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SUMMARY 

Combustion of household refuse produces various types of 

residues (slag, fly ash and flue gas cleaning products) 

which must be taken care ofin some way. The increasing use 

of flue gas cleaning is also creating new types of residues. 

In connection with the ENA project, it was found that know

ledge of the properties of the various waste products was 

relatively poor. The SGI was therefore commissioned to in

vestigate those physical and chemical properties which are 

significant in the environmental evaluation of disposal or 

various forms of practical utilization. 

Leaching tests in the laboratory showed that the leach

ability of salts and heavy metals is highly dependent on the 

type of residue. In general, leaching of heavy metals is 

greater compared to leaching of residues from coal firing. 

Leachates from fly ash often demonstrate higher contents of 

environmentally hazardous substances than leachates from 

slag. This is especially true in the case of salts and lead, 

mercury, selenium, vanadium and zinc, in addition to cad

mium. The only exception is copper, which usually occurs in 

higher contents in leachates from slag. 

The leaching tests with flue gas cleaning residues contain

ing fly ash show that leachates from a dry flue gas cleaning 

product contain higher contents of most salts and heavy 

metals than leachates from pure fly ash. This applies es

pecially to chlorides, lead, mercury, copper, zinc and cad

mium. On the other hand, contents of salts and heavy metals 

in leachates from the wet flue gas condensate which was in

vestigated are lower than in leachates from fly ash. The 

results indicate that the maximum contents of various sub

stances sometimes do not appear until a relatively long 

period of leaching has passed. 
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No leaching of dioxins or dibenzofuranes has been registered 

in the leachate from the residues investigated, despite very 

low detection limits (approximately 1-10 pg/1). 

The physical properties depend on the type of product and 

must be investigated in each individual case. In particular, 

attention must be paid to the risk of swelling. 

The disposal site or landfill should be designed to the same 

specifications that apply to the disposal of residue from 

other solid fuels. this means that the site should be 

covered with a barrier material, a drainage layer and, at 

the top, a one-meter layer of moraine (rocks, gravel, sand 

etc.). Vegetation should be planted. Good landfill design 

can reduce leachate formation caused by the infiltration of 

rain and snow to about 15 to 20 percent of the leachate at 

older disposal sites for household waste. 

Experiments show that the amount of leachate of most heavy 

metals from slag and fly ash (together with flue gas clean

ing residues) is smaller than in the case of untreated 

waste. But the amount of mercury and copper that is leached 

out may be several times greater, while the leached volume 

of lead may be 50 to 100 times greater. This estimate is 

based on the assumption that the same efficient cover can 

also be used for household waste. 

The report concludes with a list of areas in which further 

research is desirable. Special attention must be paid to the 

very high content of firstly lead, but also chloride and to 

some extent zinc in leachate from dry flue gas cleaning 

residues. This isa major problem that will cause difficulty 

when it comes to disposal of the residues. Further invest

igation on this matter has already been started. 



PREFACE 

The Swedish Board of Energy and the National Environment 

Protection Board were commissioned by the government in 1985 

to investigate the requirements on energy gains and environ

mental protection that should apply to the combustion of 

household refuse. These questions made it necessary to eva

luate the environmental consequences of ash disposal. The 

Swedish Geotechnical Institute (SGI) was commissioned by the 

project planner to undertake this work. It was found that 

little was known about the chemical and physical properties 

of the incineration residues. The Board of Energy therefore 

granted the Geotechnical Institute special research funds to 

investigate the various types of waste products that may be 

of interest in the combustion of household refuse. 

The Swedish Geotechnical Institute has appointed the Swedish 

Geological Company (SGAB) to make chemical analyses, while a 

team under dr. Stellan Marklund at the University of Umeå 

has been asked to measure dioxins and diobensofuranes in 

leachates produced. A group led by professor Oliver Lind

qvist at Chalmers Institute of Technology (CTH) has analysed 

contents and leachability of mercury and finally the Depart

ment of Water in Environment and Society at Linköping Insti

tute of Technology has analysed organic substances in the 

leachates obtained. 

The project management at SGI wishes to thank both internal 

and external participants who have carried out this project 

most satisfactorily under great pressure of time. 

Linköping, June 1986 

Jan Hartlen 
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INTRODUCTION 

1.1 Background 

Combustion of household waste produces new residues consist

ing mainly of slag and fly ash. In order to reduce environ

mentally hazardous emissions to the atmosphere, various 

forms of flue gas scrubbers are used. These are primarily 

designed to reduce the contents of acid substances and also 

heavy metals and organic substances. The cleaning processes 

give rise toa further type of waste product - named flue 

gas cleaning residues (FGCRs) in the context of this report. 

