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SUMMARY 
 

Increasing amounts of incineration residues need to be disposed, reused, or treated, 
requiring reliable characterisation methods. Leaching tests are often used to assess 
release of pollutants from wastes under a variety of leaching factors. Nevertheless, 
predicting contaminants release in the field is difficult due to the complexity of the 
processes occurring in field. 

This work aims at evaluating the limitations and possibilities of making long-term 
leaching predictions for incineration residues using diffusion leaching tests. The effect 
of carbonation on the leaching of elements was also evaluated. Leaching predictions for 
Cl and Pb based on diffusion test data were compared with leachate data from MSWI 
bottom ash reused in road construction and data from a two-step compliance test. 
During the first few years, leaching of Cl from bottom ash in the field could be 
accurately predicted within one order of magnitude, considered as a good fit. Good 
agreement was also found between leaching predictions based on the diffusion test and 
the compliance test for Pb. However, predictions based on diffusion tests might be 
misleading for longer time periods as the stock of contaminants depletes. Longer time 
series of field data are needed for comparison. 

Field conditions such as wet/dry and freezing/thawing cycles were not considered in 
this work, but might affect the mobility of contaminants. The impact of such field 
factors should be thoroughly examined in future research. 

Carbonation was found to significantly affect the leaching of some elements from 
MSWI bottom ash. Leaching of Pb and Zn increases due to carbonation, while 
decreasing for Cr, Mo, and Sb. Leaching of Cu increased by carbonation alone, but 
could be decreased if carbonation is combined with water-solidification. With such an 
effect on leaching it is necessary to consider carbonation when predicting leaching. 
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1 INTRODUCTION 
 

The landfilling of separated combustible waste has been banned in Sweden since 2002, 
forcing changes in waste management strategy towards recycling and incineration. In 
2002, 1.7 million tons of household waste, together with 1.1 million tons of industrial 
waste, was incinerated (RVF, 2003). That same year, energy recovered from waste 
incineration contributed to district heating and electrical energy production with 8.6 
TWh (RVF, 2003). 

Of all waste incinerated, 20-30% by weight remains as bottom ash, while 3-5% by 
weight of ashes remains after flue gas cleaning. Bottom ash is a gravel-like material, 
and it is this mixture of ashes that remain on a grate or fall through during incineration. 
Most bottom ash from waste incineration is being landfilled in Sweden (RVF, 2003). 
Because of its physical and chemical properties, bottom ash is sometimes used as a 
substitute for natural gravel in road construction. The chemical composition of air 
pollution control (APC) residues differs, depending on the waste feed and design of 
incineration and cleaning processes. Owing to a high content of metals and persistent 
organic pollutants (POPs), APC residues are classified as hazardous waste. As such they 
have to be treated prior to final disposal. Expanding incineration as a waste 
management method resulted in increased amounts of incineration residues to be 
landfilled, reused, or treated further. Increased amounts of incineration residues led to 
an urgent search for new treatment methods and reuse possibilities. All these new 
methods require reliable characterisation procedures to evaluate the possible effect of 
disposal or reuse to the environment. 

Leaching tests are often used as tools to estimate the release of pollutants into the 
environment. The release of pollutants under different leaching scenarios is assessed by 
varying the leaching factors. Leaching methods are also developed for assessment of 
long-term release of pollutants from wastes (NEN, 1995). However, the possibility of 
predicting long-term leaching is often limited due to the complexity of processes 
occurring in the field. Weather conditions and changes in materials’ properties during 
time could be important leaching factors, since they control contact of waste with CO2 
and water. 

The objective of this thesis is to investigate the possibility to predict long-term leaching 
behaviour of incineration residues using laboratory diffusion test.  
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1.1 RESEARCH QUESTIONS 

The following research questions gave course to this research: 

• What approach should be used to assess leaching of pollutants from solidified 
incineration residues? How is a leaching test performed to get representative 
data regarding diffusion controlled leaching and long-term leaching predictions? 

• How does carbonation affect the diffusion leaching of contaminants from 
bottom ash? 

• How accurate are leaching predictions based on diffusion leaching test data? 

First, a diffusion leaching test to characterise solidified incineration residues was 
developed. Second, the effect of carbonation was evaluated from the aspect of mobility 
of critical elements using availability and diffusion leaching tests. Third, based on 
diffusion leaching test data, long-term leaching predictions were made and evaluated. 
Predictions were compared with the leaching of bottom ash used as road base material 
and compliance leaching test data. 

2 MATERIAL AND METHODS 

2.1 MATERIAL 

The incineration residue used in these studies is bottom ash from the Dåva power plant 
in Umeå, Sweden (Todorović and Ecke, submitted). From this point on this material 
will be referred to as Dåva bottom ash.  

2.2 TEST ROAD 

The test road was built during the summer 2001, in the surroundings of Umeå, Sweden 
(Douard, 2002). One of the road sections was built using Dåva bottom ash as a 
substitute for natural gravel and not covered with asphalt. A lysimeter was installed 
under the road section for leachate collection. Dimensions of the lysimeter are 15 m × 2 
m. Approximately 26 t of bottom ash lie above the lysimeter, compacted to 0.42 m high 
layer. 

The average precipitation over 30 years (Alexandersson et al., 1991) was used for the 
calculations. It was estimated that the infiltration rate is one-tenth of the yearly 
precipitation. 

The road is used by trucks operating in the area. 

2.3 PREPARATION OF TEST-SPECIMENS 

Test-specimens for the evaluation of carbonation using diffusion leaching tests were 
produced in four steps (Figure 1) from Dåva bottom ash. Two series of test-specimens 
were prepared, carbonated and non-carbonated. In future tables and figures, carbonated 
specimens are marked with carb and non-carbonated with non-carb, with the specimen 
number where necessary. 

A detailed method for specimen preparation is described in Todorović and Ecke 
(submitted). 
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Figure 1 Process for preparation of test-specimens for evaluation of carbonation of 
Dåva bottom ash from the aspect of demobilisation of critical elements 

 

2.4 DIFFUSION LEACHING TEST 

A series of diffusion leaching tests was performed on carbonated and non-carbonated 
Dåva bottom ash. The leaching procedure was based on the Dutch diffusion leaching 
test (NEN, 1995), but with some modifications. After drying the test specimens (Figure 
1), they were not de-moulded, but the leaching test was performed in beakers, 
previously used as moulds (Todorović and Ecke, submitted). The diffusion leaching test 
was conducted in eight successive leaching steps of specified lengths, giving eight 
leachate fractions. Demineralised water acidified to pH 4 was used as leachant. 

2.5 AVAILABILITY LEACHING TEST 

A two-step availability leaching test, Nordtest Method NT Enviro 003 (NORDTEST, 
1995), was performed on carbonated and non-carbonated Dåva bottom ash before and 
after solidification. A 22 full factorial design was applied, setting carbonation and 
solidification as qualitative factors. An availability-leaching test was carried out on 
material grained to a particle size of 95 weight-%<125µm. Particle size was determined 
using Coulter Multisizer II (Coulter Electronics Limited, Luton, UK), which utilises 
electrical sensing zone for measuring particle volume. The first step of the availability 
test was carried out at pH 7 for 3 hours, the second at pH 4 for 18 hours. Liquid-to-solid 
(L/S) ratio in both steps was 100 l kg-1. The two leachate fractions were combined prior 
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to the analyses. 

From this point on, the amounts of components leached out during the availability test 
are referred to as availabilities or as amounts available for leaching. 

2.6 COMPLIANCE LEACHING TEST 

The compliance leaching test was performed on Dåva bottom ash according to 
Procedure 2 described in the Nordtest method NT Enviro 005 (NORDTEST, 1998), a 
two-step leaching test where deionised water is used as a leachant. The first step was 
conducted at L/S ratio 2 l kg-1 for 6±0.5 hours, while the second step was performed at 
L/S ratio 8 l kg-1 (giving cumulative L/S=10 l kg-1) for 18±0.5 hours. 

2.7 CHEMICAL ANALYSES 

The pH was determined using pH meter pH 340 (WTW, Wielheim, Germany). 
Conductivity was measured using conductivity meter CPM210 (Radiometer, 
Copenhagen, Denmark). 

Leachates were analysed for elements and chloride. Elements (except Hg) were 
determined using modified EPA methods 200.7 (ICP-AES) and 200.8 (ICP-SMS). Hg 
was determined using atomic fluorescence spectrometry (AFS). Chlorides were 
determined according to Swedish standard SS 02 81 20 (SS, 1974). 

The content of total solids (TS) in ashes was determined according to Swedish standard 
SS 02 81 13 (SS, 1981). 

2.8 STATISTICAL ANALYSES 

Statistical significance of the effects of different factors was tested using analysis of 
variance (ANOVA), as described by Montgomery (2001). Statistical difference of pairs 
of means was tested using Fisher’s Least Significant Difference (LSD) method 
(Montgomery, 2001). All statistical significance tests were performed at α=0.05 
significance level. ANOVA and the LSD method were performed using the computer 
software Statgraphics Plus 5.0 (Manugistics, Inc., Rockville, USA). 

Partial least square (PLS) modelling (Eriksson et al., 2001) was performed using the 
computer software Simca-P 9.0 (Umetrics, Umeå, Sweden). 
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3 RESULTS AND DISCUSSION 

3.1 RELEASE OF POLLUTANTS FROM INCINERATION RESIDUES 

The chemical composition of incineration residues is sometimes such that upon mixing 
with water, the occurring chemical reactions result in a solidification of material. This 
process often occurs with incineration residues disposed at landfills. Even when the 
effect of solidification cannot be achieved by mixing the residue with only water, 
solidification reactions may be activated by adding Portland cement or lime (Glasser, 
1997). Solidification decreases the area available for contact with water through a 
decreasing area to volume ratio of the residue. Chemical changes like transformation 
into less soluble species may also occur, resulting in a demobilisation of metals. Due to 
the possibility to decrease leaching from incineration residues, solidification is often 
employed to treat incineration residues prior to the final disposal. 

When landfilled or reused as construction material, the permeability of incineration 
residue is low. Bottom ash can be compacted to permeability from about 10-9 to 10-8 m 
s-1 (Chandler et al., 1997), while permeability of compacted fly ash ranges from 10-10 to 
10-8 m s-1 (Maurice and Lagerkvist, 1998). Concerning leaching, such material cannot 
be considered or evaluated as granular. From monolithic or materials compacted to low 
permeability, leaching is mass transfer controlled, meaning that the release rate is 
limited by diffusion of constituents through the solid phase. In such cases, equilibrium 
between solid and liquid phase is not achieved. 

