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Abstract 

Incineration is one of the most effective methods to reduce the mass of waste by a significant 

amount and also allows the recovery of thermal energy. Unfortunately some material will stay in the 

remaining’s of incinerated waste (ash) which can cause dangers to humans or the environment. 

While most organic content and water are removed there are compounds which cannot be removed 

such as heavy metals. Other dangerous chemicals are persistent organic pollutants for example 

polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, polybrominated dibenzo-p-

dioxins and polybrominated dibenzofurans which can be formed during incineration if halogenated 

waste is present. Several ashes were analysed in this study to see their concentration. Leaching 

experiments have also been performed to see their concentration under natural conditions if they 

become exposed to rain water. A total of 6 ashes were tested both biomass ashes as well as waste 

ashes. Leaching experiments resulted in TEQ concentrations as high as 0.049 ng/l.  

Keywords: waste handing, persistent organic pollutant, leaching, PCDD/Fs, PBDD/Fs, heavy metals, 

human health, 
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BMA biomass ash 

BDL below detection limit 

DCM dichloromethane 
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ICPMS inductively coupled plasma mass spectrometry 

IS internal standard 

PCDD/F polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

PBDD/F poly brominated dibenzo-p-dioxins and polybrominated dibenzofurans 

POP persistent organic pollutant 

RS recovery standard 

TEF toxic equivalent factor 

TEQ toxic equivalency 
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1. Introduction 

1.1 Basic information 

Ashes are the solid remaining material after burning which accounts for approximately 30% 

of the initial mass (1). As an end product of combustion they will mostly be mineral but 

usually also contain organic or other oxidizable residues such as wood remaining’s which can 

occur if the combustion is incomplete. Due to large production of ashes worldwide it is 

desired to find a suitable use for these ashes. It is estimated that the global production and 

growth of biomass is between 112 and 220 billion tons of which about 1.3 – 3 billion tons is 

an agriculture residue and it can be expected that these values even rise because of the 

decline of fusil fuel and that biofuel may be a suitable replacement (2). It is also expected 

that due to the effects of global warming energy crops such as maize will become more 

popular (3). One possibility would be to use these ashes in construction materials such as 

bricks. There are however several risks associated with these ashes since they can contain 

compounds that could cause dangers to human or the environment. These could either be 

heavy metals or persistent organic pollutants. Therefore ashes with low amounts of 

problematic compounds are desired if they are to be reused (2). 

 

1.2 Aim 

The aim of this study was to  

 characterize biomass and waste ashes for  

o the organic pollutants PCDD/F, PBDD/F  

o toxic heavy metals  

 study the leaching behaviour of the above-mentioned compounds 

 determine the most dangerous/important chemicals 

 perform a risk assessment for these ashes. 

 

1.3 Theory 

There are several types of ashes that are produced during combustion. Bottom ashes will 

remain at the bottom of the furnace and account for the majority by mass while fly ashes are 

created in fewer amounts based on their mass. Incinerators in Taiwan could reduce the mass 

of solid waste to 10-15% for bottom ash and 2-3% for fly ash based on the solid waste. Fly 

ashes are however more dangerous because they can easily distribute in the environment 

and usually contain more toxic chemicals (4).  

 

Ashes are separated in two main groups containing biomass ashes (BMA) and waste ashes. 

BMA contain in general only few or no traces of heavy metals which make them highly useful 

for its utilization in the remediation of soil. They are the remaining of burned plants such as 

wheat or maize and contain mostly MgO, SiO2, CaO and K2O (2). In this study several 

sources such as wood, biomass or household waste were burned. In Skåne which is located in 

the southern part of Sweden 450000 hectare available land was used in 2006 for growing 

crops. The majority of planted crops were Ley, winter wheat and spring barley. In 2006 

approximately 90000 hectare (20% of 450000 hectare) farmland in Skåne was used for 

winter wheat while only 2927 hectare farmland in Skåne was used for maize. There was 

however a large increase of maize during the last few years since maize greatly benefits from 

increasing temperatures. Due to the effect of global warming it is therefore expected that the 
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amount of maize will further increase in the next years. Figure 1 displays the distribution of 

used crops for the arable land in Skåne in 2006 as well as the increase of maize in Sweden in 

recent years (3).   

 

 

 
Figure 1: Crop distribution in Skåne (2006) in per cent as well as the increase of maize area in 

Sweden including Skåne (3).  

 

These ashes from combustion both BMA as well as waste ashes can contain dangerous POPs 

including PCDD/Fs and PBDD/Fs with a strong bioaccumulation. They can cause cancer, 

chlorakne and other diseases. During combustion several different molecules can be formed. 

A total of 75 PCDDs and 135 PCDFs congeners do exist which will result in a total of 210 

PCDD/Fs (5). The same quantity is available for PBDD/Fs which have similar toxicity 

profiles (6). Not all of these PCDD/Fs and PBDD/Fs are however equally dangerous. The 17 

congeners with halogen atoms in 2, 3, 7 and 8 positions are especially dangerous and are 

biologically active. The most dangerous chemical in this group is 2,3,7,8 Tetrachlorodibenzo-

p-dioxin (TCDD) and other compounds have a toxic equivalent factor (TEF) value which 

compare their potency with it (5). The structures of dibenzo-p-dioxin, dibenzofuran and 

2,3,7,8 TCDD are displayed in figure 2. Congeners are chemical compounds which have a 

similar structure and similar chemical properties. Monochlorodibenzo-p-dioxin (MoCDD) 

has only one chlorine atom which can either be at position 1 or at position 2. 

Monochlorodibenzofuran (MoCDF) has 4 possibilities since dibenzofuran has only one 

oxygen atom which makes position 2 and 3 compare to dibenzo-p-dioxin not identical. 

Therefore more PCDFs than PCDDs are available. 

 

 

Waste ash contains more POPs and heavy metals than biomass ash. Due to improper 

separation during waste sorting heavy metals and halogenated materials can enter the waste. 

However toxic heavy metals such as lead, cadmium or mercury with a high toxicity are 

especially problematic while other heavy metals such as iron are only dangerous in much 

larger concentrations. Therefore heavy metals in this study are limited to metals which are 

common in ashes and have a high toxic potential while other heavy metals with lower 

toxicity or rare metals such as uranium are excluded. During the incineration process 

products such as PCDD/Fs or PBDD/Fs can be formed if halogenated material is present. 

Waste usually contains more chlorinated than brominated material therefore it is expected to 

have higher concentrations of PCDD/F in the ashes than PBDD/F (7).  
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For the usage as construction material other aspects must however also be considered. Some 

materials could increase or decrease the stability of the ashes. Aluminium metal-alkali 

reactions cause hydrogen evolution which will lead to a decline in concrete strength (1). If Al° 

is present it will perform a redox reaction with water due to different electronegativity 

creating Al(OH)3 and H2 . Other not oxidized metals are also capable of reducing water to 

elemental hydrogen (8). Other compounds for example sodium hydroxide on the other hand 

increased the durability of the used concrete (1). Leaching of heavy metals could also be 

reduced by treating ash through physical separation, chemical purification or ageing 

treatment but these methods have of course limitations in terms of effectiveness and costs 

(9).  

 

 

 
Figure 2: display of dibenzo-p-dioxin (A), dibenzofuran (B), and 2,3,7,8 TCDD (C).  