The large volumes of residues obtained in combustion have to 

be handled in some way. It is natural in the first instance 

to try to make the products useful, for example as filling 

materials. The normal, and also simpler, procedure is dis

posal. The difference in the types of cleaning processes 

means that residues with widely varying properties have to 

be dealt with. 

Deposition must be carried out in such a way that the en

vironment is undamaged by spread of dust and dispersal of 

leachate to surface water and ground water. The ENA report 

provides a recommendation for the design of a deposit. This 

requires knowledge of the physical and chemical properties 

of the residues. 

1.2 Objective 

The objective of the project is to study the basic physical 

and chemical properties of various types of residues from 

combustion of household refuse. The results will be used in 

evaluating the prospects for utilization and deposition in 

an environmentally appropriate way. 
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The investigation comprised residues from combustion (grate 

and fluidized bed) but not from pyrolysis. Both dry and wet 

FGCRs are included. 

In addition, tests were made on chemical composition, leach

ing properties and physical parameters (particle size dis

tribution, density, compactability, strength and per

meability). 

1.3 Test programme 

Residues have been collected from various types of combus

tion systems. Sampling has taken place in accordance with a 

specified procedure over a period of one week. A sample rep

resenting this period was then homogenized and subdivided 

for various analyses both within the Institute and exter

nally. Owing to pressure of time, it has not been possible 

to pay attention to possible variations in the residues 

during the year. Sampling took place during the period 

January-February 1986. 

The general scope of the test programme is shown in Table 

1.1. Special investigations were made on a number of resi

dues to determine leaching of mercury and organic sub

stances. 

The majority of the tests were performed at SGI. Chemical 

analyses have been conducted by the Swedish Geological Com

pany. The mercury analyses have been performed at Chalmers 

Institute of Technology. The dioxin analyses have been cond

ucted by the University of Umeå and the content of organic 

substances in leachates produced by SGI has been examined by 

the Department of Water in Environment and Society at Lin

köping Institute of Technology. 
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Table 1.1 Test programne 

INSTALLATION TYPE OF GIEMICAL PHYSICAL SPECIAL 
RESIDUE ANALYSIS ANALYSIS(l) INVESTIGATION 

canpos- Leaching Mer- Dioxin Org. 
ition properties cury subst. 

Slag X X X 

FGCR *) X X X X 

LINKÖPING Slag X X X 

Fly ash 
(coarse) X X X X 

FGCR *) X X X X 

HÖ3DALEN, Slag X X 

boiler 2 Fly ash X X X 

Flue gas 
condensate x X X X X X 

HÖ3DALEN, Slag X X X 

boiler 3 FGCR *) X X X 

SUNDSVALL Fly ash X X 

UMEÅ Slag X 

Fly ash X 

*) separated together with fly ash 
1) particle size distribution, canpaction properties, 

pe:rmeability, strength 
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2. GENERAL DESCRIPTION OF THE RESIDUES 

Combustion of household refuse normally takes place in a 

grate boiler. Recently, fluidized bed boilers have also come 

into use, while pyrolysis technology is also being devel

oped. The nature and properties of the residues vary with 

the type of combustion. 

Residues from combustion may therefore be divided into the 

following main types: 

Slag from the furnace bottom: An unsorted mixture of 

coarse materials which is 

cooled in a water bath. 

Water from slag extinguish

ing may also be obtained. 

Fly ash from precipitators: Dry fine material. 

FGCRs: Dry or wet (slurry) fine 

material. 

The slag may be sorted. In the Malmö plant, the slag has the 

following composition after sorting: 

Large scrap 14% 

Small scrap 4% 

Refuse slag 75% 

Miscellaneous (brick, 

concretee, etc) 7% 

Large scrap isa product that already hasa market value and 

it is probable that slag from refuse combustion can also be 

utilized in the future. However, it is almost certain that 

miscellaneous slag will always have to be dumped. 
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Combustion reduces the volume of the refuse by about 90%. In 

terms of weight, the refuse decreases by about 70-85%. In 

1983, the ratio between the input refuse (fuel) and output 

slag and fly ash in Swedish plants was 26.7%, with a stan

dard deviation of 4.9%. The variation may be due to factors 

such as simultaneous firing with forestry waste, varying 

moisture contents in the slag etc. The proportion of slag 

and fly ash is recorded separately for the 6 installations 

in 1983. Here, slag constituted 24.4% and fly ash 2.5% of 

the input volume of waste. The fly ash thus constitutes only 

about 10% of the total volume of ash and slag. 