This release scenario differs from the most scenarios being simulated during laboratory 
testing. For example, future EU legislation for acceptance of waste to landfills (EU, 
2002), stipulates the use of a two-step compliance batch leaching test (NORDTEST, 
1998), a simple and fast method, to assess pollutant release from granular waste.  
However, the test is designed to achieve equilibrium. Since equilibrium might not be 
achieved for compacted or solidified incineration residues, extrapolation of compliance 
test results regarding disposal might lead to an overestimation of release. A more 
appropriate approach could estimate the release from these materials by applying a 
diffusional model. 

One test designed for assessing release from waste that is monolithic in form is the 
Dutch diffusion leaching test NEN 7345 (NEN, 1995). It applies Fick’s second law of 
diffusion for evaluating leaching behaviour, calculation of effective diffusion 
coefficient, and long-term leaching predictions (Todorović and Ecke, 2004). 

This test is often used in its original or some modified form (Andac and Glasser, 1998; 
Andac and Glasser, 1999) to evaluate leaching from incineration residues. The data on 
release and the leaching mechanism is obtained by putting the solid specimen in contact 
with water and changing the water at defined times. However, how reliable are long-
term predictions obtained from diffusion data? The reactions of slow kinetics, like 
carbonation, are a major source of erroneous results. During the leaching test, 
carbonation occurs, but to a different extent than in the field. Many studies show that 
carbonation may significantly affect the leaching of pollutants (Ecke, 2001; Meima and 
Comans, 1998; Meima et al., 2002). This means that during times longer than that of a 
leaching test, leaching condition changes could affect the release. Hence, the predictions 
based on the diffusion leaching test would misestimate the actual release. It is thus of 
interest to evaluate to what extent carbonation affects leaching controlled by diffusion. 
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There might be other processes occurring in the field besides carbonation that affect 
leaching, but are difficult to predict. One such process is the changing of wet and dry 
periods. During the diffusion leaching test, the material being tested is saturated with 
water. In the field, however, material is being periodically saturated with water and 
dried due to changing weather conditions. Changing wet and dry periods may influence 
the precipitation and redistribution of contaminant concentrations in pore water 
(Garrabrants et al., 2002). In cold climates, freezing and thawing might also affect 
leaching because particles can break, and create new surfaces accessible to water. 

3.2 TESTING INCINERATION RESIDUES USING DIFFUSION TEST 

Two requirements of the Dutch diffusion leaching protocol (NEN, 1995) are that (1) the 
specimen being tested is of a defined geometry, so that surface area can be determined, 
and (2) the test specimen should also remain stable during testing, so that the contact 
surface area between phases as well as leaching mechanism are assumed unchanged 
during testing. The possibility to determine the surface area of contact between phases 
is important since release is presented and evaluated per unit area. These requirements 
are often difficult to achieve when no binding agents are added for production of test 
specimens. Employing self binding properties of material would be an advantage from 
the aspect of evaluating leaching, since a material without the effect of any additives 
could be evaluated. However, the specimens might not remain stable during testing 
(Todorović et al., 2003). 

When statistical methods are employed for design of experiments and evaluation of 
results, experiments should be replicated (Montgomery, 2001). Such an approach would 
enable the detection of random errors caused by treatment differences, uncontrolled 
factors, and inhomogeneity of material. One requirement for preparing the test 
specimens should also be that the procedure of specimen preparation be replicable, 
giving specimens of properties that could be considered as equal. 

Based on these requirements, a procedure for preparation of water-solidified test 
specimens was developed, employing cementitious properties of incineration residues 
by mixing it with the optimal amount of water, followed by compaction and drying 
(Figure 1). Water addition of 0.1 l (kg ash)-1 is sufficient for mixing with Dåva bottom 
ash without any excess water leaching out during compaction. Similar to Proctor 
compaction (SS, 1994), the compaction procedure provides equal compaction for each 
sample. To lower the risk of cracking and breaking of test-specimens during drying and 
leaching, the specimens should not be de-moulded after drying, though the same 
beakers should be used later on for leaching. 

The described procedure for specimen preparation yielded satisfying results. Specimens 
endured the diffusion testing. No visible cracks appeared and only a relatively small 
amount of material was lost during testing. The surface of contact between phases was 
considered to be flat and the surface area was calculated as a circle area of diameter 
equal to mould diameter (10.5 cm). 

To evaluate the possibility of repeating the procedure of specimen preparation and 
produce specimens of equal properties, the specimens were compared using statistical 
analyses of leaching test data. Statistical analyses of chemical concentrations, pH 
(Figure 2), and conductivity of leachate fractions from the diffusion leaching test show 
some statistical differences between specimens of the same series. pH during leaching 
of the third specimen in series (specimens carb 3 and non-carb 6) was higher than that 
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of other specimens in the representative series (Figure 2). The time between compaction 
and the beginning of drying was shorter for them than for first two specimens in the 
respective series. Complex and intensive chemical reactions occur in cementitious 
materials right upon mixing with water. Hydration of incineration residues is also 
temperature sensitive (Glasser, 1997). Prior to the specimens being put to dry, the 
hydration process in different specimens probably reached different stages. Changes in 
pH might be proof of different stages of residue hydration (Zhang et al., 2000). The 
difference in pH probably resulted in the leaching difference of the mentioned elements. 
One way of contributing to specimen equality could be to attempt making the times 
between water mixing and start of drying equal for all specimens. Another reason for 
the differences between specimens could be inhomogeneity of bottom ash. 

 

7.3
7.4

7.5
7.6

7.7
7.8

carb 1 carb 2 carb 3

pH

 
a) 

9.4

9.5

9.6

9.7

non-carb 5 non-carb 6

pH

 
b) 

Figure 2 Plots of means of pH with LSD (least significant difference) intervals for (a) 
carbonated specimens and (b) non-carbonated ones 

 

3.3 EFFECT OF CARBONATION ON LEACHING FROM BOTTOM ASH 

MSWI residues are alkaline. Dåva bottom ash had pH 11.19, while it could be up to pH 
12.5 for flue-gas cleaning residues (Chandler et al., 1997). Carbonation may affect 
leaching from incineration residues through a decrease in pH to ~8.3 (Todorović and 
Ecke, 2004). Leaching of some species (e.g. Pb) could also be decreased through the 
formation of less soluble carbonates (Ecke et al., 2002). Andac and Glasser (1998) 
showed that during diffusion leaching, uncontrolled access of CO2 in the system may 
lead to carbonation of the specimen’s surface. Presence of this carbonated surface layer 
not only affects leaching, but does not support the assumption of Fick’s second law of 
diffusion that solid material is homogeneous. 

Since the diffusion test is designed to evaluate leaching from solid materials, as well as 
predict leaching over time frames longer than the length of the test, it was of interest to 
evaluate how carbonation would affect leaching from solidified material. The approach 
used in this investigation is to compare leaching results from fully carbonated ash and 
fresh ash. 

The diffusion test was run on solid specimens made of carbonated and non-carbonated 
Dåva bottom ash. Cumulative release of a component during diffusion leaching is 
directly proportional to its initial concentration in the material. Component availability 
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is considered to be the initial concentration of component in the material (Kosson et al., 
1996). Availability is also used in calculations of long term leaching predictions (NEN, 
1995). Since availability is included in the determination of diffusion leaching 
properties its affect by carbonation was also evaluated. Solidification is included into 
the availability investigations because the method is applied before the diffusion testing. 
It was thus of interest to evaluate if availability is changing during this treatment and to 
distinguish between the effects of carbonation and solidification. 

Effects of carbonation and solidification of bottom ash on availability of elements 

The use of a 22 full factorial design and by varying carbonation and solidification as 
qualitative factors allowed the effects of these two treatments to be distinguished. These 
two processes could drastically change the availability of elements. Of all elements 
studied, only the availability of Cl was not significantly (α=0.05) affected by any of the 
processes. Carbonation alone decreases the availability of Cr, Mo, and Sb, while it has 
an opposite effect on the availability of Cu, Pb, and Zn. All ash/water suspensions were 
titrated at the same pH during availability testing. Differences in availability are 
probably not because of the pH change due to carbonation. The formation of phases that 
affect the leaching of elements and processes upon contact with CO2 are further 
discussed in the next paragraph, dealing with the effect of carbonation on leaching from 
solidified bottom ash. 

Results show that chemical processes occurring during water solidification decrease the 
availability of Pb and Zn. The interaction of solidification and carbonation is significant 
(α=0.05) for Cu and Pb (decreasing availability), and Mo (increasing availability). For 
Cu, the effect of the interaction is higher than the effect that carbonation alone makes on 
the availability of this metal (results not shown). This explains the higher leaching of Cu 
from the non-carbonated sample in the solidified group (Figure 3). 

Looking at the availability of elements from the solidified group (Figure 3), it could be 
expected that leaching during the diffusion testing would differ for carbonated 
specimens, compared to non-carbonated. 

Disposed incineration residues come into contact with water and CO2. Processes 
initiated by water and CO2 in the field could affect the availability of elements for 
leaching. 
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Figure 3 Amounts of elements available for leaching (mg (kg TS)-1) depending on the 
treatment of Dåva bottom ash (Todorović and Ecke, submitted) 

 

Effect of carbonation on leaching from solidified bottom ash 

The pH of leachate from carbonated bottom ash is lower than from non-carbonated 
(Figure 4). During the diffusion leaching test, pH of leachate from carbonated ash 
changed from 6.98 to 8.10 and from 7.42 to 11.10 for non-carbonated ash. The leaching 
of many species could be affected by such pH differences (Todorović and Ecke, 2004). 
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Figure 4 pH development during leaching compared with the pH of ash measured at 
L/S 10 l (kg ash)-1. Average pH values of leachate fractions from carbonated ash (open 
circles) with standard deviations (horizontal lines) (n=3), average pH values (n=2) of 
leachate fractions from non-carbonated ash (open squares), pH of fresh ash before 
leaching (closed square), pH of carbonated ash before leaching (closed circle), pH 
development in leachate collected under the test road built on the same type of bottom 
ash (bold line). 
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Figure 5 PLS loading plot showing effect of carbonation on cumulative leaching of 
elements. Schematic interpretation of the plot for Cl is included. R2 is goodness of fit of 
PLS component (Todorović and Ecke, submitted). 
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A PLS analysis was run to evaluate how much carbonation affects the release of seven 
elements. These elements were suspected to be critical during a previous investigation 
on the same bottom ash (Todorović and Ecke, submitted). Carbonation was evaluated as 
a qualitative factor together with the data from the different samples (qualitative) and 
time (quantitative). Cumulative release of elements was included as a group of 
responses. Figure 5 includes a schematic interpretation of how carbonation affects the 
release of Cl during the diffusion testing. First, a straight line was drawn to connect the 
position of Cl on the graph with its origin (point 0,0). The factor carbonated was then 
projected on this line (arrow at Figure 5). The position of this projection shows that 
carbonation has a positive effect (increasing leaching) on the release of Cl, since it is 
positioned at the same side of the graph’s origin. This effect is relatively low, since the 
projection is relatively close to the graph’s origin. Because of the qualitative nature of 
the factor carbonation, its negative level (non-carbonated) is positioned at the opposite 
side of the origin. Naturally, projection of the negative level would be at the same 
distance, but at the opposite side of the graph’s origin. 