 

 

A total of 35 different PCDD/Fs and PBDD/Fs were measured with GCMS having different 

poisonous as well as physical properties. In general the solubility declines while the log KOW 

increases with more halogen atoms. PCDD/Fs and PBDD/Fs that will be analysed in this 

study are listed in table 1 together with some physical chemical properties such as log Kow 

and log So. Kow is the octanol/water coefficient which is defined as the concentration of a 

compound in the octanol phase to its concentration in the water phase while So is the 

solubility of the compound in water. Since these values are very high for Kow and very low 

for So (mg/l) the logarithm is used. No data for PBDD/F was available but they have higher 

KOW values and have less water solubility compared to their chlorinated counterpart (6).   
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Table 1: display of the most important POPs for this study and their properties. 

compound Number 
halogen 
atoms 

Molecular 
weight 
(g/mol) 

Log KOW (10) Log So (mg/l) 
(10) 

TEF value(11) 

2-MoCDF 1 Cl 202.64    

28-DiCDF 2 Cl 237.08    

248-TriCDF 3 Cl 271.53    

2378-TCDF 4 Cl 305.97 6.5 -3.38 0.1 

12378-PeCDF 5 Cl 340.42 7.0  0.03 

23478-PeCDF 5 Cl 340.42 7.0 -3.63 0.3 

123478-HxCDF 6 Cl 374.86 7.5 -5.08 0.1 

123678-HxCDF 6 Cl 374.86 7.5 -4.75 0.1 

123789-HxCDF 6 Cl 374.86 7.5  0.1 

234678-HxCDF 6 Cl 374.86 7.5  0.1 

1234678-HpCDF 7 Cl 409.31 8.0 -5.87 0.01 

1234789-HpCDF 7 Cl 409.31 8.8  0.01 

OCDF 8 Cl 443.75 8.8 -5.94 0.0003 

2-MoCDD 1 Cl 218.64    

23-DiCDD 2 Cl 253.08    

237-TriCDD 3 Cl 287.53    

2378-TCDD 4 Cl 321.97   1 

12378-PeCDD 5 Cl 356.42 7.5  1 

123478-HxCDD 6 Cl 390.86 7.8 -5.35 0.1 

123678-HxCDD 6 Cl 390.86 7.8  0.1 

123789-HxCDD 6 Cl 390.86 7.8  0.1 

1234678-HpCDD 7 Cl 425.31 8.2 -5.62 0.01 

OCDD 8 Cl 459.75 8.6 -7.13 0.0003 

12378-PeBDF 5 Br 483.78   0.03 

23478-PeBDF 5 Br 562.67   0.3 

123478-HxBDF 6 Br 641.57   0.1 

1234578-HpBDF 7 Br 720.46   0.01 

OBDF 8 Br 799.36   0.0003 

2378-TBDD 4 Br 499.77   1 

12378-PeBDD 5 Br 578.67   1 

123478+123678-
HxBDD 

6 Br 657.57   0.1 

123789-HxBDD 6 Br 657.57   0.1 

1234678-HpBDD 7 Br 736.46   0.01 

OBDD 8 Br 815.36   0.0003 
 

The TEF values are used to determine the toxic equivalency (TEQ) value. The mass of every 

congener is multiplied with its TEF value and then added to obtain the TEQ value for a 

mixture of compounds. For example a mixture of 1 ng 2378-TCDD, 10 ng 123478-HxCDD 

and 100 ng 1234678-HpCDD would result in a TEQ value of 3 ng which would be equally 

toxic compare to 3 ng of pure 2378-TCDD. The dangerous potential for a mixture of 

congeners is determined by the TEQ value.    
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1.4 Formation of PCDD/Fs and PBDD/Fs 

Plastic often have to be somewhat resistant to flammability. The addition of flame retarding 

chemicals can achieve these conditions. Brominated flame retardants (BFR) are often used 

for these applications and in 1999 64000 t of BFR were produced in the USA. 

Tetrabrombisphenol A (TBBP A) is thereby one of the most frequently used BFR (12). In 

2001 the total usage of TBBP A was 11600 t in Europe, 18000 t in America and 89400 t in 

Asia (13). During thermal processes they can undergo a reaction and create PBDD/F. The 

amount and the distribution of created PBDD/F depend thereby on several factors such as 

used plastics and temperature. In a study testing the formation of PBDD/Fs the burning of 

Polyethylene resulted in higher concentrations of PBDD/F then Polystyrene. Not only the 

concentrations but also the number of halogen atoms per compound depends on the used 

material (12).  

 

A decrease in temperature during incineration will lead to a decrease in the formation of 

PCDD/F but unfortunately this will also increase the amount of PCDD/F that will be released 

in the gas phase. Metal chlorides such as CaCl2 and KCl which are common in ash will 

drastically increase the formation of PCDD/F if they are present in the waste. A study 

demonstrated that almost no PCDD/F were formed without the presence of these inorganic 

compounds (14). In the de novo synthesis chlorine is transferred to carbon creating a 

carbon-chlorine bond. In this chlorination a hydrogen atom attached to a carbon atom is 

exchanged with a chlorine atom performing a radical substitution reaction. In the second 

step this structure is then oxidized created CO2 and PCDD/Fs as by-products. CuCl2 is a key 

catalyst where it activates carbon by the following reaction (15): 

 

2 CuCl2 + R-H  2 CuCl + R-Cl + HCl 

 

CuCl then reacts with oxygen to form CuCl2, CuO and other copper products. Elemental 

chlorine reacts with hydrocarbon creating HCl as by-product which then chlorinates CuO to 

CuCl2 which can react again. The entire mechanism is displayed in figure 3 (16). SO2 however 

can disable the catalyst by creating with it resolving in CuSO4 which will result in lower 

concentrations of PCDD/Fs (15).  

 

 
Figure 3: behaviour of copper in fly ash in the oxychlorination cycle (16). 
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The other theory for PCDD/F formation is the precursor model were metal-mediated 

reactions from mostly CuO and FeO in the cool zone of the combustors accounts for the 

majority of formation. Aromatic species form phenoxyl-type, environmentally persistent free 

radicals by chemisorption to metal oxide or metal hydroxide surface, which then react to 

PCDD/Fs and other pollutants.  PCDFs are thereby mostly formed from chlorinated 

benzenes while PCDDs are mostly created from chlorinated phenols (17).  

 

 

1.5 risk assessment 

Intake routes 

Most intake of POP including PCDD/F and PBDD/F occur through food consumption. Over 

90% of human expose to dioxins occur through food with animal origin. A food analysis near 

an electronic waste recycling site revealed that the TEQ concentration in ducks were 130 

times higher than in vegetables (18). While these chemicals have very low water solubility 

which decreases with the number of halogen atoms the KOW value behaves the other way. If 

these POPs are present in the soil plants can absorb these chemicals. Once animals eat these 

plants the chemicals enrich in the food chain. Other intakes routes are water that will enter 

seas or rivers where sea life is present. Due to bioaccumulation the concentration of POPs 

will rise since they have high KOW values and can easily enter the skin of animals and enrich 

in meat. Higher halogenated POPs will thereby bio accumulate much faster due to their 

increased KOW values. Their concentration in water will however be much lower which make 

the entry in the food chain somewhat difficult. The concentration and composition of POPs 

in animals depends therefore largely on the position in the food chain and the fatty content 

of the animal. The brominated POPs seems to be less environmental persistent and more 

sensitive to UV degradation because bromine is a better leaving group they have however 

higher KOW values (6).  Direct intake from contaminated drinking water is however also 

possible. Even so the water solubility is very low these chemicals are very dangerous and 

possess dangers to humans even in very low concentrations.  

Compare to POPs heavy metals can have relatively high water solubility which depends 

largely on anion, oxidation state and pH. Barium itself is toxic and can have high solubility as 

BaCl2 with 375 g/l at 20°C but BaSO4 for example is much less problematic due to its water 

solubility of 2.5 mg/l at 20°C (19). Green plants have an enormous ability for absorbing 

pollutants from the environment and this qualification can be used. Phytoremediation is a 

scientific term for using plants to absorb chemicals from contaminated areas due to their 

ability for removing heavy metals and other pollutants (20).  Heavy metals will enter the 

plant through their roots and accumulate in it. A study tested the accumulation for certain 

heavy metals and discovered that the metal concentration in rice is positively correlated to 

the metal content in the soil. Rice did absorb more Cu and Pb at higher pH soil value while 

Zn and Cd were absorbed better at soil with lower pH values (21).   

 

Effects on animals and humans 

Due to the great toxic potential of PCDD/Fs most studies were carried out with animals. One 

study focused on the effects of PCDD/Fs on Eisenia Andrei earthworms. In this study the 

earthworms were exposed to 3 different soils with different PCDD/Fs concentrations. A total 

of 10 different PCDD/Fs with concentrations 0.1 ng/g to 7.5 ng/g were used in the soils. 