The content of unburnt material in the residues varies 

between installations, at the same time as the content of 

unburnt material is considerably lower in slag than in fly 

ash. The proportion of unburnt material consisted on the 

average of 3.9±1.5% in the slag and of 24.7±22.0% in the fly 

ash (Drav, Report No. 17). As can be seen, the scatter is 

considerable and in the case of fly ash the standard devi

ation is almost as large as the mean. A large number of rep

resentative residues have been examined in connection with 

this investigation. The tests show that the content of 

unburnt material varied among the samples of fly ash by 

between 4 and 10%, which indicates that more efficient com

bustion is now being achieved in the Swedish installations 

than in 1983. Combustion of household refuse generates flue 

gases containing environmentally hazardous contamination 

such as chlorine and heavy metals. Various techniques are 

available for cleaning the flue gases. This investigation 

has studied residues both from flue gas cleaning, which 

creates a dry residue, and from flue gas condensation, which 

produces a wet slurry. 

In the dry process, dry lime powder is sprayed into the flue 

gases in a reactor. Fines separation takes place in a 

barrier filter. In this investigation, the residues have 

been taken from plants built by the Swedish company, Fläkt 

AB. In flue gas condensation, the temperature of the flue 
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gases is cooled so far that large quantities of water vapour 

condense. The condensed acid liquid is neutralized with 

lime, after which an organic sulphide (TMT-15) is added. A 

flocculation agent is added and the liquid is thickened, so 

that the residue can be drained in a filter press. The 

product hasa relatively low dry substance content when de

livered for deposition. The flocculation agent makes the 

product easier to handle, while chemical stability is 

achieved through the process of sulphide precipitation. 

Several different systems of flue gas cleaning are currently 

being tested. In this investigation, residues have been 

taken from a pilot plant built by a Swedish company, Göta

verken, at Högdalen outside Stockholm. 
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3. CHEMICAL ANALYSIS 

3.1 Chemical composition 

The variations in chemical composition can be considerable. 

The main components in the slag and fly ash are amorphous 

material such as silicates, oxides, metals and unburnt 

refuse. High contents of chlorides may also occur. The prin

cipal chemical composition is shown in Figure 3.1. Table 3.1 

illustrates the scatter for all the products studied. 

SLAG FLY ASH 

Figure 3.1 Typical chemical composition of slag and fly 

ash. 

Flue gas cleaning technique is still being developed and in

vestigations of the composition and properties of the resi

dues from only a small number of plants have been made. The 

chemical composition of the residues from flue gas cleaning 

depend, apart from the composition of the flue gases them

selves, on the chemicals added to separate the contaminants. 

In the dry process, normally only lime is added and the 

product is often separated together with fly ash. In flue 

gas condensation, both lime, a sulphide and flocculation 

agent are added. The chemical composition is shown in Table 

3 .1. 
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Table 3.1 Principal chemical canp::>nents 

Substance Slag Fly ash Dry flue gas Flue gas 
~ ~ ~ ~ 0 0 0 0product, condensate, 

SiO 49.8-60.0 31.6-63.6 4.4-14.0 14.9-17.1 
Fe 0 5.3-7.0 2.0-5.7 0.2-1.1 3.1-3.6 
Al2a3 11.2-13.6 11.5-20. 6 2.5-8.1 6.9-7.6 eao 3 11.0-13. 6 9.4-15.5 26.4-34.9 36.9-38.6 
KO 1.6-2. 7 2.6-7.2 1.9-3.1 ~0.1 
~o 4.8-6.9 2.9-5.7 2.1-3.3 0.1-0.2 
MgO 2.1-3.2 2.0-4.6 1.3-2. 5 4.2-5.9 
p 0 1.4-2.9 1.2-2.5 0.3-0.8 0.4 
Tid 0. 7-1.0 0.5-2.1 <0.1-0.4 0.1-0.2 
Mna2 <0.1-0.2 0.1-0.6 <0.1-0.8 0.2 
s 0.2-0.8 0.4-1. 7 1.0-1.3 0.3-0.4 
Cl 0.3-0.9 0.3-4.7 9.5-13.9 0.6-0.9 
Unburnt 3.0-4.9 4.9-9.8 0.0-6.4 2.4-4.5 

*) Separated together with fly ash 

A mass balance has been achieved for slags and fly ashes. 

However, there isa great discrepancy in the case of FGCRs 

(a shortage of about 25-40%). The cause of this has not been 

clarified, but may depend on the high lime content. 