PLS analysis shows that carbonation affects the leaching of elements differently. The 
effect is highest on leaching of Pb and Zn (increasing leaching), and Cr (decreasing 
leaching). Carbonation has the lowest effect on leaching of Cl (increasing leaching), and 
Mo and Sb (decreasing leaching). 

Phases present in hydrated bottom ash might be ettringite (Valls and Vazquez, 2001; 
Åberg and Ecke, manuscript) and calcium silicate hydrogel (C-S-H). These phases may 
contribute to a demobilisation of metals through incorporation into the crystalline 
structure (ettringite) (Valls and Vazquez, 2001), absorption, or bonding (C-S-H) (Ecke 
et al., 2002). Carbonation causes decomposition of ettringite (Valls and Vazquez, 2001; 
Xiantuo et al., 1994) and polymerisation of C-S-H (Valls and Vàzquez, 2002), possibly 
leading to a release of metals from these phases. This might explain the higher release 
of Pb, and Zn from carbonated samples compared to non-carbonated (Todorović and 
Ecke, submitted). Cu is probably also demobilised by ettringite and C-S-H. The effect 
of carbonation on these phases probably leads to an increase in Cu leaching, observed 
during availability testing. However, availability testing also showed that an interaction 
between carbonation and solidification has a significant (α=0.05) impact that decreases 
leaching. These two treatments were combined to prepare carbonated specimens for 
diffusion testing, because leaching is lower from carbonated solidified specimens than 
for non-carbonated. 

Lower leaching of Mo and Sb was detected for carbonated samples compared to non-
carbonated (Figure 5). On pH values of carbonated samples, these elements show a 
significant affinity for sorption onto (hydr)oxide minerals (Meima and Comans, 1998; 
Meima et al., 2002), possibly explaining the decrease in leaching of Mo and Sb due to 
carbonation. 

In natural systems, Cr occurs as either trivalent or hexavalent (Rinehart et al., 1997). 
Cr3+ exhibits an amphoretic character, while Cr6+ is highly soluble over the complete pH 
range (Cohen and Petrie, 1997). According to the latter, lower leaching of Cr from 
carbonated samples might be due to the occurrence of Cr in a trivalent oxidation state 
(Todorović and Ecke, submitted). It should not be expected that hexavalent Cr would be 
demobilised, by either a change in pH or incorporation into hydration products. Kersten 
et al. (1998) found that chromate (CrO4

2-) could be the dominant species in MSWI 
bottom ash leachates. Its low concentrations in leachates could be explained by 
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coprecipitation with BaSO4, which was also detected in aged bottom ash. However, the 
chemistry of Cr leaching is complex and the data obtained during diffusion testing does 
not sufficiently explain the controlling mechanisms. 

Since carbonation may affect the leaching of elements, using test data from non-
carbonated samples may lead to misestimating of long-term release. Predicting the time 
necessary for water-solidified bottom ash to be fully carbonated either during diffusion 
testing or in the field is difficult. Also, the results of release from carbonated samples 
would not provide any realistic estimation of release. The release from both carbonated 
and non-carbonated ash could be interpreted as an estimation of “limit” values that give 
information on the release at some point in time, at pH of fully carbonated and non-
carbonated ash. 

3.4 LONG TERM LEACHING PREDICTIONS BASED ON DIFFUSION 
LEACHING TEST DATA 

Predicting long-term leaching based on the data obtained using diffusion tests is 
possible if it is shown that leaching during the test is diffusion controlled. Leaching over 
time could then be calculated by calculating the mean effective diffusion coefficient. 
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Figure 6 Release of Cl from Dåva bottom ash. Cumulative release from non-carbonated 
ash during the diffusion leaching test (open squares); cumulative release from 
carbonated ash (open circles); 0.5 slope (thin line); amount available for leaching from 
non-carbonated ash (solid horizontal line); amount available for leaching from 
carbonated ash (dashed horizontal line); predicted cumulative release from non-
carbonated ash after 64 days of leaching, based on mean effective diffusion coefficient 
(closed squares); predicted cumulative release from carbonated ash after 64 days of 
leaching, based on mean effective diffusion coefficient (closed circles) (Todorović and 
Ecke, submitted). 
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Leaching of components weakly bound to the solid matrix (e.g. Cl, K, Na) gives 
information on the physical properties of the matrix. Analyses of the leaching behaviour 
of these elements are usually used for determining if leaching from the solid matrix is 
diffusion controlled. Diffusion controlled leaching behaviour is indicated by the 
cumulative release following a 0.5 slope on a log release vs. log time release plot 
(Todorović and Ecke, 2004). Regression analysis (NEN, 1995) was used to determine 
how much the curve deviated from 0.5 slope. If slope of a leaching curve or its part is 
within 0.5±0.15 interval, then leaching during the test or its part is diffusion controlled. 

Leaching from solidified non-carbonated and carbonated Dåva bottom ash was 
diffusion controlled (Todorović and Ecke, submitted). The data obtained during the 
diffusion leaching test was used to calculate the mean effective diffusion coefficients. 

Predicting Cl leaching over 64 days underestimates the release (Figure 6), due to the 
initial wash-off of Cl. Regression analysis showed that leaching was diffusion 
controlled, but it was observed in Figure 6 that at the beginning of experiment, release 
was somewhat higher due to the wash-off of Cl. It could also be expected that the initial 
leaching of Cl in the field would be higher than the one predicted based on the diffusion 
test. Predicting how high this difference would be based on diffusion test data is 
difficult. 

Comparison with the leaching in the field 

Two elements were included into the comparison of leaching predictions based on 
diffusion testing and leaching in the field. Cl was included in the evaluation because 
only a slight effect of carbonation on the leaching of this element was observed. It could 
be expected that leaching of Cl would not be affected by a difference in pH caused by 
different levels of carbonation from the laboratory and field bottom ash. Such an 
approach would allow detection of other factors whose effect in the field differs from 
that in the laboratory. Pb was included into the evaluation as the element whose 
leaching is affected by carbonation. A comparison of leaching for Pb would provide 
information on how well leaching affected by carbonation could be simulated in the lab. 

The field data corresponds to concentrations in leachates collected under the test-road 
built on Dåva bottom ash (unpublished data). Leaching predictions were based on the 
mean effective diffusion coefficient (Todorović and Ecke, submitted), obtained using 
the diffusion leaching test. The amount of bottom ash, the geometry of the bottom ash 
layer in the road, as well as precipitation data from the surroundings of Umeå, Sweden 
(Alexandersson et al., 1991) were also included in the calculations. 
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Figure 7 Release of Cl and Pb (mg l-1). Release of elements was predicted using the 
mean effective diffusion coefficients from the diffusion leaching test performed on 
carbonated (carb) and non-carbonated (non-carb) bottom ash. The actual release of 
elements (field) was determined by analysing leachate collected under the test road built 
on the same type of bottom ash. Black-and-white diagonal patterned bar in the field 
series of Pb release shows that the value was below the detection limit (4.6 µg l-1). Its 
height corresponds to the detection limit. 

 

During the first autumn, the pH decreased from an initial 11.3 to 10.2 at the end of 
October 2001 and 9.9 at the end of November 2001 (Figure 4). Autumn rainfall 
probably diluted the solution and brought bottom ash into contact with CO2 (Johnson et 
al., 1999), causing carbonation and decreasing the leachate pH. The increase in pH of 
leachates sampled in May 2002 (pH 11.56) and October 2003 (pH 11.36) was probably 
due to less water percolating through the road and bringing CO2. The winter before May 
2002 was long, when water was frozen and no leachate was being generated before the 
first spring thawing. The following summer was exceptionally dry with only 144 mm of 
precipitation (Åberg and Ecke, manuscript), compared to an average of 338 mm over a 
30-year period (Alexandersson et al., 1991). A small amount of leachate (results 
unpublished) was collected from the lysimeter under the road during the second and 
third years due to the lower infiltration. Except from the dry weather, lower infiltration 
could be due to the change in permeability of the ash layer over time. Since the road is 
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used by trucks, it is possible that at the surface, a highly compacted layer was formed, 
lowering the amount of water percolating through.  

Predictions based on diffusion leaching test data underestimate the release of Cl (Figure 
7). However, the differences between predicted and field data decreased during the 
autumn 2001. The larger difference at the beginning of the test-road’s life could be 
explained by the initial wash-off of Cl, an effect that was also observed in the lab. When 
Cl was leached from an easy soluble surface, the lysimeter values approached the 
predicted leaching. Precipitation during the autumn 2001 (118 mm) corresponded quite 
well to the 30-year precipitation averages (128 mm) used for predictions 
(Alexandersson et al., 1991), providing a good basis for comparison of predicted values 
and the release from the test-road.  

Leaching of Cl from the test-road is within the same order of magnitude as predicted 
values. With the exception of the first few months, when leaching of Cl is three times 
higher, it could be concluded that the predictions of Cl release based on diffusion test 
data corresponded relatively well to the field data. This also confirms the assumption 
that leaching from roads built on bottom ash is controlled by solid-state diffusion. 

Leaching data show Cl as highly mobile. It is also unlikely that leaching of Cl could be 
greatly changed by any investigated treatment. One approach to decrease the initial high 
leaching of Cl could be to pre-wash the bottom ash (Åberg and Ecke, manuscript). It 
would be of interest to investigate how this treatment method would affect leaching of 
other pollutants, as well as the possibility to solidify bottom ash. 

