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Abstract 
Municipal solid waste incineration (MSWI) produces a number of by-products: fly ashes, 
bottom ash and air pollution control residues. All these materials contain certain levels of 
contaminants, such as heavy metals, chlorides and suphates among others, which are 
higher than the accepted limits for environmental protection in the Netherlands. Therefore, 
these contaminants need to be immobilized before the consideration of MSWI by-products as 
possible building materials. In this study, a number of by-products are characterized in terms 
of their physical, chemical and environmental properties. Based on these, reuse routes are 
suggested for these materials.  
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Introduction 
 
At present a wide range of industrial by-products are used in low-grade applications (such as 
road base) or landfilled. Examples of such materials include incinerator wastes (Municipal 
Solid Waste Incineration bottom ash, bio-energy fly ashes, paper sludge fly ash), mining 
wastes, or by-products of other industries. However, all these materials have a similar 
composition to cement and other concrete constituents, suggesting their applicability in this 
field. The production of cement, the most expensive ingredient of concrete, consumes 
natural raw materials and energy, generating CO2. By substituting cement with industrial by-
products, both environmental and economic advantages can be envisaged. So far, there is a 
lack of information about properties concrete incorporating such materials in relation to their 
characteristics. Another aspect taken into account is the environmental impact of these 
industrial by-products, since both concrete constituents and final concrete products need to 
comply with the existing legislation. Therefore, the leaching of contaminants needs to be 
studied, and its effects on the hydration of cement quantified. 
Municipal solid waste incineration (MSWI) plants generate several types of solid residual 
materials. Typical residues of MSWI by grate combustion are bottom ash, boiler ash, fly ash 
and air pollution control (APC) residues, among others. Boiler ash represents the coarse 
fraction of the particles carried over by the flue gases from the combustion chamber, while fly 
ashes are made up of the fine particles in the flue gases downstream of the heat recovery 
units. APC residues include the fine material captured prior to effluent gas discharge into the 
atmosphere. All these types of solid residues can be reused either as road base materials or 
construction materials, or upgraded before landfilling.  
In this study, various by-products will be analysed in terms of their physical and chemical 
properties, as well as leaching, and the latter results compared to the legal requirements. 
The scope is to determine if the leachability of these residues could be reduced by means of 
immobilization in such a way that they could be used as either building material or 
ingredients in a cement-based mix [1].  
 
Materials and methods 
 
Four incineration by-products (two MSWI fly ashes from different plants, termed Fly ash A 
and Fly ash B, a scrubber residue and a contaminated gypsum) were characterized in this 
study. Two commercially available products, a cement (CEM I 52.5N, ENCI) and a coal 
combustion fly ash (termed CCFA) were used as reference. 
Particle size distributions (PSDs) of all fine materials were measured using laser diffraction 
(Malvern 2000). Densities were measured using a He pycnometer (Accupyc II 1340). XRF 
measurements were done using a Panalytical Epsilon with Omnian software. 
 
Results 

 
Particle size distributions and densities  
 
Table 1 shows the particle size parameters and the density of the six materials studied. The 
equivalent particle size corresponding to 10%, 20%, 50%, 80% and 90% passing of all 
investigated materials (d10, d20, d50, d80 and d90). It can be seen that the coal combustion fly 
ash is slightly coarser than the cement, and three of the by-products (the two fly ashes and 
the scrubber reidue) have intermediate PSDs. The only coarser material is the contaminated 
gypsum. The two fly ashes have a lower density (2.12 g/cm3) than the scrubber residue and 
the gypsum, which are in the range between the density of coal combustion fly ash and that 
of cement. Therefore, these properties suggest that the by-products could be used in mixes 
with cement and other secondary binders without affecting the packing or the density of the 
mixes significantly. 
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The bulk densities of the four contaminated incineration by-products are rather low (between 
0.93 and 1.22 g/cm3, compared to the one of cement), so their mixing with other powders 
and water would be beneficial for total waste volume reduction. 
 