Using the TEQ values from the WHO 2005 (table 1) it would result in TEQ values of 0.43 
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ng/g, 4.3 ng/g and 6.5 ng/g.   After 28 days of exposure the mortality of the worms was 

observed. While there was no mortality with the lowest concentration there was already 10% 

mortality with the medium concentration and 100% mortality with the highest 

concentration. Furthermore the growth rates were observed and there was a decline in 

growth rates even in the soil were all worms survived. The same effect was observed with the 

cell yield and the effects on phagocytic activity. The cell viability however was unaffected by 

PCDD/Fs in this study (22).  

 

PCDD/Fs are highly toxic compounds and may produce a wide spectrum of adverse health 

effects, including toxicity and carcinogenicity to multiply organs and tissues. Both the 

International Agency for Research in Cancer (IARC) and the United States Environmental 

Protection Agency (US EPA) have classified PCDD/Fs as “possible human carcinogens” 

based on animal experiments. A study observed the cancer rate of workers exposed to 

PCDD/Fs and compared it with the national average in china. The cancer mortality increased 

significantly especially for front-line workers with an overall high increase in lung cancer. 

TCDD has been shown to be carcinogen in experiments of rats, mice and hamsters resulting 

in several tumours of the liver, skin or lung (5). Another study in Germany compared the 

cancer rate of the average population with workers exposed to PCDD/F which demonstrated 

an increase of 40% mortality due to cancer for the employees exposed to these chemicals 

(23).  

 

There is not as much information for PBDD/Fs available as for PCDD/Fs. TBDF has proven 

to have a higher half-life and be more resistant to metabolism then TCDF. This is most likely 

due to the larger bromine atoms which prevents metabolism. It is known that all the classic 

effects caused by PCDD/Fs are also caused by PBDD/Fs. TBDD showed to be more active 

than TCDD but it had a lower binding affinity due to larger bromine atoms. Comparing the 

potential to disrupt kidney development TBDD was half as potent as TCDD. Overall the 

effects of PBDD/Fs on humans are very limited but there is at least one report where a 

chemist exposed to high levels of TBDD on separate occasions developed chloracne (6).  

 

It is not possible to perform a risk assessment for all heavy metals without knowing the 

oxidation state of the metal. Hexavalent chromium is classified as human carcinogen by both 

the International Agency for Research on Cancer and the United States Environmental 

Protection Agency. Copper or nickel as well as some other heavy metals are essential for the 

human body unlike POPs. These metals however are only needed in very low concentration. 

Once the intake of the metals is too high negative effects will occur. Chronic exposure to Cd 

can cause effects such as bone fractures or kidney dysfunction. Exposure to Pb can cause 

plumbism, anemia and central nervous system symptoms. In solid dust form certain metals 

such as Cadmium or Nickel can also cause lung cancer or asthma when inhaled (21).   
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2. Popular scientific summary including social and 
ethical aspects 

2.1 Popular scientific summary 

Ashes are the remaining’s after burning processes. Incineration greatly reduces the amount of waste 

by removing water and destroying organic materials such as cellulose which is the main compound 

of plants. Carbon dioxide and water which are the main products of burning organic materials such 

as wood are both gaseous at higher temperature and will disappear. Not all materials can be 

destroyed by incineration however. The majority of material that remains is inorganic metal oxides 

such as K2O or Na2O. Unfortunately the ashes can also contain more dangerous compounds such as 

toxic heavy metals or persistent organic pollutants due to improper waste separation.  

 

The ashes are therefore separated in biomass ashes which consists material from clean sources such 

as wood or wheat and waste ashes which is more polluted. Unlike biomass waste household and 

industrial waste usually contain plastics which can contain halogenated material or toxic heavy 

metals such as lead. Due to the large production it is desired to find a suitable usage for these ashes. 

 

The ashes could be used in construction materials such as bricks if the pollution in the ashes is low 

enough. Several leaching experiments were performed to determine if dangerous compounds could 

leave the ashes. This study analysed different ashes from a waste incineration plant, performed 

experiments to determine if rain water could leach out materials from the ashes and finally 

performed a risk assessment.  

 

 

2.2 Social and ethical aspects 

Disposal of waste often causes several problems for humans and the environment if the waste is 

polluted. While it could be a cheap removal of undesired materials the effects from pollutants must 

always be considered. Sweden and other high developed countries do have the technology and the 

resources to prevent or reduce leaching of dangerous pollutants into the water. If an ash is 

considered to be too polluted to be used in construction materials another solution must be found 

otherwise the leaching of pollutants could cause major health risks. The effects and problems caused 

by these pollutants could occur many years after release to the environment due to bioaccumulation 

and to their ability to resist degeneration and could affect coming generations.       
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3.0 Method 

3.1 Collecting samples 

A total of 6 different ash types were collected from a plant which performed combustion for 

both waste as well as bio mass. The bottom ashes contained a lot of rocks, glass and other 

components while fly ashes on the other hand were more homogenous and contained few 

other remaining’s. Therefore ashes were taken from 10 several positions of the ash pile and 

were mixed in a bucket. Since only POPs and heavy metals were of interest no special 

preservation of the samples for example cooling or conservation was required. The ashes 

were dried overnight in an oven at 100°C to see their water content. All experiments with 

these ashes were carried out with dried ashes.  

 

Ash1:   

Bioash (clean), fly ash. light brown colour, not dusty and very homogenous, very pure 

powder. 7000 t are produced per year, 12% water content.  

Ash2:   

Bioash, light brown colour, dusty, inhomogenous, not containing glass/rocks. 400 t are 

produced per year, 48% water content.  

Ash3:   

Waste ash, bottom ash, grey colour, not dusty, very inhomogenous, containing many rocks. 

23000 t are produced per year, 15% water content.  

Ash4:   

Waste ash, fly ash, grey colour, not dusty, very homogenous, very pure powder. 7000 t are 

produced per year, 23% water content.  

Ash5:   

Waste ash, bottom ash, black colour, dusty, very inhomogenous, not containing rocks/glass. 

<50 t are produced per year, 63% water content.  

Ash6:   

Recycled wood (dirty), black colour, dusty, very inhomogenous, contained at least one iron 

nail. 200 t are produced per year, 35% water content.  

 

The given data about produced mass per year was provided by the waste incineration plant 

the samples were taken from. It is common to find metals or rocks in waste since many 

people do not properly separate waste and metals can thereby be found in biomass ash. 

Therefore it is expected to find heavy metals even in BMA. As for recycled wood it is very 

possible to find metal since wood often contain iron nails. The amount of iron in this ash 

remaining can however vary. This wood could also be painted or treated with chemicals to 

increase durability or protection from insects like timber worms.  For analysis the largest 

particles have been removed and it was desired to work with as much homogeneous material 

as possible. It was desired to get a fine pure powder with very small particle size for 

maximum surface area. All ashes were pestled with a mortar but only some ashes could be 

treated to a fine powder. Even so larger particles were removed small impurities were 

present and could not totally be removed. Glass, rocks, iron nails or other larger particles do 

not contain dangerous chemicals only their surface area could be contaminated and they also 

have a high mass which could falsify results. This treatment of the ashes was performed to 

obtain the maximum interaction and therefore leaching potential. 
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3.2 Leaching experiments 

Several aspects should be tested in the leaching experiments. One parameter was the liquid 

to solid ratio (L/S) which describes how much liquid in g is available per one gram of solid 

ash. An increase to 300% L/S ratio should demonstrate the influence of this effect.  Another 

parameter was time and ashes were tested both in long and short term tests. After seeing the 

results of the change from 17 to 10 days other tests were performed in less time with only one 

day. Finally the effect of polluted water should be tested to see if it could increase the 

leaching of compounds with low water solubility. An accident could occur were fuel or other 

organic solvents could interact with the ashes therefore a small amount of DCM was added to 

one experiment to simulate polluted water. It was also desired to know if the leaching 

potential was limited by water solubility or not. For the first two tests the second most 

polluted ash was chosen. For other tests medium to low polluted ashes were tested to see the 

influence of the ash structure.   