Predictions based on the data from the diffusion test overestimate the release of Pb 
(Figure 7). Concentrations of Pb in the first two samples were 6% and 15% of predicted 
concentrations, based on leaching from non-carbonated specimens. The difference was 
even greater from the predictions based on leaching from the carbonated specimens (i.e. 
2% and 6%). The pH from the field (ranging from 9.9 to 11.56) was higher than that of 
leachate fractions from diffusion testing of fully carbonated bottom ash (6.98 to 8.10) 
(Figure 4). These differences show that bottom ash in the test-road was not carbonated 
to a greater extent during the time of the sampling, probably the reason for relatively 
high differences between the field data and predictions based on a diffusion test from 
fully carbonated specimens. With the exception of the first and last samples (when the 
concentration of Pb in the leachate was below the detection limit), diffusion test data 
from non-carbonated specimens yielded predictions within the same order of magnitude 
as the field data (Figure 7). This is considered as a relatively good prediction. 

When comparing Figures 4 and 7, it was observed that during the autumn 2001 the 
concentration of Pb in road leachates increased with the decrease in pH. As in 
laboratory testing, a similar discussion regarding phases contributing to the 
demobilisation of Pb could be applied here. Access of CO2 resulted in a release of Pb 
that was possibly retained in ettringite and C-S-H. However, more field data is needed 
to make a more reliable evaluation. 

To render more reliable conclusions on the release of elements from the bottom ash, it 
would be of interest to investigate the pH changes in test-road leachate. Changes in the 
amount of water percolating through the bottom ash due to weather as well as changes 
in permeability of the ash layer could be included in the evaluation. It is also possible 
that freezing/thawing cycles could cause ash particles to break and the formation of new 
surfaces available for leaching. It would be of interest to evaluate how much these 
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changes in material would affect leaching.  

Comparison with the compliance leaching test data 

The leaching predictions based on the diffusion test leaching data were compared with 
the compliance test leaching (Figure 8). To compare these two procedures, their results 
were recalculated for the situation in the test-road. The time corresponding to different 
L/S was calculated according to the procedure described by Douard (2002). 
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Figure 8 Predicted cumulative release of Cl and Pb (mg (kg TS)-1) from the test road as 
a function of L/S. Release of elements was predicted using mean effective diffusion 
coefficients from the diffusion leaching test performed on carbonated (diff carb) and 
non-carbonated (diff non-carb) bottom ash for the time corresponding to L/S 1, 2, 5, and 
10. The results of compliance leaching test are marked with compliance. Available 
stands for the amount of element available for leaching. 

 

The predicted values and compliance leaching test data are within the same order of 
magnitude for Cl (Figure 8), and could be considered as relatively good agreement. 
However, the main difference between the results based on both approaches is the time 
Cl is present in the ash. According to the diffusion test, Cl is leached out in less than 63 
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years (corresponding to L/S 5); while the compliance test showed that some Cl is still 
present in ash after 129 years (corresponding to L/S 10). When a small amount of 
element remains in the material the assumptions of diffusion controlled leaching are no 
longer met. Therefore, Cl is probably present in bottom ash for a longer time than 
predicted by diffusion test. Diffusion test predictions are more reliable at the beginning 
of Cl leaching, as previously was shown by comparison with the field data. Predicting 
during the first few years of leaching is also more relevant, since for a highly soluble 
element like Cl, concentrations could become high and harm the environment. 

In the case of Pb, the values predicted using diffusion leaching test data are consistent 
with the compliance test data. With such good agreement between the results, it might 
be concluded that the compliance leaching test is more appropriate than diffusion 
leaching test for regulatory purposes, and being that it is faster and less expensive. For 
research purposes, however, the diffusion leaching test gives more data related to the 
release of Pb. Combined with experimental design and statistical methods it could be 
used for evaluating treatment methods from the aspect of Pb release. 
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4 CONCLUSIONS 
 

In most disposal or reuse scenarios, incineration residues are solidified or compacted to 
low permeability. In such a case, leaching is controlled by solid-state diffusion. For 
assessment of release from solidified incineration residues, the diffusion leaching test 
should be used. 

A procedure to evaluate the leaching properties of water-solidified incineration residues 
was developed based on a standardised diffusion leaching test. The procedure employs 
cementitious properties of incineration residue for the production of solid specimens. 
Using the same beakers for moulding the ash/water mixture and the leaching of 
produced specimens solves the problem of the specimens breaking and the formation of 
new surfaces exposed to leaching. Time and temperature of drying were found to be 
important factors affecting the reactions occurring upon mixing the ash with water. 
Equalising the effect of uncontrolled factors in different specimens could be done by 
equalising the time between mixing of the ash with water and drying of the compacted 
mixture for all specimens. This would make statistical evaluation of investigated 
leaching factors more reliable. 

Carbonation could affect the leaching of elements from bottom ash. The leaching of Cr, 
Mo, and Sb could be decreased due to carbonation, while that of Pb and Zn was higher 
from carbonated than from non-carbonated samples. Carbonation alone increases the 
release of Cu, but decreases when combined with water-solidification. Of all the studied 
elements, the least affected by carbonation is Cl. Since carbonation could significantly 
affect the leaching of some elements it is necessary to consider this process when 
making long-term predictions. A possible approach could be to predict the leaching of 
elements from both fully carbonated and non-carbonated ash. 

Leaching predictions of Cl leaching from bottom ash based on diffusion leaching test 
data agree well with leaching from bottom ash in the field. Predicted and field values 
are within the same order of magnitude. The greatest difference between the values is 
within the first months of leaching, probably due to the high initial leaching of Cl. The 
initial wash-off of Cl was observed during diffusion testing, but could not be predicted 
using the diffusion test data. A comparison with compliance test data showed that 
diffusion test data should not be used for predictions when a relatively small amount of 
an element is left in the solid. Here, the assumptions of diffusion controlled leaching are 
no longer met and any predictions would give misleading results. Leaching predictions 
over the first years of leaching are more reliable and more relevant for highly mobile 
elements, when their release is relatively high and potentially harmful to the 
environment.  

Predictions based on diffusion test data overestimate the release of Pb in the field. At 
the beginning of leaching this overestimation was by two orders of magnitude. 
Carbonation affects the leaching of Pb from bottom ash. Therefore, the impact of rain 
water on the transport of CO2 and thus carbonation needs to be investigated. To make a 
more reliable evaluation of predicted Pb leaching, field data over several years is 
needed.  

Predictions of Pb leaching based on diffusion testing are in good agreement with 
compliance leaching test data. As less time consuming, the compliance leaching test is 
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better for predicting the release for regulatory purposes. For research purposes, 
however, diffusion leaching tests are more appropriate because they give more 
information on release and leaching mechanism. 

Both laboratory and field investigations showed that the leaching of Cl could be high 
during first few months of bottom ash reuse or disposal. To lower the risk of high Cl-
release to the environment, it would be of interest to decrease the initial high 
concentrations in leachate from the bottom ash. One possible way to remove Cl before 
reuse of disposal is to pre-wash the bottom ash. How this pre-treatment of bottom ash 
would affect the hydration process, leaching of other elements, and chemical changes in 
bottom ash is yet to be investigated. 

To make reliable long-term predictions, it is necessary to assess the impact of climate 
conditions on the leaching of contaminants. Leaching may be affected by changes of 
wet/dry, as well as freezing/thawing cycles. Laboratory methods that simulate and 
evaluate the effect of these processes on the leaching of pollutants are needed. The 
diffusion leaching test could be used as a basic method and be further developed to 
simulate wet/dry and freezing/thawing cycles.  
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5 LIST OF ABBREVIATIONS 
 

ANOVA analysis of variance 

APC air pollution control 

α statistical significance 

C-S-H calcium silicate hydrogel 

EC European commission 

EU European Union 

ICP-AES inductively-coupled plasma atomic emission spectrometry 

ICP-SMS inductively-coupled plasma sector mass spectrometry 

L/S ratio liquid-to-solid ratio 

LSD least significant difference 

MSW municipal solid waste 

MVDA multivariate data analysis 

NEN Nederlands normalisatie instituut 

NORDTEST Nordic test 

pH negative logarithmic proton activity 

PLS partial least square 

POP persistent organic pollutant 

R2 goodness of fit 

SS Swedish Standard 

TS total solids 
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SUMMARY 
 

Incineration of waste with energy recovery is the most common treatment method for 
municipal solid waste (MSW) in Sweden. Every year, the amount of waste being 
incinerated increases and more energy is being recovered in the forms of heat and 
electricity. This management strategy also results in increasing incineration residues to 
be disposed or treated. To develop environmentally friendly solutions for disposal, re-
use, or treatment of incineration residues, reliable characterisation methods are needed. 
This review presents leaching tests as methods for assessment of inorganic pollutants 
leaching from fresh and treated incineration residues. 

Chapter 2 provides the basics of the leaching process. Factors most relevant for further 
discussion are noted. Leaching behaviour of the most environmentally relevant 
inorganic species is also included. 

Chapter 3 gives an overview of leaching tests that could be used to characterise 
incineration residues. Their area of application, basic principles, advantages, and 
disadvantages are given. 

Special attention is given to solidification of incineration residues. In Chapter 4, the 
possibilities for solidification of incineration residues with and without binding agents 
are presented. Diffusion leaching test as a method for assessment of leaching behaviour 
from solidified material is introduced. The greatest disadvantage of available 
standardised leaching tests is that the effect of reactions of slow kinetics could often not 
be predicted. Such reactions occur, e.g., due to carbonation. The proposed solution in 
this review is to evaluate the effect of carbonation by comparison of leaching from fresh 
and carbonated material. 
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1 INTRODUCTION 
 

Leaching is mass transport from a solid material to a liquid phase. It is a common 
process occurring in most systems, including solid and liquid phases. Understanding 
systems where leaching takes place and the process itself is important from many 
different aspects. For example, it is applicable for the quality control and classification 
of products and wastes, the assessment of their pollution potential, the evaluation of 
treatment methods, the environmental impact assessment, and the design of leachate 
treatment facilities. 

The necessity to assess leaching properties of incineration residues rises with the 
increased amount of these residues to be treated or disposed. In 2002 alone, 2.8 million 
tons of waste was incinerated in 26 Swedish incineration plans (RVF, 2003). Such 
waste management strategy enabled the recovery of 8.6 TWh of energy in the form of 
heat and electricity (RVF, 2003), but also led to increased amounts of incineration 
residues to be treated or landfilled. Most generated bottom ash is being landfilled or 
used in road construction. Leaching tests could provide the data on constituent release 
from bottom ash over time, and how different factors could affect leaching from 
disposed material. Residues from incineration flue-gas cleaning are considered to be 
hazardous and as such have to be treated prior to disposal. In such cases, leaching tests 
could provide the data to evaluate the treatment method for incineration residues. 