Table 1: Physical properties of the six investigated materials 
 

 CEM I 52.5 N CCFA Fly Ash 
A 

Fly Ash 
B 

Scrubber 
residue Gypsum 

d10 (μm) 3.62 8.96 13.32 10.76 10.76 9.34 
d20 (μm) 7.17 13.49 25.75 16.95 16.95 18.30 
d50 (μm) 23.14 34.64 70.72 36.31 36.31 50.43 
d80 (μm) 50.31 76.30 160.5 66.32 66.32 107.4 
d90 (μm) 68.31 104.45 256.0 87.34 87.34 151.9 
Density 
(g/cm3) 3.141 2.29 2.68 2.12 2.12 2.74 

Bulk density 
(g/cm3) 1.64 - 1.22 0.93 0.97 1.22 

 
 
Oxide compositions  
 
Table 2 shows the composition of the MSWI by-products obtained by XRF, compared to the 
selected binders. It can be seen that their silica content is much lower than that of cement 
and coal combustion fly ash, while their CaO content is intermediate between the ones of the 
two binders. The two fly ashes have a high alkali content and also contain high amounts of 
chlorides and sulphates. The scrubber residue is estimated to contain calcium sulphates and 
chloride, while the gypsum also contains small amounts of silica and chlorides.  
 

Table 2: Oxide compositions and chloride leaching values of all analysed materials 
 

[%] CEM I 52,5 CCFA Fly Ash 
A 

Fly Ash 
B 

Scrubber 
residue Gypsum 

MgO 0.67 2.62 1.49 0.46 0.32 - 
Al2O3 3.66 21.27 5.29 3.01 - - 
SiO2 17.54 53.45 11.13 6.31 0.78 0.15 
P2O5 0.32 0.69 1.28 1.02 0.17 0.09 
SO3 5.074 1.701 13.20 13.09 11.908 55.800 
K2O 0.79 2.81 7.18 15.93 3.04 - 
CaO 68.30 6.17 30.21 26.29 35.93 42.27 

Fe2O3 3.06 9.68 5.12 2.19 0.19 0.017 
Cl 0.030 - 15.23 24.179 46.006 0.815 
Br - - 0.323 0.441 0.320 0.014 

 
 
Leaching  
 
Leaching standards have been devised for quantifying the emissions of unwanted 
contaminants from waste materials (EN 12457 [2]). The Landfill Ban Decree[3] classifies 
waste streams into inert, non-hazardous, hazardous and no landfill materials, according to 
their emission level.  
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Table 3. Comparison between the leaching analysis of the by-products and the requirements of the 
Landfill Ban Decree. Values which qualify the materials as hazardous are underlined, and the ones for 

no landfill are in bold. 
 

Element Inert 
(mg/kg) 

 

Non-
hazardous 

(mg/kg) 

Hazardous 
(mg/kg) 

 

No 
Landfill 
(mg/kg) 

Fly 
ash A 

(mg/kg) 

Fly 
ash B 

(mg/kg) 

Scrubber 
residue 
(mg/kg) 

Gypsum 
(mg/kg) 

