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Content

» Use of bottom ash as gravel substitute in concrete

» Problems: sensitive to pop-outs

» Potential solutions: treatment of bottom ash
» non-ferrous metal recovery

» ageing of bottom ash – influence on reactivity of metallic 
particles

» Production of concrete blocks with MSWI bottom ash aggregate

» characteristics of the resulting concrete blocks
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MSWI-bottom ash from Indaver

2006           2007

Ferrous metals 10 % 9.6 %
Non-ferrous metals 1 %  2.1 %
Weak magnetic 3 % 2.6 %
Aggregate 6-50 mm 24 % 19.8 %
Aggregate 2-6 mm 11 % 13.7 %
Sand fraction 0.67-2 mm 33 % 31.4 %
Filtercake <0.67 mm 10 %  12.5 %
Residual fraction 8 % 8.3 %

Separation results of the wet MSWI-bottom ash treatment facility of 
INDAVER n.v. (Indaver, 2007 & 2008)
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Problem:

Metallic aluminium contained in bottom ash aggregate 
may cause pop-outs.
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Pop-out reaction mechanisms

» Hydrolysis of metallic aluminium:

» Al + OH- + 2H2O � [AlO(OH)2] - + H2 (pH > 7)

» [ AlO(OH)2 ] - + H2O � Al(OH)3 + OH- (pH = 9-10)

» Al(OH)3 + OH- � [Al(OH)4] - (pH > 10)

» In the presence of dissolved chloride or sulphate �
aluminium salts are formed: 
» Ettringite : Ca6Al2(SO4)3(OH)12.26H2O 

» Hydrocalumite (Friedel’s salt): Ca2Al(OH)6[Cl1-x(OH)x]·3(H2O)

» Calculated expansion:
» related to hydrolysis of Al ® Al(OH)3 = 223 %    (3x volume of Al)

» realted to formation of ettringite = 3389 % (35x volume of Al)
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Metallic Aluminium in concrete
(development of pop-out inducement test)
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Al-reaction products in concrete (formed during 
pop-out inducement test)
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Potential solutions:

» Physical separation of the metallic aluminium

» non-ferrous metal recovery

» Chemical separation/ inertisation
» dissolution of metallic aluminium in Na(OH) solution

» transformation of metallic aluminium into more inert Al-
compounds (accomplished by ageing of bottom ash ?)
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Analysis of metallic aluminium content

» Based on reaction of metallic Al with NaOH and quantification of H2         
(2Al + 2OH- + 4H2O   � 2[AlO(OH)2] - + 2H2)

» Theoretical 1,338 liter H2 / g metallic Al (at 25°C)
» H2 production due to hydrolysis of other metals neglectible

y = 0.9758x
R2 = 0.9974
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Analysis of metallic aluminium content

» Analysis of H2 production
» Wheaton bottles with tedlar-gas bags
» Pressure vessel with electronic registration of pressure and 

temperature (for correction of pressure at 25°C)
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Analysis Al-content in pressure vessel

H2 production reaction of fresh 2-6 mm bottom ash  (100 gram dry weight) with  5N NaOH solution. 
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Non-ferrous metal recovery

~ 93 %0.3 ± 0.1 %4.1 ± 0.8 %95.3 %24/01/2007test 2

~ 84 %0.7 ± 0.2 %4.4 ± 0.3 %93.8 %23/10/2006test 1

recoveryafter separationbeforedry weightdate

metallic aluminium content

Traditional eddy current

Steinert (eddy current with eccentric polesystem)

~ 30 %3.5 ± 0.2 %5.0 ± 0.2 %89.30%08/2006test 1

recoveryafter separationbeforedry weightdate

metallic aluminium content
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Recoverded non-ferrous metal fraction

2.2 - 4.72.652.7 - 6.4Non-ferrous 

17.9 - 25.88.576.8 - 10.8Brass

7.8 - 10.28.962.8 - 4.1Copper

59.3 - 72.22.7078.8 - 87.6Aluminium

weight %(g/cm3)vol %

average density
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Ageing of MSWI-bottom ash

» to improve the physical properties of the bottom ash

» Carbonation, hydration, dissolution-precipiation, sorption, 
oxidation-reduction, complexation reactions, etc.

» most important: carbonation of (hydr)oxides
» exothermic reaction (temperature increase > 70°C)

» lowering of pH (initially  pH = ~12 � after 2-3 months 
pH = ~10) � after 7-8 months pH = ~ 8.3) 

» Accelerated ageing - by increasing the CO2 content.