The aim of this work is to present leaching tests as methods for the assessment of the 
release of pollutants from incineration residues. First, the basic definitions and factors 
influencing leaching are presented. Second, the classification and overviews of leaching 
tests are given, as well as an evaluation of some leaching tests from the aspect of 
applicability. The process of incineration residues solidification is also presented, plus a 
discussion of how it could affect leaching of pollutants and how to assess the release 
from solidified material. 

Leading questions are: 

○ What factors affect leaching of different inorganic species and how? 
○ What are the possibilities and limitations of different leaching tests? 
○ Could solidification contribute to demobilisation of pollutants from incineration 

residues? How to evaluate solidification as a treatment method for incineration 
residues? 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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2 LEACHING AND FACTORS INFLUENCING LEACHING 
 

Factors that influence leaching can be divided into physical and chemical. The most 
important to the following discussion will be briefly explained. 

Physical factors influencing leaching are, e.g.: 

○ particle properties; 
○ internal pore structure of the solid matrix; 
○ temperature; 
○ time of contact between phases; 
○ liquid-to-solid ratio (L/S ratio). 

Particle properties, such as particle size and porous structure, influence leaching 
through the surface area exposed to the leachant. 

Values describing internal pore structure of monolithic and compacted granular 
materials are: 

○ permeability – the rate at which the fluid will percolate through the material; 
○ porosity – the ratio of the volume of voids and the total volume of material; 
○ tortuosity – the ratio between the actual and apparent geometric path length of a 

species diffusing through the material (Chandler et al., 1997). 

Whether the liquid percolates through the material or flows around is generally 
determined by the permeability of the material and its surroundings. The leaching 
mechanism is thus similar for monolithic materials and materials compacted to low 
permeability (Figure 1). 

Percolation Diffusion controlled 
 

Figure 1 Percolation and diffusion controlled leaching (Chandler et al., 1997) 

 

The L/S ratio is related to the leaching time in the field. Increasing the L/S ratio in 
laboratory tests can make long-term leaching predictions possible. The ratio is also a 
useful tool for comparing the data obtained using different leaching tests (Kylefors et al. 
2003). 
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Chemical factors influencing leaching are, e.g.: 

○ pH; 
○ redox potential; 
○ availability of complex formers; 
○ availability of sorption surfaces. 

pH influences the leachability of many species. The mobility of most metals increases 
in acidic conditions, probably because more mobile metals species form at lower pH 
and surface metal complexes are formed to a less extent in acidic conditions (Stumm, 
1992). Some elements form oxides that react with both acids and bases, i.e. called 
amphoteric (Shriver et al,. 1994). Leachability of such elements is lowest at 
intermediate pH ranges and increases at both low and high pH. Elements forming 
oxianions (e.g. As, Cr, and Se) can exhibit the highest release in neutral conditions 
(Sloot et al,. 1997). However, the solubility of Na and Cl is not greatly dependent on 
pH. The pH value also indirectly influences leaching, e.g. through its impact on 
complexation and sorption processes. 

The redox potential of a system is important for leaching since chemical phases formed 
in the presence of oxygen can have a different solubility than those formed under 
reducing conditions. The presence of oxidizing or reducing mineral phases or oxygen 
may significantly influence the mobility of metals. 

Complexation with some organic or inorganic ligands may lead to the mobilisation of 
constituents from a solid phase, which would otherwise not be soluble. The leachability 
of cadmium, for example, is strongly influenced by complexation with chloride (Sloot 
et al., 1997). 

Sorption reactions lead to the binding of dissolved constituents onto surfaces of solid 
phases (Meima et al., 2002). 

2.1 RELEASE OF SPECIES 

The leaching behaviour of various species can be distinguished in two cases: (1) 
relatively soluble elements, whose solubility does not change with physico-chemical 
conditions (e.g. Cl, K, Na), and (2) species whose solubility depend on physico-
chemical conditions (especially pH). The following paragraphs present the types of 
release exhibited by some environmentally relevant elements and discuss the 
dependence of their solubility on physico-chemical conditions. The focus is on the 
release from incineration residues. Elements presented here are those included in future 
EU legislation for acceptance of waste to landfills (EU, 2002). Some of the elements 
that might contribute to the formation of mineral phases are also included. 

Halogens and alkali metals 

The solubility of halogens and alkali elements (except from fluorine) is independent of 
pH (Sloot et al., 1997). Their leaching behaviour is not controlled by the limitations of 
solubility and most of their fractions available for leaching are rapidly leached out. 
Solidification as a treatment method does not significantly contribute to their 
demobilisation since they generally do not react with the solid matrix. Because of such 
leaching behaviour these elements are sometimes referred to as inert. 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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Metals 
The solubility of Al is most often controlled by Al(OH)3, whose solubility is at its 
minimum at pH 5 (Sloot et al., 1997).  

The solubility of Cd, which decreases with an increase in pH, is at its lowest at pH 11 
(Moszkowicz et al., 1998). However, the leachability of Cd is strongly affected by the 
presence of chloride. The difference in leachability is a function of pH, most probably 
due to formation of soluble cadmium-chloro complexes that influence the leachability 
curve of Cd to be shifted to higher pH (Sloot et al., 1996). 

It is important to understand the chemistry of Ca, since it leads to a change in chemistry 
of other environmentally relevant elements. The work of Ecke and co-workers (2002) 
shows high correlation between leachability of Ca and alkalinity of dry scrubber 
residue. Ca is also essential for the formation of C-S-H (Calcium Silicate Hydrogel) 
phases during stabilisation/solidification processes, and thus also affects the leachability 
of other species through physical stabilisation of residues. 

The solubility of Cu is low at pH>7. However, it was observed in materials containing 
organic matter that the leachability of Cu may increase with an increase of pH (Sloot, 
2003). Such behaviour could be related to an increased release of dissolved organic 
carbon (DOC). 

The leachability of Fe is low in basic conditions (Stumm, 1992). The investigation of 
Meima and co-workers (2002) on carbonation of suspended MSWI bottom ash, shows 
no significant difference in Fe leaching as a result of carbonation. 

Pb has an amphoteric character and its leachability is at its minimum at pH 9-10 (Sloot 
et al., 1997). Carbonation may lower leachability of Pb from MSWI residues, through a 
decrease in pH from a highly alkaline level (characteristic for these type of residues) to 
slightly alkaline (of about pH 8.3). At pH 6-9, the leachability of Pb is lowered due to 
the formation of less soluble carbonates (Ecke et al., 2002). 

The leachability of Ni is similar to that of Cd, but is more sensitive to complexation 
with DOC than to chloride complexation (Sloot et al., 1997). 

Zn possesses amphoteric properties and is least soluble at pH~9 (Cohen and Petrie, 
1997). At an intermediate pH range, Zn(OH)2 is the predominant species responsible for 
low mobility of Zn (Ecke et al., 2002). Sloot and co-workers (1996) showed a similar 
pH dependent release for different incineration residues. The increase in leachability at 
pH>10 could be due to the formation of soluble zinc hydroxyl complexes. 

Cement solidification demobilises Zn to a certain extent. Cohen and Petrie (1997) 
discussed whether to attribute this demobilisation to chemical changes or to increased 
mass-transfer resistances in solidified material. It was pointed out that Ca(OH)2 formed 
during a cement hydration increase pH, but that Ca-Zn complexes may be formed, 
resulting in reduced Zn mobility. 

Different results were reported on the impact of carbonation on the leachability of Zn. 
The work of Ecke (2003) shows that the leachability of Zn from MSWI residues can be 
lowered by up to two orders of magnitude through carbonation. Carbonation lowers the 
pH of a residue from highly alkaline to slightly alkaline, where solubility of Zn(OH)2 is 
at its lowest. On the contrary, Alba and co-workers (2001) reported that a decrease in 
pH due to carbonation increased leaching from cement stabilised fly ash and air 
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pollution control (APC) residue, probably due to a dissolution of metal ions from 
silicate oxygens at lowered pH. 

Elements forming oxyanions 

As, Mo, Sb, and Se exhibit the highest leaching in neutral conditions (Sloot et al., 
1997). Dutré and Vandecasteele (1996) showed that Ca plays an important role in the 
demobilisation of As in industrial As-contaminated waste solidifed with cement. 
Adding lime to the mixture lowered the concentration of As in leachate by up to two 
orders of magnitude, probably due to an increase in pH higher than 12 and the 
formation of insoluble CaHAsO3 (Dutré and Vandecasteele, 1996). 

An important binding mechanism for Mo at low pH values is the sorption of MoO4
2- on 

surfaces of iron- and aluminium (hydr)oxides (Comans et al. 2000). 

The occurrence of Cr in natural systems is either trivalent (Cr+3) or hexavalent (Cr+6). 
Cr+3 is relatively non-reactive and less toxic, while Cr+6 acts as a strong oxidiser and is 
thus more toxic (Rinehart et al., 1997). Cr+3 possesses amphoteric properties, while Cr+6 
is highly soluble over the complete pH range (Cohen and Petrie, 1997). Cr+3 can be 
demobilised by solidification with cement. By substituting with Si, Cr+3 can be 
chemically incorporated into cement hydration products (Cohen and Petrie, 1997). It 
can also exist as insoluble hydroxides or remain solubilised in the pore solution. Cr+6 is 
not expected to be incorporated into cement products. Cohen and Petrie (1997) showed 
that approximately 75% of the chromium leached from cement stabilised waste exist as 
Cr+6, while the rest is assumed to be Cr+3. 

Non-metals 

Ecke and co-workers (2002) reported that leachability of Si from dry scrubber residue 
decreases with an increase in pH. 

In incineration residues SO4 often exists in the form of soluble salts whose leaching 
could be as high as that of inert elements. Numbers of investigations on incineration 
residues (Chandler et al., 1997; Meima and Comans, 1997; Sloot, 2002) showed that the 
leaching of SO4 is unaffected by a pH change in the range of pH 4 – 11. 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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3 LEACHING TESTS IN CHARACTERISATION OF 
INCINERATION RESIDUES 

 

Leaching tests are procedures that put solids and liquids in contact with each other 
under defined conditions. The type of leaching test as well as the applied test conditions 
depend on the objective of the characterisation, e.g. classification of materials, 
identification of leachable constituents, development of production and treatment 
methods, estimation of field concentrations, and environmental impact assessment. 
Leaching tests can be classified in various ways, the one presented below is based on 
data that leaching tests assess. According to this classification, leaching tests can be 
divided into three groups: 

○ Leaching tests designed to simulate constituent release under specific 
environmental conditions, 

○ Sequential chemical extraction tests, and 
○ Tests that assess fundamental leaching properties. 