 

For the leaching experiments the ash was added with the leachate in a flask and stirred for 

certain durations. After that time the mixture was filtered and stored in plastic bottles for 

ICPMS measurements for heavy metals or in glass flaks for GCMS measurements after IS 

was added.  

 

The following leaching experiments were performed. To simulate natural rain a small 

volume of H2SO4 was added to the leaching water to create pH5. Each test (table 2) was 

repeated three or five times and the average values were taken for the interpretation. 

 

Leaching test 1 

Ash 6 was added in a 250 ml flask. Two different L/S (liquid/solid) ratios of 10 (10 g ash with 

100 ml water) and 30 (5 g ash with 150 ml water) were selected. The leaching duration was 

set to 17 days to simulate a long term leaching test. A total of 6 samples were run.   

 

Leaching test 2 

Ash 6 was added in a 250 ml flask. The L/S ratio of 30 (3.33g ash and 100 ml water) was 

selected. In this leaching test the effect of polluted water should be tested. To 3 of the 6 

samples 1 ml DCM was added to simulate polluted water. The 1 ml DCM completely 

dissolved in the 100 ml water.  The leaching duration was set to 10 days.    

 

Leaching test 3 

For this experiment a medium polluted ash was chosen (ash 3). Even so its overall dangerous 

potential was only in the middle range it contained the highest concentrations based only on 

PBDD/F. Other leaching parameters were an L/S of 10 (10 g ash and 100 ml water), pH 5 

and a leaching duration of 24 hours.  

 

Leaching test 4 

In this experiment a low polluted ash was chosen (ash 5). Leaching parameters were an L/S 

of 10 (10g ash and 100 ml water), pH 5 and a leaching duration of 24 hours.  
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Table 2: overview of the leaching tests, their parameter and the aim of the test. 

test ash L/S time What should be tested/observed 
1 A 6 10 17 d Results of high polluted sample in a long time test  
1 B 6 30 17 d If an increase of L/S does have an effect 
2 A 6 30 10 d If a decline of leaching time will result in lower concentrations 
2 B 6 30 10 d If the addition of polluted water increase the leaching potential 
3 3 10 1 d Demonstrate leaching potential of medium polluted ash 
4 5 10 1 d Demonstrate leaching potential of low polluted ash 
 

These tests should clarify which parameters do have an effect on the leaching of the ashes. If 

the ashes contain a high concentration of compounds with low water solubility an increase of 

water should leach out more compounds. If the effect of time does have only a low effect 

further leaching experiments could be executed with lower duration.  

 

Heavy metal leaching tests 

Leaching experiments have been performed with the three ashes 3, 4 and 5. The leaching 

parameters were 10 g ash with 100 g water (L/S ratio 10), a leaching duration of 24 hours 

and with 2 different pH values of 5 and 7. Due to the alkaline nature of the ashes the final pH 

value however was still basic ranging from 8 to 11.  

 

3.3 Extraction 

A mass of 2.5 g ash was taken and mixed with toluene washed sand. The three IS (40 µl each) 

and 10 ml acetic acid were added to the mixture. The acetic acid was added to roughening the 

surface of the ashes to allow a better extraction. Soxhlet-extraction with 100 ml toluene and 

20 ml water (to remove the acetic acid) was used to extract organic compounds from the ash. 

After 48 hours the heat was turned off and the toluene was evaporated to a small volume. 

Every evaporating was only performed after adding 40 µl of tetradecane a liquid with high 

boiling point to remain a small volume of liquid to prevent evaporating of the solid samples.  

 

For extraction from the leaching tests the water was extracted three times with DCM. Every 

time one third of the initial water volume was used. For the column cleaning it was 

evaporated to a small volume after tetradecane was added. 

 

3.4 Digestion and analysing of heavy metals 

A mass of 2.5 g ash combined with 9 ml HCl and 3 ml HNO3 were added to a boiler. The 

created mixture called aqua regia created by one part nitric acid and three parts hydrochloric 

acid is a very strong acid even able to dissolve gold. The high temperature and pressure was 

able to dissolve the majority of metals in the sample. A study digested fly ashes, measured 

them with ICPMS and compared them with certified references where the results differed no 

more than 10% (24). The samples were filtered and diluted with ten times the amount of 

water before they could be measured with ICPMS. 5 standards with concentrations 0 ng/g, 

0.1 ng/g, 1 ng/g, 10 ng/g and 50 ng/g were used. After ionization of the metals they were 

separated and analysed by a mass spectrometer. The following settings were used. A vacuum 

of 4.9E-6 Torr, a nebular gas flow of 0.57 l/min (argon) and an ICP RF Power of 1450 watt.  
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3.5 Column cleaning 

Only PCDD/Fs and PBDD/Fs were of interest. Therefore column cleaning was performed to 

get rid of other organic materials. Three different columns with different solvents were used 

for the cleaning. The first column was 10 ml filled with 1.5 ml KOH-silica, 2 ml deactivated 

silica, 2 ml neutral silica and 1 ml Na2SO4 silica. The second column was filled with 10 ml 

alox and 2 ml Na2SO4 silica. The carbon column was just filled with a mixture of 0.5 g of a 

dried carbon celite mixture. The multilayer column was washed with 20 ml n-hexane. The 

sample was eluted with 30 ml n-hexane into the Alex column. After washing the column with 

30 ml n-hexane 100 ml DCM/cyclohexane mixture (1:1) was added to elute into flasks and 

the evaporated to a small volume. The carbon column was washed with 10 ml 

DCM/methanol/toluene (15:4:1), 2 ml DCM/n-hexane (1:1) and finally 10 ml n-hexane. The 

sample was added with 2*2 ml n-hexane and was eluted with 50 ml DCM/n-hexane. The 

column was turned upside down and eluted with 40 ml toluene into new flasks. After 40 µl 

RS and 40 µl tetradecane were added it was evaporated and added into GC vials. 

 

 

3.6 GCMS 

GCMS was used to determine the concentration of organic materials in the samples. Since 

the concentrations especially in leaching experiments are very low a sensitive method is 

require to obtain results in the ng/g or even pg/g region.  In the first step the separation of 

the different chemical molecules occur in the GC where they are separated due to different 

polarity. The sample is added to a mobile phase while passing a stationary phase. During 

that process constant adsorption and desorption appear which results in sample separation. 

The quality of separation depends on speed of the mobile phase, column length and other 

factors. PBDD/Fs can easier be separated then PCDD/Fs (25). The GC is coupled to a mass 

spectrometer (GCMS). With a decent enough resolution this combined method offers the 

required specifity/sensitivity.  For analysis several IS as well as a RS are required. The IS is a 

mixture of several PCDD/Fs or PBDD/Fs containing a defined concentration with increased 

mass due to replacement of the carbon 12 isotope with the carbon 13 isotope. For this study 

three IS for lower chlorinated PCDD/Fs, for higher chlorinated PCDD/Fs and for PBDD/Fs 

were used. The congeners will appear at the same time as the IS since it is chemical identical 

but can easily be separated in the mass spectrometer due to different masses. A RS is also 

added to see how much is lost during the column cleaning process. It is added at the very end 

and is then compared with the IS which is added at the beginning of the sample preparation.  