A large number of heavy metals are separated into ash and 

slag. Table 3.2 records the contents in the residues exam

ined in connection with this investigation. The concen

tration of substances such as cadmium, mercury and chlorides 

is considerably higher in fly ash than in slag. The contents 

vary widely between different Swedish plants, but in the 

case of these particular substances are often at least 10 

times higher in fly ash than in slag. Usually, but not 

always, the contents of arsenic, molybdenum, sulphur and 

zinc are also higher in fly ash. However, the contents of 

copper and nickel are often higher in slag. 
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Table 3.2 Content of trace elements 

Element Slag Fly ash Dry FGCR Flue gas 
+ fly ash condensate 

(mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Arsenic (As) 20-80 40-140 <10-80 30-40 
Barium (Ba) 900-1600 870-2300 190-660 150-180 
Lead (Pb) 1300-5400 1200-3600 2200-3300 2300-2900 
Cadrnium (Cd) 4-40 0.3-110 130-180 70-100 
Cobalt (Co) <10-40 <10-15 <10 <10 

Copper (Cu) 900-3200 700-5000 300-630 400-550 
Chranium (Cr) 300-600 260-2400 140-450 300-650 
Mercury (Hg) <0.01-3 2-40 8.8-100 1200 
MJlybdenum (MJ) 20-40 15-50 60-80 30-50 
Nickel (Ni) 60-160 80-200 20-50 350-750 

Strontium (Sr) 190-350 270-550 100-400 160-170 
Tin (Sn) <100-1300 <100-810 500-600 300-450 
Thorium (Th) 70-300 80-180 190-230 320-380 
Vanadium (v) 50-90 60-110 <20-30 70-90 
Wolfram (W) <20-50 <20-90 <20 <20 
Zinc (Zn) 1800-5900 2500-14000 7800-11400 5700-6400 

The chemical composition has been determined with the aid of 

X-ray fluoroscence, except in the cases of mercury and 

cadmium contents. Here, selective leaching with HN0 has 
3 

been performed and an analysis made with AAS (flame). The 

trace element contents obtained agree well with tests cur

rently being made by Bramryd at the University of Lund under 

commission from the National Environment Protection Board. 

In addition, a number of residues have been specially exam

ined at CTH with regard to mercury content. It is known that 

it is difficult to obtain a mass balance in mercury analyses 

and the analysis technique described above sometimes gives 

contents that are too low. The analyses at CTH have been pe

rformed with CVAA technique after bomb decomposition. These 

mercury analyses are described in detail in Appendix 1. 

The heavy metal contents, see Table 2, are often lower in 

slag than in fly ash. But if attention is paid to the fact 

that the volume of slag is about 10 times greater than the 
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volume of fly ash, many metals will be found to be predomi

nant in slag. Figure 3.2 shows that in the case of cadmium, 

over 50% is found in the slag, despite the fact that cadmium 

is regarded as comparatively volatile. On the other hand, by 

far the largest part of the mercury is captured i n the flue 

gas cleaning stage. However, even highly volatile mercury is 

captured toa large e x tent in the slag. This may be due to 

batteries and other material having such durability that the 

mercury in them is never released. 

SLAG 

mg /kg 
150-

100 -

Figure 3.2 

Cd 
DISTRIBUTION TO RESI DUE S 

Hg 

OUANTITY REL ATIONS 

FLUE GAS 
CLEANING 
RE SIDUE+ 
FLY ASH 

FLUE GAS 
CLE ANING RE SIDUE 
+FLY ASH 

CONTENT 
mg / kg 

40-

30 -

20 -

10 -

o- =s=LA=G:,.___ ___;_F_A____.____F._G_CR- +~F- A 

Separated volume of the trace elements 

cadmium and mercury. At the top, total 

volume and at the bottom, content. 

The distribution relates to dry flue gas 

cleaning and the residues has been taken 

from Linköping. 
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3.2 Leaching of salts and heavy metals 

The environmental hazard presented by a residue depends on 

the amount of contamination leached out and dispersed from a 

deposit. The chemical composition of the refuse is naturally 

significant for the leaching process, but this information 

does not provide a sufficient basis for calculating the 

volumes of various contaminants that will affect the sur

roundings. Calculations of the future environmental hazard 

must therefore be based on determinations of the leaching 

properties of the residues. 

Leaching tests can be performed in the laboratory either as 

shaking tests or column tests. In this investigation, 

shaking tests were chosen. These are faster to perform and 

the results are easier to campare between different resi

dues. 

The procedure for the leaching tests is shown in Figure 3.3. 

Five leachates have been obtained, representing solid 

phase/leachate - ratios of 1:1, 1:4, 1:8, 1:12 and 1:16. 0f 

these, leachates from the 1:1, 1:4, 1:8 and 1:16 tests have 

been analysed. The chloride and sulphate ions have been de

termined by ion chromatography, mercury and selenium con

tents by AAS in flame and other elements by ICP (Induc

tively Coupled Plasma Atomic Emission Spectrometry). 