Each of these categories is briefly presented. 

Leaching tests designed to simulate constituent release under specific environmental 
conditions 

These tests are usually conducted as single batch extraction tests with acetic acid or 
distilled water used as extractant. One such test is the Toxicity Characteristic Leaching 
Procedure (TCLP), widely used in the United States. This test simulates leaching from a 
landfill and investigates whether or not a particular type of waste or sludge meets 
hazardous waste regulatory levels (as proposed by the US EPA). The main limitation 
with this kind of test is the lack of results provided about the release of constituents over 
different time intervals or under different environmental conditions of those being 
simulated (Kosson et al. 1996). 

Sequential chemical extraction tests 

Sequential chemical extraction tests are designed to treat the material with different 
solutions, resulting in the concentration of released constituents being divided into 
fractions. Such an approach gives information on which chemical conditions are needed 
to obtain different extraction efficiencies. 

Sequential extraction tests are often used to investigate the occurrence, mobility, and 
transport properties of trace metals. Here, the method tested by Van Herck and 
Vandecasteele (2001) is described. The goal of this method is to divide the total 
leachable concentration of metals into fractions, to assess the form in which the metals 
occur in fly ash and blast furnace sludge. This is achieved by putting the waste 
successively in contact with different leachants (Table 1), each selected to a different 
fraction of contaminant. The procedure assumes that each leachant also extracts the sum 
of contaminants extracted by all previous leachants. The metal fractions extracted from 
a blast furnace sludge are shown in Figure 2. 
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Table 1 Sequential extraction procedure adopted by Van Herck and Vandecasteele 
(2001); E is redox potential relative to a saturated Ag/AgCl electrode 
 Fraction Leaching solution Time 
Step 1 Water soluble  Distilled water 3 h 
Step 2 Acid soluble  0.5 M CH3COOH and add 12 M HCl until pH=2.5 3 h 
Step 3 Oxidizable  1.9 M NaOCl until E=1200 mV and 12 M HCl until pH~2.5 3 h 
Step 4 Easily reducible 0.175 M (NH4)2C2O4 + 0.1 M H2C2O4 and add 12 M HCl until

pH=2.5 
 3 h 

Step 5 Moderately reducible 0.1 M Na2EDTA + 0.3 M NH2OH·HCl 24 h 
Step 6 Residue  Total dissolution with HF, HCl and HClO4  

 

During the water soluble step, the highest extraction was observed for Ca, K, and Na 
(Van Herck and Vandecasteele, 2001), which usually occur as easily soluble salts. Van 
Herck and Vandecasteele (2001) also reported that in the case of fly ash, most chlorides 
and sulphates leach in this step, leading to the conclusion that probably most Ca, K, and 
Na occur as chlorides and sulphates. Another important observation is that during the 
first step of the sequential extraction procedure, pH is controlled by the process itself. 
With fly ashes, the pH can reach values above 10, indicating the presence of basic metal 
salts and hydroxides. Some metals (e.g. Zn) could be present as soluble salts that 
dissolve immediately, but because of the high pH, hydroxides are formed and the metals 
precipitate (Van Herck and Vandecasteele, 2001). The problem of precipitation during 
sequential leaching was also reported by Chandler and co-workers (1997). 

 

 

Figure 2 Metal fractions (in %) extracted during different steps of the sequential 
extraction test developed by Van Herck and Vandecasteele (2001) (adopted from Van 
Herck and Vandecasteele (2001)) 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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The leaching behaviour of numerous metals is strongly affected by pH. To compare 
results from steps 2-4, the pH is maintained constant at 2.5 to extract the highest 
possible amount of Al and Zn (Van Herck and Vandecasteele, 2001).  At this pH it is 
expected that all carbonates are dissolved. A high extraction level during the second 
step was observed for Al, Pb, and Zn (Figure 2). In the case of Pb, this is probably due 
to its complexation with acetic acid. Oxidizable (step 3) and reducible (steps 4 and 5) 
fractions are those that can be extracted only under respective conditions. The 
considerable residue amounts of Al, Fe, Mg, and Mn show the elements forming or 
being encapsulated into the solid matrix (Van Herck and Vandecasteele, 2001). 

A shortcoming of the sequential extraction procedure is that it cannot be used for 
extrapolating processes occurring in natural conditions, due to its fast kinetics and use 
of strong reagents (Van Herck and Vandecasteele, 2001). Sequential extraction 
procedures can, thus, be used only for qualitative research instead of quantitative. From 
the data obtained by sequential extraction procedure, one could make important 
conclusions about mineralogy. However, it is not possible to make each step completely 
selective for a certain fraction of an element. The sequential extraction procedure is 
used mainly to evaluate certain treatment methods for waste or ashes. 

Tests which assess fundamental leaching properties 

The measuring of fundamental leaching properties is an alternative approach to 
estimation of constituent release. Such fundamental leaching properties are: availability, 
solubility, and diffusion coefficient (Kosson et al., 1996). Tests that assess these 
properties are described in brief. 

Availability leaching tests 

Availability is the soluble fraction of a constituent that can be released into solution 
under aggressive leaching conditions (Kosson et al., 1996). The results of availability 
tests are usually presented as a measured release of the element or species of interest 
(e.g. in mg, the element leached per kg material treated). These results only show the 
potentially leachable amount of the constituent and do not provide results on whether or 
not this maximum release will ever be fulfilled or the time intervals during which this 
release may occur. Availability extracting conditions are not designed to simulate actual 
environmental conditions. 

Figure 3 shows the total content of solidified APC residue and leaching results obtained 
using the availability test NT ENVIR 003 and Dutch diffusion leaching test NEN 7345. 
Note that the availability of an element could differ by two orders of magnitude from its 
total content. 

Table 2 presents the typical values of availability for four types of waste materials from 
MSWI facilities. 
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Figure 3 Total elemental content of solidified APC residue (closed squares), 
availability of elements for leaching showed as averages (open triangles), and standard 
deviations (horizontal lines) (n=3) and cumulative release after full length of diffusion 
leaching test NEN 7345 (closed circles); all values in mg (kg TS)-1 (Todorović et al., 
2003a) 

 

Table 2 Typical ranges and values of availability for bottom ash, fly ash, APC residues, 
and combined ash from mass burn MSWI facilities (Kosson et al., 1996) (in mg kg-1); 
“na” stands for “data not available” 
Element Bottom ash Fly ash APC residues Combined ash 
Al 5600 na 2900 4000 
As 0.3-5 1-2 14 6 
Ba 50-200 30-80 90 130 
Ca 20000-70000 50000-100000 200000 79000 
Cd 0.5-5 100-300 130 27 
Cl 1000-6000 30000-50000 146000 32000 
Cr 2-10 10-100 6 3 
Cu 50-200 5-20 200 380 
Fe 2700 na 30 670 
Hg 0.01-0.1 1-3 17 0.6 
K 1000-3000 10000-25000 14000 5800 
Mg 1000-3000 4000-15000 4300 4700 
Mn 220 na 64 680 
Mo 1-4 1-4 11 2 
Na 5600 na 14000 5800 
Pb 50-300 100-300 1000 na 
SO4 8000-18000 30000-80000 88000 29000 
Sb 30 na 110 <8 
Zn 50-500 5000-8000 7900 2900 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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Examples of standardised availability leaching tests are the Dutch Availability Leach 
Test (NEN, 7341), Availability test Nordtest method NT ENVIR 003 (NORDTEST, 
1995), and the California Waste Extraction Test (Kosson et al., 1996). 

Nordtest method NT ENVIR 003 (NORDTEST, 1995) is based on the Dutch 
availability test NEN 7341, but with a few modifications. It aims to assess quantities of 
species leached under extreme circumstances, e.g. during very long times, after 
disintegration, full oxidation, and loss of neutralisation capacity (Fällman, 1997). It is a 
batch leaching test conducted in two successive leaching steps (Table 3) and designed to 
maximise the leaching of the species.  

Table 3 Leaching conditions for availability test Nordtest method NT ENVIR 003 
(NORDTEST, 1995) 
Method NT ENVIR 003 Conditions 
 particle size 95 weight-% <125µm 
 L/S = 100 l (kg TS)-1 

 stirring 
 pH controlled by addition of nitric acid 

1st step pH 7, 3 hours 
2nd step pH 4, 18 hours 

 leachates combined prior the analyses 

 

High solubility of oxyanions is reached at neutral conditions (step 1), that of cations at 
acidic conditions (step 2). A decrease in particle size leads to increase in leached 
amounts. Though a reduction in particle size to less than 95 weight-% <125µm, is not 
recommended for conducting the leaching test in laboratory conditions. 

Nitric acid is used to control pH. Studies showed compared with using chloric acid, 
only the leaching of Si was affected (increased) by the use of nitric acid (Fällman, 
1997). Nitric acid was found to be more suitable because when chloric acid is used high 
concentrations of chloride affect the detection limit of As and Cr using ICP (Inductively 
Coupled Plasma). 

The leaching of oxyanions (As and Mo) seems to be completed in three hours during the 
first leaching step (Fällman, 1997). An 18-hour length second step was proposed 
because it was found that the leaching time should be maximised, but that the time of 
such a test should be no longer than 24 h (Fällman, 1997).  

Leaching tests assessing solubility 

The rate of constituent release is either solubility controlled or mass transfer controlled 
(Kosson et al., 1996). 

Solubility control occurs when the solution in contact with a material of interest is 
saturated by the species of interest. Solubility is a function of the liquid/solid ratio and 
solution equilibrium pH, and is measured at a low L/S ratio under equilibrium 
conditions. Results on solubility as a function of pH can be provided by using the pH-
stat test (Cremer and Obermann, 1992). 

The pH-stat leaching test is designed to give information on the leaching behaviour of 
different materials at different pH values. It consists of a series of single batch 
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extractions and the pH of each extraction is maintained at a different level for a fixed 
period of time by adding acid or base. Results of pH-stat leaching tests are usually 
presented in leached amounts (mg kg-1) vs. pH. 

