has
been processed by wet milling and drying to produce MIBA filler
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Fig. 3. a) Capillary water absorption and b) drying test data on concrete tile samples.
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particles. This processing has four important effects on the MIBA par-
ticles. The aggressive wet milling reduces the particle size to an average
(dsp) value of between 6 and 9 pm, a size which is comparable to ground
limestone used as a cement filler and CEM I. The wet milling also
effectively washes the ash, removing water-soluble components from
the MIBA filler particles that may impact on cement hydration. The
milling also produces a much more homogenous and consistent product
than the input as-received MIBA, both in terms of physical properties
and chemical composition. The milling process is also likely to increase
the amorphous content present in the IBA, and this is associated with
increased pozzolanic activity [23]. The recovery of metals is substan-
tially higher than the tradition metal recovery systems used. All three of
the MIBA filler samples characterised in this study had around 66 % of
fine amorphous/glassy material. This is likely to be pozzolanic and
therefore it contributes to the formation of cementitious phases when
mixed into cement paste, mortars or concrete.

The milling technology described represents a way of beneficiating
MIBA. It can transform a difficult material into a filler that improves the
properties of pressed earth moist concrete products. This improvement
is seen in increased density and improved flexural and compressive
strength, reduced water uptake on immersion, and reduced weight loss
during subsequent drying compared to concrete products made using
the conventional raw materials and processing.

Demand for appropriate concrete filler materials that have pozzo-
lanic characteristics has increased in recent years [24]. The MSWI filler
made from MIBA is effective and has the potential to meet some of this
demand [21,24]. The production of MIBA filler is also a viable way of
repurposing the residual mineral material present in MIBA. Trials on the
use of MIBA filler have been currently limited to unreinforced concrete
products made with earth-moist concrete, such as paving slabs, concrete
tiles and concrete curbs, and this material has been included as a new
type of raw material in the Dutch Assessment Guidelines BRL 1804,
entitled ‘Fillers for use in concrete and mortar [21]. This is because the
material complies with relevant CROW-CUR Recommendations and this
means that when it is supplied as part of a certified BRL 1804 process,
the filler can be used as a type I filler in unreinforced concrete products
made with earth-moist concrete.

Milling the mineral fraction of IBA down to a dsp of < 10 um is en-
ergy intensive, requiring ~100 kWh/tonne. It is therefore important to
understand how the particle size distribution of the MIBA filler in-
fluences performance in concrete products. This may provide opportu-
nities to reduce milling energy, and work is ongoing to optimise this
stage of the process. It may also be possible to restrict the size of the
input MIBA to only use finer fractions. This would save significant en-
ergy but may also produce MIBA filler particles with higher levels of
contamination.

Drying of the filter cake from 70 wt% dry matter to > 98.8 % is also
energy intensive and may not be necessary. This step in the process is
being further optimised with the aim of reducing the environmental
footprint and improving the cost effectiveness of the process. Reducing
the dry solids content in the MIBA filler to 85 wt% dry solids content
would save ~50 % of the drying energy. An alternative way to reduce
the amount of energy needed for drying would be to use vacuum drying.
This is also currently under investigation to further improve the energy
efficiency of the process.

The current MIBA filler is certified in the Netherlands for use in
unreinforced earth-moist concrete for use in precast products such as
pavers, tiles and curb stones [21]. This means that the technology
described can provide a circular economy for all the mineral fractions
found in MIBA, and this has not previously been possible. Ongoing
research will investigate if the MIBA filler can be used in a wider range of
concrete products and cementitious materials.

5. Conclusions

Wet milling the mineral fraction of MIBA to a target average (dso)
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value of between 8 and 10 um and drying the milled particles to
~99.8 % dry solids content, produces MIBA filler particles. The exper-
iments reported show that these are suitable for use in unreinforced,
non-construction concrete products, made from dry or earth moist
concrete. The wet milling process removes potential problematic water-
soluble components from the MIBA, produces a more consistent mate-
rial, and may increase pozzolanic reactivity. MIBA filler particles
contain a significant fraction (~66 wt%) of amorphous glassy material,
and this is the fraction of the materials that is likely to be pozzolanic
when finely ground. Other contaminants remaining within the MIBA
filler are at levels that do not significantly influence setting reactions.
The density and strength of concrete tiles is increased by replacing 25 %
of the Portland cement binder with MIBA filler.
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