 

The measurements were performed by Per Liljelind which also introduced the procedure to 

the author of this thesis. The GC/MS instrument used in this study was a GC-sector-HRMS 

(Waters Automass Ultima 2). Two different columns and programs were used. For the 

PCDD/Fs analysis the column was a DB5 ms 60 m, 0.25 mm id with 0.25 µm phase or 

corresponding. The temperature program was 190°C for 1.6 minutes, then ramping the 

temperature up at 3°C per minute up to 300°C which was then hold for 3.2 minutes.   For the 

PBDD/Fs analysis the column was a DB5 ms 15m, 0.25 mm id with 0.1 µm phase or 

corresponding. The temperature program was 190°C for 1 minute, then ramping the 

temperature up at 7°C per minute up to 315°C which was then hold for 0.2 minutes.    
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4.0 Results 

4.1 Content of the ashes 

The TEQ values from extraction for all 6 ashes are available in figure 4. The entire results for 

every congener are available in Appendix I. For PBDD/Fs two different WHO TEQ values are 

available which are calculated slightly different and for figure 4 the average TEQ values for 

PBDD/Fs were taken. Based on the WHO 2005 TEQ values ash 4 is the most toxic one, 

followed by ash 6, ash 3, ash 5, ash 2 and finally ash 1. The concentration of PBDD/Fs with 

the exception of ash 3 is very low compare to the concentration of PCDD/Fs. Therefore their 

dangerous potential depends mostly on PCDD/Fs rather than PBDD/Fs with the exception 

of ash 3. No results for OBDF were available however. Some studies have measured the 

amounts of PCDD/Fs in wood which exceed the concentration of the wood sample in this 

study (26). Every ash type was digested and measured only one time and therefore no 

standard deviation or error bars are available. Extracting the ashes several times would only 

reduce the analyse error. The variation in the ashes can be seen in leaching experiments 

which were performed several times.    

 

  
Figure 4: TEQ values of all 6 ashes for both PCDD/Fs and PBDD/Fs in ng/g. 

 

Figures 5 and 6 visualize the concentrations of higher chlorinated PCDD/Fs which are 

relevant for the TEQ calculation in the ashes 3-6. Lower chlorinated PCDD/Fs are not 

included as well as PBDD/Fs which only contribute insignificantly to the dangerous potential 

for these ashes (with the exception of ash 3). While the TEQ values are quite different the 

distribution of the several congeners is somewhat similar. OCDD accounts for the highest 

concentration in most ashes followed by 1234678-HpCDD. Therefore the ashes contain more 

PCDDs then PCDFs. Some isomers seem to be created in larger amounts than others for 

example four different hexachlorodibenzofuran isomers were measured but in all 4 ashes the 

majority is 234678-HxCDF.  
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Figure 5: concentration of relevant pollutants in ash 4 and ash 6 in ng/g.  

 

 

 
Figure 6: concentration of relevant pollutants in ash 3 and ash 5 in ng/g.  

 

However it would be more interesting to know which congeners have the biggest influence 

for the TEQ value. Figure 7 displays the influence of the measured congeners on the 

PCDD/Fs TEQ value. Only a few PCDD/Fs have a larger effect on the final TEQ value. 12378-
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PeCDD is therefore the most important congener overall for the TEQ value followed by 

23478-PeCDF. OCDD, OCDF and certain other PCDD/Fs are insignificant compare to other 

pollutants.   

 

Ash 6 on the other hand got its toxic potential mostly from one single chemical 12378-

PeCDD. Ash 5 got its dangerous potential mostly from 12378-PeCDD followed by 2378-

TCDD. Ash 3 had a distribution more similar to ash 6 were 23478-PeCDF had the biggest 

influence to the TEQ value closely followed by 12378-PeCDD.   

 

 
Figure 7: influence of the measured POPs for the TEQ value for ash 4 and ash 6 in per cent.  

 

 

 

 

4.2 Leaching results (PCDD/Fs) 

PBDD/Fs could not be detected in any leaching experiment it was either noise or a very low 

recovery rate. Lower chlorinated PCDD/Fs could not be detected except for MoCDF for all 

other it was mostly noise. However lower chlorinated compounds are not that important 

because the TEQ value is calculated with congeners with 4 or more halogen atoms and with 

the exception of ash 3 PCDD/Fs contributes mostly to their potential rather than PBDD/Fs. 

PCDD/Fs with four or more chlorine atoms could however relatively good be detected.   
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Leaching test 1 (ash 6, 17 days, L/S 10 and L/S 30) 

The results of the leaching test 1 are available in Appendix II. There were 2 different masses 

of ashes used 10 g with 100 ml water and 5 g with 150 ml water. The concentration in the 

different L/S ratios depends therefore mostly in the difference of ash mass rather than the 

different L/S ratio. Therefore it seems that water solubility or the amount of used water have 

little effect on the leaching.   

 

It would be interesting to see how much has leached out of the sample. 10 g ash was used 

resulting in a WHO 2005 TEQ value of 12. 100 ml of the leachate had a total TEQ value of 

0.0026. Therefore only 0.022% based on WHO 2005 TEQ was leached out.  

 

 

Leaching test 2 (ash 6, 10 days, L/S 10 and 1 Vol% DCM) 

The results of leaching experiments 2 are available in Appendix III. The concentrations in 

these tests were somewhat lower than from leaching experiment 1 with L/S 10 but higher 

than L/S 30. It was expected that the DCM would have an effect on the compounds with low 

water solubility and high KOW values. The polluted water could not leach out as much 

compounds as the pure water. Therefore the addition of organic solvents to the leaching 

material seems to have no effect on the leaching potential. The water solubility appears to 

have no effect in leaching experiments. The small difference in the concentration is due to 

the heterogeneous nature of these ashes.  

 

 

Leaching test 3 (ash 3, 1 day, L/S 10) 

For higher chlorinated compounds only a few were detectable in very low concentrations 

which resulted in TEQ values from 0.0060 ng/l up to 0.022 ng/l with an average TEQ value 

of 0.015 ng/l. Even so this ash had the highest concentration of PBDD/Fs it could not be 

detected in the leaching test as well.  

 

Leaching test 4 (ash 5, 1 day, L/S 10) 

With an L/S ratio of 10 and 10 g ash a total volume of 100 ml water was used. However after 

filtration only 50 ml remained for testing. Appendix IV displays the results as well the 

amount of chemicals leached out in per cent based on the initial 10 g ash. The leaching 

concentration from ash 5 was the highest one even so it is one of lowest polluted ash 

samples. There is quite a large difference in leaching potential between isotopes even so their 

water solubility is quite similar. No reasonable explanation is available except randomness.   

 

Table 3 displays the WHO 2005 TEQ values of all leaching test for every single 

measurement. A total of 3 repeats (5 for test 3) were measured and the average was selected 

for the results in leaching tests. Table 3 shall show the randomness of the ashes.  
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Table 3: WHO 2005 TEQ values for every leachate replicate and the average in ng/l as well as the 

standard deviation. 

 test 1a test 1b test 2a test 2b test 3 test 4 

run 1 0.026 0.018 0.028 0.021 0.015 0.049 

run 2 0.030 0.018 0.018 0.024 0.022 0.030 

run 3 0.022 0.014 0.022 0.019 0.020 0.019 

run 4     0.015  

run 5     0.0060  

average 0.026 0.017 0.023 0.021 0.015 0.032 

STD 0.0040 0.0023 0.0050 0.0025 0.006 0.015 
 

Despite the fact that the ash content was very different among several ashes (figure 4) 

leaching experiments resulted in somewhat similar concentrations. Therefore it seems that 

the structure of the ash (small particle size or fine powder) has much more influence than the 

initial concentration in the ashes.  

 

4.3 Heavy metal analysis 

The results of the digestion are present in table 4. Each ash sample was analysed two times 

and the average value was taken. The ashes were analysed for toxic heavy metals which are 

common in ashes and cause dangers to humans.  

 

Table 4: concentration of heavy metals from digestion in mg/kg.  

metal Ash 1 (bio 
ash)  

Ash 2 
(biofuel) 

Ash 3 P 
(waste) 

Ash 4 
(waste) 

Ash 5 
(waste) 

Ash 6  
(dirty) 

Cr 810 63 490 410 650 810 

V 83 BDL 39 18 7.7 22 

Co 31 3.6 59 17 8.5 19 

Ni 150 57 190 91 79 94 

Cu 130 52 1500 740 260 880 

Cd 2.5 4.0 2.8 4 7.4 11 

Ba 1200 1300 1800 1200 1800 1200 

Hg 0.31 BDL 0.11 5.3 2.1 1.5 

Pb 330 12 400 410 120 1400 
 

There were not as many differences in the ash types based on their inorganic content 

compare to their organic content. Only the lead concentration in ash 6 was much higher 

compared to other samples and ash 2 had very low concentrations overall.  Fly ash has more 

volatile elements such as Hg, Cd or Pb even so the difference in Pb is very low while other 

elements are more present in bottom ash (27). 