Table 4 Leaching conditions for pH-stat leaching described in Hage and Mulder, (2004) 
pH-stat in accordance to CEN TC 292 Conditions 
 no particle size reduction 
 L/S≈ 9 l (kg TS)-1 
 stirring 
 pH controlled using diluted nitric acid or diluted sodium 

hydroxide 
 pH maintained at 4, 5.5, 7, 8, 9, 10, 11, 12 (8 steps) 
 each step 24 hours 

 

Hage and Mulder (2004) compare the pH-stat leaching test (Table 4) with two leaching 
procedures having no pH control (percolation test prEN 14405 and compliance leaching 
test EN 12457-3). The results for most studied compounds (Br, F, SO4, Zn) show 
similarities for the same L/S ratio and the same pH-values. A slight difference in 
leached amounts is observed for chloride (a greater amount was leached during pH-stat 
leaching than the other two tests) and a moderate difference for Se. The difference in Se 
leaching is possibly due to substitution of SeO4

2- ions for sulphate in mineral structures 
(Hage and Mulder, 2004). 

Diffusion leaching tests 

Mass-transfer controlled release occurs when a constituent release from the solid phase 
is a limiting factor and equilibrium with the liquid phase cannot be achieved. MSWI 
residues stabilised or incorporated into asphalt pavement and granular materials 
compacted to low permeability (figure 1) both have this limitation. 

The cumulative release of a diffusing component through the unit surface area of the 
monolithic material can be described as follows (Crank, 1975): 

2
1

···2 ⎟
⎠
⎞

⎜
⎝
⎛=

π
tDCoM t  Eq 1 

where: 

Mt, mol·m-2 - cumulative release of diffusing component; 

C0, mol·m-3 - initial concentration of the component; 

D, m2·s-1 - diffusion coefficient; 

t, s - time. 

Equation 1 is based on Fick’s second law of diffusion and is used to calculate the 
diffusion coefficient from the data obtained by diffusion leaching test and to estimate 
the long-term release according to the calculated diffusion coefficient. It assumes that 
(1) the initial concentration of leachable component (Co) is uniform in the solid; (2) the 
concentration of the component in question at the surface boundary is constant and is 
almost zero when water renewal is sufficient; and (3) the diffusion coefficient is 
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constant. 

The initial concentration of the component C0 is the potentially leachable amount 
determined by availability leaching test. Using the total elemental concentration as C0 
would lead to an overestimation of the cumulative release (Kosson et al., 1996). 

Three leaching tests designed for assessing diffusion controlled release are: American 
Nuclear Society Method 16.1, Dutch diffusion leaching test NEN 7345, and compacted 
granular leaching test (Chandler et al., 1997). Similarities between these test procedures 
are: (1) they are designed for test specimens of a defined geometry, (2) the test 
specimen is put in volume of leachant specified per area of test specimen, (3) fresh 
leachant replaces old leachant at specified time intervals, and (4) leachate fractions are 
analysed for species of interest. A leachability index pDe (as for ANS 16.1) and 
effective diffusion coefficient (as for NEN 7345) are calculated according to the release 
of species in each interval. The differences between these tests are the stipulated 
preparation of test specimens, leachant-to-surface-area ratio, and length of leaching 
intervals. 

The Dutch tank leaching test NEN 7345 is a diffusion test used for examining the 
leaching behaviour of solid, non-granular building materials and waste products. 
Leaching conditions specified by this standard leaching test are given in Table 5. 

Table 5 Leaching conditions for Dutch diffusion leaching test NEN 7345 (NEN 1995) 
Method NEN 7345 Conditions 
 L/V = 5±1 dm3 dm-3 and dmin>40 mm (or L/A = 8±1cm3 cm-2) 
 demineralised water acidified to pH 4 used as a leachant 
 leachant renewal after 0.25, 1, 2.25, 4, 9, 16, 36, and 64 days (8 

steps) 
 no stirring 
 pH not-controlled 

 

Leachate fractions from the diffusion test are analysed for the species of interest. From 
the analyses results and the dimensions of a solid sample, the leaching quantity per unit 
area can be calculated. Concentrations of species in leachate fractions are also used to 
calculate the effective leaching coefficient. Results of the diffusion leaching test are 
usually interpreted by using log release (in mg m-2) vs. log time diagrams (Figure 4). 

From Equation 1, one may conclude that a cumulative release following a 0.5 slope on 
log release vs. log time diagram (Figure 4a) indicates a diffusion controlled release. 
This kind of behaviour is characteristic for most cement based and asphaltic materials. 
For diffusion controlled release, it is possible to estimate constituent release over a time 
frame longer than the duration of a leaching experiment. The standard NEN 7345 
(NEN, 1995) gives detailed procedures for determination of the leaching mechanism. If 
the slope of a release curve is 0.5±0.15, it is assumed that leaching is diffusion 
controlled. In that case, effective diffusion coefficient is calculated based on the 
Equation 1. 

Depletion of a component occurs when the cumulative release approaches the amount 
available for leaching within the experiment time (Figure 4b), meaning that the 
assumptions of Fick’s second law no longer apply, since the component concentration 
within the specimen has changed from the initial one. Depletion can easily be detected 
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on the release diagram (the slope is less than 0.35 after the release, in accordance to 
diffusion behaviour) and by comparing the cumulative release with the amount 
available for leaching (more than half the amount available for leaching is leached 
during the experiment) (Chandler et al., 1997). Total depletion can be avoided by 
increasing the specimen’s dimensions or by lowering specimen’s permeability. 

Delayed release (Figure 4c) occurs when the test specimen is covered with a relatively 
insoluble surface layer, thereby delaying constituent release during testing. Such 
behaviour can be expected when a covering layer of glass bears is used to prevent 
dispersion of the compacted material. 

Surface wash-off (Figure 4d) occurs when the specimen is covered with a relatively 
soluble surface layer. A slope of less than 0.35 at the left end of the release plot 
indicates rapid dissolution of the specimen’s surface at the beginning phases of the 
leaching test (Chandler et al., 1997). Diffusion controlled leaching behaviour may 
follow surface wash-off in later experiment stages. 

Wash-out of mobile species (or dissolution) (Figure 4e) occurs when dissolution of 
surface material is faster than diffusion through the pores of the matrix, e.g. material 
high in gypsum content. Solubility of calcium sulphate from such material is relatively 
high. The initial slope on the release plot is relatively steep, but decreases as the 
leachate becomes saturated with calcium sulphate (Chandler et al., 1997). 

Change in chemical conditions (Figure 4f) may affect the release rate of the 
constituent. It was discussed in paragraph 2.1 how a change in pH affects the solubility 
of elements. Another example is leaching of Ba, possibly affected by the leaching of 
sulphate. Leaching of Ba could be delayed due to the high leaching of sulphate. Ba 
starts to leach more rapidly after sulphate leaching stabilises. At that stage, Ba leaching 
could be diffusion controlled (Chandler et al., 1997). 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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a) Diffusion controlled release 
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c) Delayed release 
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 e) Wash-out of mobile species 
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b) Depletion of leachable species 
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d) Surface wash-off 
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f) Change in chemical conditions 

 

Figure 4 Different release mechanisms obtained using Dutch diffusion leaching test 
NEN 7345 (Chandler et al., 1997); cumulative releases during the diffusion leaching 
test (crosses); calculated releases per interval (open circles); availability of components 
for leaching assessed by the availability test (bold horizontal line); total elemental 
content of the component (horizontal line); 0.5 slope (thin line). 
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4 LEACHING OF INORGANIC SPECIES FROM SOLIDIFIED 
INCINERATION RESIDUES 

 

Depending on their mineralogical properties, incineration residues are often being 
solidified in the field, upon mixing with water. Solidification could also be considered 
as a promising treatment technique for incineration residues because of physical and 
chemical changes occurring during treatment.  

The physical changes taking place during solidification lead to a reduction of area to 
volume ratio, a decrease of porosity, and an increase of tortuosity (Chandler et al., 
1997). Table 6 shows that the tortuosity between untreated MSWI residue and residue 
incorporated into solid products differ by up to two orders of magnitude. Chemical 
reactions occurring during the process of solidification may contribute to the changes of 
metal leachability by incorporating metals into the solid matrix (Chandler et al., 1997). 

Table 6 Typical ranges of tortuosity (dimensionless) values for residues from MSWI 
facilities and solid products incorporating these residues (Kosson et al., 1996) 
Material Tortuosity 
Bottom ash 23 
APC residue 10 
Combined ash 24 
Grate ash in asphalt 6600 
Fly ash in asphalt 8000 
Bottom ash in concrete paving blocks 36 

4.1 SOLIDIFICATION OF INCINERATION RESIDUES 

Incineration residues can be solidified (1) by using binding agents or (2) employing 
self-binding properties of the material by mixing it with water (Todorović et al., 2003b). 

Solidification using binding agents 

Cement-based solidification is a widely spread treatment technique for incineration 
residues. It is practically well developed, the necessary equipment is readily available, 
costs are low, and changing the waste to cement ratio can control the quality of the 
solidified material. Table 7 summarises reactions of some environmentally relevant 
species with the cement matrix. 

Table 7 Reactions of different species with cement (after Glasser (1997)) 
Element/Species Characteristic reaction 
Na, K, Ca Very slight reaction with cement 
Mg Replaces Ca in Ca(OH)2 and C-S-H with decrease in pH 
Cl- Partially replaces OH in cement phases 
SO4

2- Increases stability of solid sulphates 
CO2, CO3

2- Carbonation; formation of CaCO3 with decrease in pH 
Cr+3 Partly replaces Al in cement phases 
Cr+6 Poorly demobilised; substitutes SO4

2- to limited extend 
As Not well bound; some AsO4

2- will substitute for SO4
2-  

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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A number of investigations (Alba et al., 2001; Andac and Glasser, 1998; Barna et al., 
1997; Poon et al., 2001) were made on the solidification of fly ashes and APC residues 
using binding agents (Portland cement in particular). The work of Alba et al. (2001) 
was conducted on fly ash and APC residue, which were solidified with different 
additions of Portland cement. Using the Dutch diffusion leaching test NEN 7345, the 
results showed that Ba, Cr, Cu, Ni, Pb, Zn, and sulphates were below the Dutch 
regulation limitation. Results using the availability test NEN 7341 also show marked 
demobilisation of heavy metals (Cd, Pb, and Zn), though it is difficult to make any 
conclusions on the demobilisation mechanism. Any effect of the cement matrix on 
demobilisation is reduced, since the cement matrix is destroyed by NEN 7341 (Alba et 
al., 2001). 

Solidification with water only 

Cementitious materials are usually siliceous or siliceous and aluminous, containing 
sufficient calcium to form compounds with cementing properties after interacting with 
water (Malhotra and Mehta, 1996). Depending on their mineralogical composition, 
incineration residues may possess such properties. Table 8 shows the typical 
composition of Portland cement and some incineration residues. 