» Effect of ageing on metallic aluminium content & reactivity ?
» Lab experiments + scanning electron microscopy 
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Ageing of (2-6 mm) bottom ash

Effect of moisture content and temperature

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50 60 70 80 90

temperature (°C)

m
l  

H
2 

pr
od

uc
tio

n 
af

te
r 

1 
m

on
th

10% H2O, pCO2 = 0.0003 bar
13% H2O, pCO2 = 0.0003 bar 
18% H2O, pCO2 = 0.0003 bar 
20% H2O, pCO2 = 0,0003 bar
23% H2O, pCO2 = 0.0003 bar 
33% H2O, pCO2 = 0.0003 bar 



16/06/2009 16
Vertrouwelijk – © 2009, VITO NV – Alle rechten voorbehouden

Ageing of (< 2mm) bottom ash

Effect of moisture content and temperature

0

50

100

150

200

250

300

0 10 20 30 40 50

temperature (°C)

m
l  

H
2 

pr
od

uc
tio

n 
af

te
r 

1 
m

on
th

10% H2O, pCO2 = 0.0003 bar

10% H2O, pCO2 = 0,4 bar

20% H2O, pCO2 = 0,0003 bar

20% H2O, pCO2 = 0,4 bar



16/06/2009 17
Vertrouwelijk – © 2009, VITO NV – Alle rechten voorbehouden

Ageing of bottom ash

Effect of grain size – reactive surface area
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Ageing of (< 2 mm) bottom ash

» Effect of increased CO2 content (accelerated ageing)
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Ageing of aluminium contained in BA

» Moisture content

» Sufficient moisture needed for contact with the Al-grains / 
exact amount depends on grain size.

» Temperature
» Reactivity of Al increases with increasing temperature 

between 4 and 80°C.

» pCO2 (accelerated ageing under influence of higher pCO2)

» higher pCO2 may lead to a reduction of the Al reactivity at 
normal temperatures

» Grain size

» smaller Al-grains (< 2 mm) are more reactive than larger 
2-6 mm grains. 
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Metallic Al in fresh MSWI-bottom ash

» Metallic aluminium with Al(hydr)oxide or Ca[AlO2]2 gel
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Metallic Al in fresh MSWI-bottom ash

» Al(OH)3, AlO(OH) and Ca[AlO2]2
» Ettringite
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Metallic aluminium in aged bottom ash

» Various reaction products including carbonate minerals (due 
to carbonation of Ca(AlO2)2 and/or ettringite)
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Production of concrete blocks

» With BA from which non-ferrous metals have been recovered and 
BA replacing 50% of traditional aggregate (limestone) 

» Results of industrial–scale test productions:

2,0228,1630,3726,4227,69BA <10 mm aggregate

1,3024,8926,2624,7423,67BA 2-6 mm aggregate

0,6321,0020,3421,5921,07without BA

Solid blocks (190x90x90 mm)

0,729,669,758,910,34BA <10 mm aggregate

1,468,937,410,39,1BA 2-6 mm aggregate

0,358,038,057,678,37without BA

Hollow blocks (290x190x190 mm)

stdevaveragecompressive strength (N/mm2)Concrete block
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Evaluation of properties of the concrete 
blocks made with BA aggregate

physical characteristics of the concerte blocks

» Hollow conceret blocks: up to 20% strength increase 

» Solid concrete blocks:    up to 34% strength increase 

Determination pop-out sensivity (pop-out inducement test)
» no pop-outs in blocks with 2-6 mm BA (< 1% Al);

» no pop-outs in blocks with <10 mm BA (~ 1% Al)

Lab tests with different Al-contents (fresh grains from BA) 

» no pop-outs in blocks with aggregate < 1% metallic Al

» pop-outs appear in blocks with > 2.5 % metallic Al
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Conclusions:

» Industrial-scale test productions: 

» No pop-outs when using BA from which the non-ferrous 
metals have been recovered (recovery rate > 80%)

» Increased compressive strength (up to 20% for hollow 
concrete blocks; up to 34% for solid concrete blocks)

» Initial use should be restricted to non-critical applications: 

• paving stones; 

• unreinforced poured concrete; 

• unreinforced blocks for quay walls 

» The improved recovery rates of non-ferrous metals and in 
particular of metallic aluminium make BA aggregate more and 
more suitable as a substitute for aggregate in concrete.
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