 

 

4.4 Leaching results (heavy metals) 

The results from the leaching experiments are available in table 5. Every leachate was measured three 

times and the average value was taken. Since the concentration of mercury in the ashes from the 

digestion was very low Hg was not measured in the leaching experiments 
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Table 5: Metal concentration of the leachate after 24 hours leaching (L/S 10) in ng/g. 

metal Ash 5 pH 7 Ash 5 pH 5 Ash 3 pH 7 Ash 3 pH 5 Ash 4 pH 7 Ash 4 pH 5 

Cr 2500 2600 120 140 290 280 

V 48 63 7.3 7.5 20 19 

Co 0.028 0.028 1.0 1.1 1.8 2.1 

Ni 2.0 2.0 59 63 24 26 

Cu 6.7 5.5 340 360 37 82 

Cd 0.30 0.30 0.24 0.28 1.7 1.7 

Ba 28 27 50 52 180 170 

Pb 0.96 0.61 0.94 0.76 9.9 13 
 

There was not a huge difference between pH 7 and pH 5 but pH 5 resulted most the time in 

higher concentrations. The pH corresponds to the used leaching medium the final pH was 

due to the alkaline ashes always basic. The concentrations from the different ashes were very 

different. While digestion resulted in somewhat similar concentrations leaching resulted in 

much higher concentration differences. Figure 8 shows the leaching potential of the 3 ashes 

with pH 5.  

 

    
Figure8: Comparing concentrations from leaching (pH 5) with concentration from digestion in %.  

 

Ash 5 had by far the highest total leaching potential but the majority was Cr and V. Some 

metals are leached out pretty easy from the ash such as Ni, Cr or V while other metals for 

example Co, Ba or Pb are more bonded to the ash. Ash 6 had by far the highest lead 

concentration but lead is relatively hard to remove just with water which means that a high 

lead concentration in the ashes would still result in low lead concentration in the leachate. 

The reason for these differences in leaching potential could depend on the structure of the 

ashes. Sandy ashes with a lot of SiO2 or many large particles will have lower interaction with 

the water. Large particles will result in lower surface area compared to smaller particles. 

Only the surface will interact with the leachate while the core does not.  
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4.5 Risk assessment 

The tolerable daily intake (TDI) for TCDD varies depending on the year the study was 

performed or by government. The WHO expressed a range of 1 – 4 TEQ/kg/day (28). 

Assuming a TDI of 2 pg/kg/day and a daily water consumption of 2-3 liter will result in the 

following maximal concentrations listed in table 6.  

 

Table 6: assuming maximum TCDD concentration in drinking water for specific groups.  

Human weight Daily water consumption Max concentration 

90 kg (male adult) 3 l 60 pg/l 

90 kg (male adult) 2 l 90 pg/l 

60 kg (female adult) 3 l 40 pg/l 

60 kg (female adult) 2 l 60 pg/l 

30 kg (child) 3 l 20 pg/l 

30 kg (child) 2 l 30 pg/l 
 

However drinking water would in reality have lower concentration then the concentration in 

the experiments since the polluted water would dilute with clean water and the chemicals 

could bond to soil or sediment. On the other hand only the most toxic compounds were used 

to calculate the TEQ value. There were also measured concentrations of PCDD/Fs and 

PBDD/Fs without the dangerous 2,3,7,8 positions which could also cause dangers. It should 

also be noticed that there is a cocktail effect were several dangerous chemical can increase 

their overall potency due to the presence of other chemicals. Table 7 compares the 

concentration of the leaching experiments (table 3) with the TDI and maximum 

concentrations for specific groups (table 6) and estimates if there are risks involved. If the 

concentration in the leaching tests exceeds the calculated concentration then there is a 

human risk.   

 
Table 7: estimating human risk based on leaching concentration and TDI. 

test Average conc. Maximum conc. risk 

1 A (L/S 10) ash 6 26 pg/l 30 pg/l Only children 

1 B (L/S 30) ash 6 17 pg/l 18 pg/l never 

2 A (water) ash 6 23 pg/l 28 pg/l Only children 

2 B (+DCM) ash 6 21 pg/l 24 pg/l Only children 

3 ash 3 15 pg/l 22 pg/l Normally no risk, in rare cases 
also children 

4 ash 5 32 pg/l 49 pg/l Only children, in rare cases also 
medium sized humans 

 

Table 8 compares the maximum tolerable concentration (based on TDI values) of toxic heavy 

metals with the concentration found in leaching experiments and determines if there are 

human risks possible. If the Chromium would be Cr III it would cause no dangers to human 

but if it would be Cr VI then it would cause dangers to human. A light yellow colour from the 

ash 5 leaching experiment indicates the presence of Cr VI. Mercury was not tested since the 

concentrations from the digestion were already very low. No TDI data for cobalt was 

available but the Co concentration is relatively low compared to other heavy metals.   
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Table 8: assuming maximum concentration of heavy metals for humans. 

metal Conc. Ash 5 
pH 5 (mg/l) 

Conc. Ash 3 
pH 5 (mg/l) 

Conc. Ash 4 
pH 5 (mg/l) 

TDI 
(mg/kg/day) 
(29) 

Max allowed conc. 
for 90 kg human 
consuming 3 l per 
day (mg/l) 

risk 

Cr 
2.6 0.14 0.28 

1.5 (Cr III) 
0.003 (Cr VI) 

45 (Cr III) 
0.09 (Cr VI) 

Only for 
Cr VI 

V 0.063 0.0075 0.019 0.001 0.03 Ash 5 

Co 2.8E-05 0.0011 0.0021    

Ni 0.0020 0.063 0.026 0.02 0.6 No risk 

Cu 0.0055 0.36 0.082 0.04 1.2 No risk 

Cd 0.00030 0.00028 0.0017 0.0005 0.015 No risk 

Ba 0.027 0.052 0.17 0.2 6 No risk 

Pb 0.000612 0.000756 0.0132 0.0036 0.11 No risk 
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5.0 Discussion and usage of ashes 

5.1 Discussion 

An increase in time (leaching test 1 and 2) seems to have little effect on the final 

concentration. An increase in water but reduction in used ash resulted in somewhat lower 

concentration which means that the final concentration is not limited by the solubility in 

water. The L/S ratio of 30 in leaching experiment 1 (5 g ash and 150 ml water) resulted in 

lower concentrations than from leaching experiment 2 with the same L/S ratio but 3.33 g ash 

and 100 ml water even so more ash and time was used. A logical explanation could be that 

due to the increased volume of water the stirring and therefore the water ash interaction was 

reduced which further indicates the importance of the surface area of the ashes. The used 

flaks were stirred at the same rotation speed and 100 ml water resulted in stronger 

movement and whirls then 150 ml water.  Even the addition of DCM (1 Vol%) could not 

increase the leaching potential which demonstrates that the leaching concentration depends 

not on water solubility. In this case only more ash or a lower particle size would result in 

higher concentrations. The smaller the particle size the larger is the volume area and 

interaction with water per 1 g of ash. Unfortunately no tools were available to separate the 

ashes based on their particle size. However if these ashes would be used as construction 

material they would have a very small surface and only a fraction of the ash would interact 

with the water.  

 

It can be claimed that the biggest influence on the leaching potential is the type of the ash 

itself. A very low polluted sample such as ash 5 had a very high concentration after exposure 

to water even so the leaching test was very short. After 1 day stirring the leaching water (both 

pH 7 and pH 5) got a slightly yellow colour (indicating Cr VI) while other ash samples did not 

colour the leaching water. This ash had the highest water content of 63% before drying and 

during that time the water could leached out compounds which remained at the surface of 

the ash during drying.  

 

While the heavy metal concentration from digestion was somewhat similar the leaching 

experiments resulted in different concentrations even so all three ashes were tested under 

the same conditions. That also supports the idea that the content of the ashes has only little 

effect on the concentration in the leachate.  