The leachate used in these experiments was distilled water 

acidified with sulphuric acid to pH 4 (0.05 mM) to resemble 

acid precipitation. 
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SHAKING TESTS 

MAXIMUM CONTENT LEACHABILITY 

125g ASH 

� 
RELATIONS OF 

MATRIX T0 LEACHATE: 

1:4 

D & 

0 ~ 
1 :12 

0 & /J 1:16• ANALYSIS 
--c> MAXIMUM m ~ (OPTIONAL MATRIX 

CX}NTENT8 ~ ANALYSIS) 

RELATION a" MATRIX 
TO LEACHATE • 1:1 

Figure 3.3 Procedure for leaching tests. 

The contents of acid substances in the leachate produced can 

be said to represent mean contents in the leachate from a 

deposit during different periods, see Figure 3.4. The leach

ing tests represent a total period of about 2,000 years' 

leaching in a deposit. The length of the period depends on 

the measures taken to reduce leachate production. 

Shaking tests performed in this way probably produce results 

that are conservative in the sense that the contents in the 

leachate are higher than what they would be in reality. 
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LEVEL VARIATION IN REALITY 

LEVELS IN LEACHATE FROM SHAKING TESTS 

V) 
....I 
w 
> w 
.....I 

w :1
I-
<( 
I 
u 
<( 
w 
.....I 

1:4 
1:8 

1 :12 1: 16 

TIME 

Figure 3.4 Change in contents over time according to 

leaching tests with different solid phase/water 

ratios. 

The residues generate leachates which are alkaline. The pH 

of the leachates has varied in the case of slags between pH 

6.8-11.9, for fly ashes between pH 10.5 -13.0, for dry FGCR 

between pH 11.5-12.8 and for flue gas condensates between pH 

9.8-10.9. The development in pH during leaching indicates 

that the leaching process in a deposit would take place in 

an alkaline environment over a very long time. 

Table 3.3 summarizes the leachate contents obtained. The 

contents recorded in the table are the maximal contents ob

tained from each residue. 
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Table 3.3 Maximal contents in leachates. 

Element Slag Fly ash Dry FGCR Flue gas 
+ fly ash condensate 

(mg/1) (mg/1) (mg/1) (mg/1) 

Chloride (Cl-)_ 1200-2600 5700-17300 57600-115000 4900-5700 
Sulphate (SO 
Calcium (Ca)4 

) 300-900 
170-550 

2500-13000 
950-2000 

850-1200 
24000-50000 

300-400 
1900-2600 

Potassium (K) 300-1100 5000-6700 7000-15000 15-60 
Sodium (Na) 700-1200 2900-4700 4700-8700 16-52 

Arsenic (As) <0.03-<0.15 <0.06 <0.3-<0.6 <0.03-<0.06 
Beryllium (Be) <0.001 <0.001 <0.008 <0.001 
Lead (Pb) 0.4-0.6 0.6-9.2 420-750 0.07-2.4 
Iron (Fe) 0.02-0.2 0.1-0.2 0.2-0.8 <0.003-0.2 
Cadmium (Cd) <0.01-0.02 0.005-0.05 <0.05-0.2 <0.005-0.01 

Cobalt (Co) 0.003-0.02 0.01-0.02 0.05 0.003-0.02 
Copper (CU) 1. 5-2. 8 0.05-0.1 1.8-7.3 0.1-0.2 
Chranium (Cr) 0.03-0.3 0.03-0.2 0.04-0.2 0.2-0.4 
Mercury (Hg) <0.0005 0.0007-0.003 0.03-0.04 <0.005-0.02 
Magnesium (Mg) <0.04-48 0.2-0.7 1.6-6 5.7-7.3 

Manganese (Mn) 0.003-0.6 0.002-0.003 <0.02-0.09 <0.001-0.008 
fvblybdenum (fvb) 0.5-0.9 1.3-1.4 0. 7-1.3 0.15-0.4 
Nickel (Ni) <0.02-0.08 <0.04 <0.4 <0.04 
Phosphorus (P) 0.6-1.2 0.5-0.7 0.6-3.7 1.1-1.5 
Selenium (Se) <0.002 0.003-0.002 0.01-0.02 0.004-0.006 

Vanadium (V) <0.025 0.02-0.08 0.1-0.8 0.02-0.05 
Zinc (Zn) 0.1-1.0 <0.004-3.1 11-17 <0.002-0.14 

1) Separated together with fly ash 

Very often, the leachate from fly ash demonstrates higher 

contents of environmentally hazardous substances than leach

ates from slag. This also applies to substances occurring in 

totally higher contents in slag, which is assumed to be the 

result of higher solubility of the contamination in the fly 

ash. This applies especially to salt contents and the con

tents of lead, mercury, selenium, vanadium and zinc, as well 

as cadmium. The only exception is copper, which generally 

occurs in totally higher contents in leachates from slag. 