Table 8 Typical chemical composition (in weight %) of Portland cement and fly ashes 
from incinerators in North America (Glasser, 1997; Malhotra and Mehta, 1996) 
Oxide Portland cement North American fly ashes 
CaO 61-67 1.21-27.20 
SiO2 17-24 26.9-55.10 
Al2O3 3-8 9.1-27.4 
Fe2O3 1-6 3.38-20.6 
MgO 0.1-4 0.96-5.8 
Na2O+K2O 0.5-1.5 0.8-8.6 
SO3 1-3 0.3-16.6 

 

The variety of origin and chemical composition of incineration residues render it 
impossible to derive any general conclusions on kinetics of their hydration as well as 
the properties of solid product. Determining optimal solidification factor-levels is 
important from two aspects. Regarding landfilling of re-used incineration residue, it is 
important to know how would different factors affect the stability of solidified material 
and how stability would change over time. Concerning laboratory testing of water-
solidified incineration residues, it is often important to produce specimens that would 
keep mechanically stable during testing (e.g. for testing of diffusion leaching). One 
approach for determining the optimal factors for solidification of APC residues 
combines compaction of water/ash mixture and 23 full factorial design, as presented by 
Todorović and co-workers (2003b). With some modifications this approach could be 
used as well for other incineration residues. 
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4.2 ASSESSING LEACHING BEHAVIOUR OF SOLIDIFIED INCINERATION 
RESIDUES 

The most common method for assessing leaching behaviour of monolithic materials is 
the Dutch diffusion leaching test NEN 7345. This test is used for both research and 
regulatory purposes and claims to be a relatively rapid and inexpensive way to evaluate 
leaching properties of solid waste materials (NEN, 1995). A strong advantage of this 
test is the possibility to determine the diffusion coefficient and estimate leaching over 
longer times. 

Leaching of species that do not react with the solid matrix (e.g. Cl, K, Na) determines if 
leaching from solidified material is diffusion controlled or not. Such species also 
determine the physical retention of solid material (Chandler et al., 1997). However, the 
leaching of species whose solubilities change with physico-chemical conditions most 
often cannot be explained by a simple diffusion. During the diffusion leaching test, pH 
is controlled by the material itself. In the case of incineration residues, it can drastically 
change during 64 days of testing. Barna and co-workers (1997) showed that a 
diffusional model is not valid for amphoteric metals since their solubility strongly 
depends on chemical conditions. For Pb, using a coupled dissolution/diffusion model 
better represents experimental results obtained by using a long-term leaching test with 
leachate renewal (Moszkowicz et al., 1998). For elements whose solubility depends on 
chemical conditions or when leaching from the solid matrix is not diffusion controlled, 
a diffusion leaching test could be used to quantify leaching or evaluate a certain 
treatment method. To assess how chemical conditions affect the solubility of elements, 
pH-stat leaching data could be of great importance. 

Some unpredictable material changes occur over time. Carbonation is one such change 
that occurs differently in both field and laboratory conditions.  It is a reaction of a 
material with atmospheric CO2 or CO2 formed as a result of biological degradation 
processes in the field. Carbonation of incineration residues affects leaching through a 
decrease in pH from typically highly alkaline to slightly alkaline (~pH 8.3) levels (Table 
9). It also affects leaching of species (e.g. Pb) through formation of less soluble 
carbonates (Ecke et al., 2002). 

A possible approach to this problem could be testing fresh and carbonated incineration 
residue, so that how this process affects leaching behaviour of a particular material 
could be quantitatively and qualitatively evaluated. 

Table 9 An example of pH dependence on different stages of weathering of MSWI 
residues (Meima and Comans, 1999) 
Type of residue Quenched Age pH 
Grate siftings No Fresh 12.23 
Grate siftings No Fresh 12.48 
Bottom ash No Fresh 12.33 
Bottom ash Yes Fresh 10.31 
Bottom ash Yes 6 weeks 10.50 
Bottom ash Yes 1.5 years 8.53 
Bottom ash Yes 12 years 8.47 

 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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Dutch diffusion leaching test NEN 7345 does not specify control of CO2 access in the 
system. Lids only partially exclude access of air, causing uncontrolled carbonation of 
the specimen’s surface. Andac and Glasser (1999) developed a modified diffusion 
leaching method (based on Dutch diffusion leaching test) with CO2 bubbling through 
the leachant. Results show relatively constant pH during the leaching test performed on 
cement stabilised MSWI fly ash (Figure 5). CO2-saturated leachant causes rapid 
formation of a highly carbonated layer on the surfaces of the specimen. One assumption 
of Fick’s second law of diffusion is that the solid matrix is homogenous, which becomes 
inapplicable with the formation of this surface layer. 
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Figure 5 An example of pH change during the length of Dutch diffusion leaching test 
NEN 7345 (open circles) and modified Dutch diffusion leaching test NEN 7345 when 
air (closed circles) and CO2 (open triangles) are bubbled through the leachant (Andac 
and Glasser, 1998; Andac and Glasser, 1999) 

 

Degradation of solid matrix is difficult to predict. Poon and co-workers (2001) 
investigated cement-stabilised fly ash, showing that the diffusivities increase during the 
flow-through leaching test. This indicates an increase in porosity due to degradation of 
the cement matrix. When long-term leaching predictions are derived from the results 
obtained using diffusion leaching or any other test, note that leaching parameters 
obtained during testing could be significantly changed due to changes in the solid 
structure. 

Research within areas of stabilisation/solidification and assessment of leaching 
properties for solidified materials shows that leaching is a complex function of the 
leachant chemistry and leached species, as well as changes occurring in the solid matrix. 
All conclusions on long-term leaching from solidified waste, based on the results from 
leaching tests, have to be withdrawn carefully. 
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5 CONCLUSIONS 
 

Leaching is a complex process affected by many physical and chemical factors. Small 
grain size and, typically, high pH of incineration residues make most environmentally 
relevant components highly available for leaching. 

Solidification leads to physical and chemical changes that could contribute to the 
demobilisation of elements from incineration residues. Developing knowledge on this 
process is needed because (1) it could be considered as a promising treatment method, 
and (2) it occurs with disposed incineration residues upon their mixing with water, 
affecting their leaching properties. Cement solidification is wide spread and relatively 
well investigated. Research literature provides data on cement hydration, and 
mechanical and leaching properties of cement-stabilised waste materials. As a treatment 
method it provides marked demobilisation of elements (e.g. Cd, Pb, and Zn). 

Some aspects of water-solidification, however, still need to be investigated. First, 
knowledge on factors affecting the solidification process is needed. It is necessary to 
assess all factors related to re-use or disposal to evaluate how the durability of solid 
material changes over time. Obtaining optimal factor-levels is also needed to develop 
laboratory testing procedures. Since all incineration residues are unique in their physical 
structure and chemical properties, it is not possible to make any general conclusions on 
the kinetics of the solidification process or quantify the factors influencing it. Secondly, 
to what extent and how does water-solidification affect the leaching of pollutants. There 
is wide variety of leaching tests available for assessment of leaching properties of 
incineration residues. 

Single batch leaching tests, such as Toxicity Characteristic Leaching Procedure (TCLP), 
are often used for regulatory purposes, to compare the release with the regulatory limits, 
and investigate if incineration residues could be safely disposed.  

To determine the fundamental leaching properties of materials, specially designed 
leaching tests are used. A potentially leachable amount of constituent could be assessed 
using availability tests. Solubility as a function of pH is obtained using pH-stat leaching 
tests. Sequential extraction test gives information on how different chemical conditions 
affect extraction efficiencies. All these tests provide useful data on leaching behaviour, 
but lack the possibility to make long-term predictions. 

A widely used method for evaluation of leaching from solidified incineration residues 
and residues monolithic in form, is the Dutch diffusion leaching test NEN 7345. It is a 
relatively simple and inexpensive procedure to assess leaching from solidified 
incineration residues and possible estimation of long-term release. However, changes 
occurring in material over time will probably affect leaching, though they could not be 
predicted by the diffusion (or any other) leaching test. Such changes are carbonation 
due to reaction of material with atmospheric CO2 and degradation of solid matrix. 
Leaching of species is affected by carbonation through decreasing pH and the formation 
of less soluble carbonates, resulting in the release of some elements decreasing (e.g. Pb, 
Zn). The effect of carbonation could be investigated by comparing leaching from fresh 
and carbonated material. Uncontrolled carbonation of material during testing could be 
diminished through modifications of the diffusion leaching test. One such modification 
could be bubbling CO2 through the leachant during testing. 

 
J. Todorović and H. Ecke, Division of Waste Science and Technology, LTU, 2004 
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Even though diffusion leaching test could provide important data on the release of 
elements, leaching behaviour cannot usually be explained by simple diffusion. During 
the diffusion test, pH is controlled by material itself. In the case of incineration residues, 
conditions may change from highly alkaline to slightly alkaline. These changes in pH 
would affect leaching of elements whose solubility is pH dependent. In such cases pH-
stat testing combined with data from the diffusion leaching test would give a useful 
contribution to the understanding of leaching from solidified incineration residues. 

 

6 FUTURE RESEARCH 
 

Future research will include an investigation of the solidification process with water. 
Attention will be given to developing a suitable method for production of solid 
specimens to be tested using diffusion leaching test. A method for assessment of 
leaching behaviour will be developed based on the Dutch diffusion leaching test NEN 
7345. How the process of solidification with water affects leaching properties of 
solidified material will be investigated. The effect of carbonation on release of elements 
will be evaluated. 
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8 LIST OF ABBREVIATIONS 
 

ANC acid neutralisation capacity 

APC air pollution control 

C0 initial concentration of the component (in mol m-3) 

CEN  Comité Européen de Nominalisation 

C-S-H Calcium Silicate Hydrogel (1.7CaO×SiO2×2.1H2O) 

D diffusion coefficient (in m2 s-1) 

DOC dissolved organic carbon 

ICP optical emission spectrometry with inductively coupled plasma 

L/A ratio liquid-to-area ratio 

L/S ratio liquid-to-solid ratio 

L/V liquid-to-solid ratio 

MSWI municipal solid waste incineration 

Mt cumulative release of diffusing component (in mol m-2) 

NEN 7345 The Dutch diffusion leaching test 

pH negative logarithmic proton activity 

t time (s) 

TCLP Toxicity Characteristic Leaching Procedure 

TS total solids 
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