 

Ash 3 and ash 5 had a higher standard deviation then more polluted samples such as ash 6 

but they were both bottom ashes which are more heterogeneous in general.  

 

Limitations 

Only PCDD/Fs and PBDD/Fs were separately analysed. Dibenzodioxins and dibenzofurans 

which contained both chlorine and bromine atoms were not tested in this study. Mixed 

bromo/chloro-tetrahalodioxins are almost as potent as TCDD if they are fully laterally 

substituted (6).  
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5.2 Assumption for usage of ashes as potential materials 

Since the leaching concentration of both PCDD/Fs and heavy metals depends mostly on the 

type of ash the initial concentration in the ash is not so important since a low polluted ash 

gave the highest concentration in leaching experiments. All tested ashes had relatively high 

concentrations of chromium in the leaching tests. Unfortunately it was not possible to 

determine the oxidation state of that metal. If it would be mostly Cr III then all tested ashes 

could be used without causing harm to humans.  

 

Ash 1 was not tested in leaching experiments but had the lowest TEQ value and was less than 

half as toxic based on TEQ values then ash 5. However it had the highest Cr and V 

concentration as well as a relatively high overall heavy metal concentration based on 

digestion. While it is unlikely that POPs can cause risk to humans the heavy metal in this ash 

could do it.   

  

Ash 2 was not tested in leaching test either but it had the second lowest TEQ value. The 

concentrations from heavy metals from the digestion were insignificant compare to other 

ashes. Therefore it is expected that this ash cause no harm to humans neither by POPs nor by 

heavy metals. 

 

Ash 3 was tested in a leaching experiment which resulted in low enough TEQ values that it 

would cause no harm to humans. The concentration of chromium was also only slightly 

higher than the TDI based on pure hexavalent chromium which means that it would most 

likely also cause no risk to humans.     

 

Ash 4 was not tested in leaching experiments for POPs due to its highest TEQ value and a 

fine powder with no other compounds for example rocks or glass as well as a smaller particle 

size. It is expected that the TEQ value from leaching would be higher than from ash 6 which 

had the second highest TEQ value.      

 

Ash 5 had a very high leaching potential and should therefore not be used. In leaching tests it 

resulted it the highest TEQ values as well as highest Cr and V concentrations.  

 

Ash 6 had the second highest TEQ value but low leaching potential. Even after very long 

leaching tests the concentration were so low that it would cause risk only to a very few 

humans. Leaching experiments for heavy metals were not performed. Even so it had very 

high lead concentration other leaching experiments demonstrated that lead was hardly 

leached out. The chromium concentration was however also very high and all other leaching 

tests had (based on Cr VI) too high concentrations.   
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6.0 Conclusion 

The six available ashes were successfully extracted and analysed. The used method for 

extracting was a standard method for extracting ashes and was compared with other 

validation methods. As expected the concentrations based on the 2005 WHO TEQ value 

were quite dissimilar for the 6 ashes based on their different origin. It was however 

surprising to see that the concentrations in the leaching experiments differed so much based 

on the used ash type. Unfortunately a real life experiment was not possible because the ashes 

had to become bricks with much lower surface area. In this study the ashes were stirred 

while there would be less movement when they would be used as bricks. It was desired to get 

highest concentrations as possible to see the maximum theoretical concentration. Many 

congeners were close to the detection limit and could have not been detected at much lower 

concentrations or without stirring.  

 

The ashes were extracted and analysed only one time and leaching tests demonstrated 

somewhat random results. Therefore the WHO 2015 TEQ values based on ash content 

(figure 4) must be viewed with caution since they have only be measured once and do not 

contain standard deviation. The different TEQ values in the 6 different ashes were however 

very various so that their order based on toxicity would not change.  

 

Only a few ashes such as ash 4 and ash 5 seem to be problematic due to their high 

concentration or high leaching potential. With the known TEQ values it could also be 

considered useful to try to reduce the amounts of PCDD/Fs in the incineration process. 

Changing the incineration temperature or duration could make the ashes less dangerous by 

reducing the creation of congeners with high TEF values. A reduction of metal chlorides in 

the waste or the addition of SO2 during incineration could reduce the creation of PCDD/Fs.    

 

Unfortunately not all ashes could be tested in leaching experiments due to costs issues. It 

would be interesting to see the leaching potential of every ash or to observe the influence of 

other aspects for example effect of stirring.      
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Appendix 

Appendix I 

Table A 1: GCMS results of PCDD/Fs and PBDD/Fs for all tested ashes from the extraction. 

compound Ash 1 P9 
fly ash 

Ash 2 
biofuel 

Ash 3 P8 
bottom  

Ash 4 P 8 
fly 

Ash 5 P 6 
bottom 

Ash 6 P7  

Lower chlorinated part (1 – 3) chlorine ng/g 

2-MoCDF 0.94 0.25 0.26 1.4 2.3 6.3 

28-DiCDF 0.053 0.0074 0.15 2.1 0.048 0.38 

248-TriCDF 0.018 0.0023 0.022 0.41 0.043 0.43 

2-MoCDD 0.14 0.39 1.4 9 0.24 0.96 

23-DiCDD 0.030 0.0039 0.007 0.37 0.067 1.2 

237-TriCDD 0.0049 0.00053 0.0027 0.39 0.022 0.91 

Sum MoCDF 3.6 0.94 1.2 5.6 7.4 23 

Sum DiCDF 1.1 0.14 0.59 11 2.4 20 

Sum TriCDF 0.25 0.033 0.31 16 0.7 13 

Sum MoCDD 0.17 0.62 1.8 13 0.33 1.3 

Sum DiCDD 0.065 0.035 0.047 0.65 0.14 2.7 

Sum TriCDD 0.017 0.0042  0.0041 1.2 0.092 3.8 

Sum CDD/F Cl1-3 5.1 1.8 3.8 48 11 64 

Sum CDF Cl1-3 4.9 1.1 1.9 33 11 57 

Sum CDD Cl1-3 0.26 0.64 1.9 14 0.56 7.8 

Kvot CDF/ CDD 19 1.8 1.0 2.3 19 7.3 

Higher chlorinated part (4 – 8) chlorine ng/g 

2378-TCDF 0.0045 0 0.0079 0.58 0.015 0.23 

12378-PeCDF 0.0031 0.00065 0.0045 1.1 0.005 0.2 

23478-PeCDF 0.0037 0.0013 0.016 1.7 0.005 0.25 

123478-HxCDF 0.0016 0.0034 0.021 1 0.003 0.24 

123678-HxCDF 0.0021 0.0023 0.014 1.4 0.003 0.31 

123789-HxCDF 0.0022 0.0019 0.0067 0.93 0.003 0.16 

234678-HxCDF 0.0024 0.0033 0.023 2 0.005 0.48 

1234678-HpCDF 0.0022 0.087 0.084 4.2 0.006 0.93 

1234789-HpCDF 0.0019 5.1E-06 0.011 1.3 0.001 0.21 

OCDF 0.0012 0.033 0.068 2.8 0.004 0.63 

2378-TCDD 0.00029 0 5.2E-06 0.08 0.002 0.15 

12378-PeCDD 0.0019 0.00086 0.0033 0.37 0.004 0.6 

123478-HxCDD 0.0029 4.8E-06 0.0041 0.24 0.003 0.49 

123678-HxCDD 0.0029 0.040 0.023 0.98 0.003 0.62 

123789-HxCDD 0.0019 0.0094 0.011 0.37 0.003 0.43 

1234678-HpCDD 0.0042 0.11 0.1 9.9 0.014 3.7 

OCDD 0.0056 0.13 0.3 19 0.025 3.4 

Sum TCDF 0.088 0.031 0.28 22 0.3 8.8 

Sum-PeCDF 0.042 0.052 0.23 20 0.086 4.6 

Sum HxCDF 0.038 0.12 0.22 16 0.054 4.7 

Sum HpCDF 0.0014 0.21 0.17 7.3 0.012 1.9 

Sum TCDD 0.0037 0.043 0.04 2.4 0.087 13 

Sum-PeCDD 0.021 0.039 0.075 6.6 0.06 11 

Sum-HxCDD 0.026 0.46 0.25 1.8 0.047 12 

Sum HpCDD 0.0091 0.28 0.26 21 0.023 6.6 
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WHO 2005 TEQ 0.0055 0.0097 0.021 1.9 0.012 1.2 