The leaching tests with flue gas cleaning products together 

with fly ash show that leachates from the dry flue gas 

cleaning residue have higher contents of most salts and 

heavy metals than leachates from pure fly ash. This is most 
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pronounced for chlorides, lead, mercury, copper, zinc and 

cadmium. In particular, attention must be paid to the very 

high contents of firstly lead, but also chloride and zinc, 

which will cause difficulty when it comes to disposal of 

these residues and will require specific measures. Further 

studies with the aim to handle this problem have been in

itiated. On the other hand, the salt and heavy metal con

tents in leachates from flue gas condensation slurry are 

lower than in leachates from fly ash. In the case of sub

stances occurring in high contents in leachates from fly ash 

(mainly chloride, lead, cadmium, copper and zinc) the con

tents may be considerably lower. The binding of heavy metals 

therefore seems to be stronger in separated slurry than in 

fly ash and dry FGCRs. However, it should be noted that the 

basis for such an assumption is limited. 

The results indicate that the maximum contents of various 

substances occasionally do not appear until a relatively 

long period of leaching. Examples of the variation in con

tents during the tests are shown in Figure 3.5. 

Leaching of a larger number of residues which has been per

formed by Torleif Bramryd, University of Lund, has produced 

lead contents in leachates from FGCRs 3-10 times lower than 

the contents indicated in Table 3.3. 0therwise, Bramryd's 

investigation shows that leachates from fly ash may contain 

higher contents than those indicated in this investigation. 

This is especially so for cadmium, iron, chromium and nickel 

(up to 10 times higher), in addition to manganese (up to 

1,000 times higher). Bramryd has also demonstrated mercury 

in leachates from slag (up to 9 µg/1). Apart from this, the 

results from the leaching tests show good agreement. In view 

of the fact that the residues are by no means homogeneous 

and that the samples analysed were small, the discrepancies 

are reasonable. Another possible contributory cause of the 

discrepancies is that Bramryd's analyses have been performed 

on leachates after total decomposition, a method that aims 

at including any organic metal complexes in the analysis. 
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ates with time. 
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Calculations have been made of the proportion of the heavy 

metals in the residues that has leached out during the 

tests. Examples showing how leaching has varied with time 

are given in Figure 3.6. 
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Figure 3.6 Examples showing how leaching has varied 

with time. 

The calculations show that for most heavy metals, 0.1 - 1% 

has leached from the residues during the tests. Lead consti

tutes an exception, since the analyses have shown far 
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greater leachability than for any other metal, especially in 

the dry flue gas cleaning residue. In general, the dry FGCR 

(mixed with fly ash) demonstrates the greatest leachability, 

with the exception of chromium. Figure 3.6 shows that the 

leachability of the residues diminishes with time and it is 

therefore probable that the larger part of the leachable 

volume of heavy metals has leached out during the shaking 

tests. 

The question of mercury in fly ash and FGCR has been studied 

in detail by Lindqvist et al 1986, Appendix 1. The investi

gations have revealed arisk of the mercury being emitted as 

vapour when the temperature increases to 150-200 degrees 

centigrade. It remains to be seen whether an emission of 

this nature occurs, although at a very much lower rate, also 

at normal temperatures. 

It has also been found from the leaching tests on fly ash 

and FGCR that there is an initial risk of precipitation of 

mercury in colloidal form, which may give rise to high con

tents in accelerated leaching. Subsequently, leaching de

creases rapidly. However, it has been difficult in the ac

celerated tests in the laboratory to analyse the metal 

content without including metals bound to suspended par

ticles in the leachate. This may mean that the contents are 

initially overestimated. The suspended particles will pro

bably be agglomerated in the stockpile. The contents ob

tained after sedimentation of the particles in the leachate 

are 1-5 µg Hg/1. This is probably a more realistic average 

value for the content of dissolved mercury in the long term 

and the value that eventually would constitute an environ

mental hazard. Further investigations are therefore recom

mended. 

An effective separation of mercury is normally obtained with 

flue gas cleaning. The tests show that the main part of the 

mercury is strongly bound in wet FGCRs, owing to the sul

phide binding that takes place. With regard to dry FGCRs, 
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the tests show that the mercury is strongly bound also here. 