 Sb < 0.06 0.06-0.7 0.7-5 > 5 0.56 0.62 4.60 1.20 

As < 0.5 0.5-2 2-25 > 25 0.03 0.079 0.28 0.03 

Ba < 20 20-100 100-300 > 300 6.40 0.37 33 0.59 

 Cd < 0.04 0.04-1 1-5 > 5 0.014 0.054 29 0.0064 

Cr < 0.5 0.5-10 10-70 > 70 0.7 9.7 0.073 0.02 

Cu < 2 2-50 50-100 > 100 0.25 0.24 12 0.3 

Hg < 0.01 0.01-0.2 0.2-2 > 2 0.016 0.0085 0.013 <0.001 

Mo < 0.5 0.5-10 10-30 > 30 5.4 8.7 0.79 0.064 

Ni < 0.4 0.4-10 10-40 > 40 0.02 0.02 5.5 0.02 

Pb < 0.5 0.5-10 10-50 > 50 15 0.67 24 0.052 

Se < 0.1 0.1-0.5 0.5-7 > 7 0.064 0.16 1.1 0.05 

 Zn < 4 4-50 50-200 > 200 5 2.8 260 0.61 

  Cl- < 800 800-15000 15000-
25000 > 25000 7410 16000 38800 710 

F- < 10 10-150 150-500 > 500 4.4 2.1 8.2 4.6 

SO4
2- < 1000 1000-

20000 
20000-
50000 > 50000 2200 5200 8900 1600 

 
The leaching of the four by-products was measured using the cascade test, as opposed to a 
column test; therefore, the leached out values are assumed to be even higher than in the 
case of a column test. Table 3 presents the obtained values, together with the ones 
prescribed by the legislation. The scrubber residue classifies as “no landfill” due to its Cd, Zn 
and Cl leaching levels. The other three by-products are “hazardous”, due to the high leaching 
of Pb in the case of Fly ash A, Cl for Fly ash B and Sb in the case of the gypsum. 
 
Discussion and conclusions 
 
The composition and leaching are leading in selecting the type of applicable landfill, namely 
for mineral or hazardous waste, and the relevant safety measures as laid down by the 
Landfill Ban Decree[3]. Exceptions from the maximum leaching values can be obtained, 
depending on the landfilling site. In certain such cases, the composition of the material 
becomes the criteria, for instance the sum of its sulphate, chloride and bromide mass 
percentages.  
When the landfilling criteria is either not fulfilled (materials fall under the “no landfill” category) 
or an upgrade is desired (e.g. from “hazardous” to” non-hazardous”), a number of routes can 
be envisaged. A first possibility is to treat the material in order to reduce the leaching of its 
main contaminants. Such treatments are studied in general for bottom ash, in order to render 
it acceptable as a building material. Sabbas et al. [4] summarize the possible treatments for 
bottom ash. The main classes of such operations are physical and chemical separation, 
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stabilization/solidification techniques and thermal treatment. The first category comprises a 
larger number of possible treatment steps, which are commonly used in combination to treat 
bottom ashes: size separation, magnetic separation, eddy current separation, washing, 
chemical extraction/precipitation etc. The second category comprises weathering (aging) of 
the bottom ash, as well as the use of binders for immobilizing contaminants. Santos et al. [5] 
concluded from a literature review that a weathering step reduces the leaching of Pb, Mo and 
Zn from bottom ash, but it is not useful in the case of Cr, Cu and Sb. Mangialardi [6] found 
that a washing step is capable of removing the contaminants (Al, Cd, Pb, Zn) through two 
different mechanisms: precipitation of aluminium hydroxide and adsorption of cadmium, lead 
and zinc ions onto flock particles of Al(OH)3. All these treatments can also be applied to the 
materials analysed in this study. For instance, in the case of Fly ash B, a short washings step 
would lower the chloride leaching enough to qualify the material as “non-hazardous”. The 
same would be possible for Fly ash A, in which case the content of Pb needs to be lowered. 
However, the scrubber reside contains too much chlorides for a washing treatment to render 
it “non-hazardous”, while the gypsum would react in the presence of water. Therefore, in 
these cases, an immobilisation route is recommended. By stabilization, e.g. combining 
different materials and adding primary binders (quicklime/hemi-hydrate/cement), a granular 
(‘non-shaped’) or a shaped product can be obtained for non-hazardous landfill. Such 
products need to also fulfil other criteria besides the leaching limits, such as shape integrity 
during a diffusion test and a minimum compressive strength.  
Both the scrubber residue and the gypsum can be expected to have a positive contribution 
as ingredients in cement-based immobilisates, sue to high concentrations of CaCl2 and 
CaSO4. However, immobilisate recipes need to be tested in order to define parameters such 
a minimum cement and water content, in order to design efficient immobilisates that comply 
to all the legal requirements for non-hazardous landfilled products. 
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