brominated part (4 – 8) bromine pg/g 

2378-TBDF BDL BDL 11 BDL BDL BDL 

12378-PeBDF 4.4 BDL 20 BDL 340 85 

23478-PBCDF BDL 18 10 BDL BDL BDL 

123478-HxBDF 4.6 BDL 110 BDL BDL BDL 

1234678-HpBDF BDL BDL 2400 BDL 110 47 

2378-TBDD BDL BDL 6.6 BDL BDL BDL 

12378-PeBDD 4.3 BDL BDL BDL BDL BDL 

123478+123678-
HxBDD 

BDL 4.9 BDL BDL BDL BDL 

123789-HxBDD BDL 9.3 BDL BDL BDL 100 

1234678-HpBDD BDL 20 64 BDL BDL BDL 

OBDD BDL BDL 160 2100 BDL BDL 

Sum TBDF 130 210 320 19 BDL BDL 

Sum-PeBDF 120 140 660 31 400 120 

Sum HxBDF 48 20 440 BDL BDL 38 

Sum HpBDF BDL BDL 25000 BDL 340 210 

Sum TBDD BDL BDL 53 110 7.7 BDL 

Sum-PeCDD 4.9 BDL BDL BDL BDL BDL 

Sum-HxBDD 72 38 BDL BDL BDL 120 

Sum HpBDD BDL 450 370 BDL 440 270 

WHO TEQ HBmin 4.5 6.9 47 1.1 4.1 1.2 

WHO TEQ HBmax 8.8 8.9 171 1.1 14 5 

 

As expected the concentration in these ashes is quite different due to their origin. Ash 4, 6 

and 3 are waste ashes while ash 1 and 2 (BMA) have low TEQ values. Most ashes have high 

concentrations of PCDD/Fs with 3 or less chlorine atoms as well as with 6 or more chlorine 

atoms. The very toxic compounds with 4 or 5 chlorine atoms are present in lower amounts. 

The amount of halogen atoms in the concentrations is quite different. If several waste 

sources were used it will result in different POPs. Waste usually contains more chlorinated 

than brominated organic compounds which will lead to this difference.  

Appendix II 

Table A 2: concentration results from leaching test 1 (ash 6, 17 days).  

compound Ash content 
(ng/g) 

Results leachate 
L/S 10 (ng/l) (a) 

Results leachate 
L/S 30 (ng/l) (b) 

Compare L/S 30 
with 10 in %  

2378-TCDF 0.23 0.0079 0.0027 34 

12378-PeCDF 0.2 0.0038 0.0035 90 

23478-PeCDF 0.25 0.0016 0.0015 94 

123478-HxCDF 0.24 0.003 0.0013 45 

123678-HxCDF 0.31 0.0042 0.0028 66 

123789-HxCDF 0.16 0.035 0.031 89 

234678-HxCDF 0.48 0.015 0.0082 55 

1234678-HpCDF 0.93 0.0074 0.0053 65 

1234789-HpCDF 0.21 0.001 0.0016 170 

OCDF 0.63 0.014 0.042 290 

2378-TCDD 0.15 0.0026 0.0032 120 
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12378-PeCDD 0.6 0.013 0.0065 49 

123478-HxCDD 0.49 0.02 0.006 30 

123678-HxCDD 0.62 0.0086 0.0053 62 

123789-HxCDD 0.43 0.0022 0.0034 160 

1234678-HpCDD 3.7 0.017 0.0094 54 

OCDD 3.4 0.018 0.0084 46 

Sum TCDF 8.8 0.034 0.056 160 

Sum PeCDF 4.6 0.022 0.024 110 

Sum HxCDF 4.7 0.088 0.05 57 

Sum HpCDF 1.9 0.022 0.0093 43 

Sum TCDD 13 0.18 0.11 63 

Sum-PeCDD 11 0.74 0.41 56 

Sum-HxCDD 12 0.66 0.34 52 

Sum HpCDD 6.6 0.43 0.21 49 

WHO 2005 TEQ 1.2 0.026 0.016 51 

 

Appendix III 

Table A 3: concentration results from leaching test 2 (ash 6, 10 days, L/S 30).  

compound Ash content 
(ng/g) 

Results leachate 
clean (ng/l) (a) 

Results leachate 
polluted (ng/l) (b) 

Compare polluted 
with clean in %  

2378-TCDF 0.23 0.0050 0.0030 60 

12378-PeCDF 0.20 0.0042 0.0042 100 

23478-PeCDF 0.25 0.0017 0.00050 29 

123478-HxCDF 0.24 0.0018 0.0028 156 

123678-HxCDF 0.31 0.0023 0.0013 56 

123789-HxCDF 0.16 0.033 0.031 94 

234678-HxCDF 0.48 0.012 0.011 92 

1234678-HpCDF 0.93 0.0066 0.0058 88 

1234789-HpCDF 0.21 0.0012 BDL ------- 

OCDF 0.6 0.010 0.0086 86 

2378-TCDD 0.15 0.0040 0.0027 68 

12378-PeCDD 0.60 0.011 0.011 100 

123478-HxCDD 0.49 0.0096 0.014 146 

123678-HxCDD 0.62 0.0050 0.0041 82 

123789-HxCDD 0.43 0.0032 0.0026 81 

1234678-HpCDD 3.7 0.010 0.0094 94 

OCDD 3.4 0.020 0.011 55 

Sum TCDF 8.8 0.014 0.0058 41 

Sum-PeCDF 4.6 0.0089 0.010 112 

Sum HxCDF 4.7 0.056 0.060 107 

Sum HpCDF 1.9 0.013 0.0080 62 

Sum TCDD 13 0.13 0.15 115 

Sum-PeCDD 11 0.67 0.71 106 

Sum-HxCDD 12 0.52 0.47 90 

Sum HpCDD 6.6 0.32 0.34 106 

WHO 2005 TEQ 1.2 0.023 0.021 92 
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Appendix IV 

Table A 4: concentration results from leaching test 4 (ash 5, 1 days, L/S 10).  

compound content in the 10 
g used ash (ng) 

Concentration in 
water (ng/l) 

Concentration in 
100 ml water (ng) 

Percentage 
leached out  in % 

2378-TCDF 0.15 BDL BDL 0 

12378-PeCDF 0.05 0.01 0.0010 2 

23478-PeCDF 0.05 0.0038 0.00038 0.76 

123478-HxCDF 0.03 0.0084 0.00084 2.8 

123678-HxCDF 0.03 0.014 0.0014 4.6 

123789-HxCDF 0.03 0.052 0.0052 17.2 

234678-HxCDF 0.05 0.019 0.0019 3.8 

1234678-HpCDF 0.06 0.016 0.0016 2.6 

1234789-HpCDF 0.01 0.0097 0.00098 9.6 

OCDF 0.04 0.023 0.0024 5.6 

2378-TCDD 0.02 BDL BDL 0 

12378-PeCDD 0.04 0.016 0.0016 4 

123478-HxCDD 0.03 0.023 0.0024 7.6 

123678-HxCDD 0.03 0.013 0.0013 4.4 

123789-HxCDD 0.03 0.0061 0.00062 2 

1234678-HpCDD 0.14 0.021 0.0022 1.5 

OCDD 0.25 0.024 0.0024 0.96 

Sum TCDF 3 BDL BDL 0 

Sum-PeCDF 0.86 0.037 0.0038 0.42 

Sum HxCDF 0.54 0.0084 0.00084 0.154 

Sum HpCDF 0.12 0.052 0.0052 4.24 

Sum TCDD 0.87 0.18 0.018 2.06 

Sum-PeCDD 0.6 0.86 0.086 14.4 

Sum-HxCDD 0.47 0.76 0.076 16.2 

Sum HpCDD 0.23 0.53 0.054 24 

WHO 2005 TEQ 0.12 0.032 0.0032 2.6 
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