In this case, the mercury is bound to sulphur or occurs in 

marginally soluble Hg(l) compounds. 

3.3 Leaching of organic substances 

A large part of the dioxins created in waste incineration 

can be separated with the residues, in particular with FGCR. 

The FGCRs also contain other organic bound substances. The 

leachability of dioxins has been studied in three residues -

a slag, a fly ash anda wet FGCR. All residues have been 

produced at the same plant (Högdalen) and at the same times. 

The leachability of other organic substances has also been 

studied in the wet FGCR. The leaching tests have been per

formed as column tests (see Figure 3.7). 

RUSTLESS STEEL COLUMN 

0 = 476 

I =1000 

SCREEN 

CHARCOAL FILTER 0 8,6, 1=100 

DICHLORMETHANE 

Figure 3.7 Test equipment for leaching organic sub

stances. 

The residues have been leached with precipitation in the 

form of melted snow collected at a site some way from major 

roads and built- up areas. Each residue has been leached 
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with a solid sample/leachate ratio of 1:4. Leached dioxins 

have been separated by passing the leachate through two fil

ters, first a charcoal filter and then a dichlormethane 

trap. Leachate samples for analysis of other organic sub

stances in the leachate from the flue gas condensate were 

taken before these filters. 

No leaching of dioxins or dibenzofuranes has been recorded 

in the leachate from any of the products, despite very low 

detection limits (approx. 1-10 pg/1). 

Nor has it been possible to demonstrate any leaching of 

other organic material (Appendix 3). However, these analyses 

have somehat lower precision since the precipitation used 

for leaching had a content of organic substances approxi

mately 10 times higher than that found in surface water. 

Leaching of the wet flue gas cleaning condensate revealed a 

risk that channel formation may have led to inefficient 

leaching. In drained condition, the flue gas condensate con

sists of flock pressed together - "filter cake". Pieces of 

this cake have been pressed into the column. When water 

streamed through the material during leaching, the surfaces 

of the filter cake were leached toa large extent, while 

probably only a small portion of the water passed through 

the cake. 
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4. PHYSICAL PR0PERTIES 

4.1 Particle size distribution and particle density 

The particle size distribution has been determined through 

screening in screens with a size of 0.063 - 20 mm. In the 

case of fine particulate, further determinations of particle 

size distribution in the range 0.001 - 0.128 mm have been 

made with laser granulometry after deflocculation in ethanol 

and ultrasound at Cemlab, Cementa AB in Slite. The particle 

size distributions are shown in Figure 4.1. In the case of 

slag, it should be noted that particles larger than 50 mm 

have been sorted out. These consist mainly of tin cans and 

porcelain. 

SILT SAND GRAVEL 

DRY FGCR 
(CONTAINING 

0,002 0,06 2 60 

GRAIN SIZE, d (mm) 

Figure 4.1 Particle size distributions of the 

various residues. 

In the case of certain residues, agreement between laser 

granulometry and screening has been poor when determining 

particle size. However, the particle size distribution of 

the two materials is considered to be within the range shown 

in Figure 4.1. 
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The slags are well-graded materials with particle size dis

tributions corresponding to gravelly sand or sandy gravel. 

The fly ashes are intermediately graded and consist of 

fairly fine particles corresponding to silty sand. The 

larger particles found in the fly ashes appear to be unburnt 

material, mostly carbonized flakes of paper. The dry FGCRs 

(which are separated together with fly ash) are of fine, 

intermediately graded material comparable to silt. After 

draining, the wet FGCR consists of larger pieces of residue 

pressed together, "filter cake". 

The particle densities of the materials have been determined 

with the aid of a pyknometer. The particles are relatively 

compact. The particle density in slag and fly ash varies 

with the same range, 2.3 - 2.6 t/m3
• For slag, a deviating 

value (2.06 t/m3
) has been obtained, but this is assumed to 

be a result of unrepresentative subsamples. The particle 

size of the dry FGCR has been determined as 2.5 - 2.9 t/m3
, 

while a particle density of 2.64 t/m3 has been obtained for 

the flue gas condensate. 

4.2 Compaction properties 

The conditions for being able to compact the residues are 

significant both if the volume of the material to be depo

sited is to be reduced and also in order to achieve stable 

fillings with high bearing capacity. 

The compaction properties of the residues have been deter

mined through stamping in small cylinders, diameter 50 mm 

and length 100 mm. Compaction has been performed in five 

layers, each layer being packed with 25 blows from a stamp 

evenly distributed over the surface. Compaction corresponds 

to heavy laboratory stamping (modified proctor). The results 

of the compaction tests are shown in Figure 4.2. 
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Figure 4.2 Results of compaction tests on the resi

dues. 

Widely varying compaction curves have been obtained both 

between the various material groups and also within the 

material groups. The best compaction of slags has been ob

tained with moisture contents of between 15 and 25%. The 

maximum dry density in these compactions has varied between 

1.43 t/m3 and 1.78 t/m3 for the various slags. The corre

sponding values for fly ashes have been determined as 16 -

32% and 1.28 - 1.55 t/m3 respectively. Steep compaction 

curves imply that the effect of compaction is sensitive to 

the moisture content at compaction. 

The large variation in compactability and the effect of the 

moisture content imply that the compaction properties of the 
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residues must be determined in each individual case when 

compaction is to be performed. Probably, the compactability 

of a material from the same plant varies also with the time 

the material has been stockpiled. 

The wet FGCR has been packed by breaking filter cake into 

smaller pieces which have then been packed in the manner 

described above with no preceding drying or addition of 

water. The moisture content of the material in this condi

tion varies within the range 150 - 170% and its dry density 

within the range 0.50 - 0.55 t/m3
• 

4.3 Permeability 

Permeability to water of the residues controls the transport 

of water through deposited material and thereby also the 

leaching rate. The permeability of the various types of 

residue has been determined in modified triaxial cells as 

shown in Figure 4.3. The tests have been performed on cores 

with a diameter of 50 mm anda length of 100 mm, packed at 

the optimal moisture content. 

The measured permeabilities are compared in Figure 4.4 with 

the residues from other types of solid fuel firing. The per

meability to water of the slag and fly ash is of the same 

order of size as in bottom ash and fly ash, respectively, 

from peat firing. The permeability is so high in both slag 

and fly ash that it will not diminish infiltration by rain

water and thereby the leachate accumulation in a deposit to 

any significant extent. A mixture of fly ash and dry FGCR 

may, on the other hand, demonstrates such a low permeability 

that a limiting effect on the infiltration is obtained. This 

is probably an effect of the high lime content in the FGCR. 



29 

AIR PRESSURE +P1N INLET RESERVOIR 

GRADUATED 
METER DEAIRED WATER 

6H 

Il- - PRESSUR;i 

I 6)'GA,uGE I 

l -';a ~- l
I , ,a , I 
I ICONTROL 

I 1:~v~JUCI 
GRADIENTII 

I 

0I 
I 
I CONTROL

I \ VAIYE 
(CELLL _eB!;.~I 

Figure 4.3 Equipment for determining permeability. 

In determining permeability gas generation has been observed 

despite the samples being water saturated from the begin

ning. This vapour generation caused the permeability of the 

samples to vary with time. The phenomenon can probably be 

linked with a swelling tendency also encountered in the 

material. The swelling in the cores manufactured for the 

permeability tests has been measured as 1.2 - 4% for slag, 

1.2 - 5% for fly ash and 0.8 - 2% fora dry FGCR. No swell

ing was detected in the wet FGCR. 

Tests should be made on aged residues where the swelling 

reactions has finished in order to clarify the permeability 

of the residues. 
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Figure 4.4 Water permeability of residues from 

combustion of various solid fuels. 

4.4 Strength 

The strength of the materials is significant for achieving 

stable fillings both in deposition and in utilization. The 

strength of fine-grained residues such as fly ash and dry 

FGCR depends on the moisture content at which they were com

pacted and whether they have pozzolanic properties. 

The strength of fly ash and FGCR has been investigated with 

unaxial compression tests. Tests have been conducted at 

various times on cores (diameter 50 mm, length 100 mm) com

pacted at an optimal moisture content. 
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Figure 4.5 Development in strength of fly ashes and 

dry FGCR. 

Compression tests performed on fly ashes show in most cases 

a negative development in strength (reduction with time), 

see Figure 4.5. This reduction in strength is probably 

caused by the swelling in the cores which has also influ

enced permeability. Swelling also seems to have affected the 

development in strength of at least one of the dry FGCR 

(also containing fly ash). These materials otherwise appear 

to have pozzolanic properties. The strength of one of the 

dry FGCRs is very high, and is probably the result of the 

high lime content of this product. 

The swelling reactions indicate that the particular ma

terials ought not to be used fresh, but should be stored 

until the reactions finish. In order to clarify the strength 

of the residues, laboratory tests should be performed on 

aged ashes. 
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5. ENVIRONMENTAL IMPACT -

A COMPARISON WITH OTHER RESIDUES 

It has earlier been pointed out that the dispersion of 

salts, heavy metals and possibly also organic substances 

with leachates from refuse tips isa significant factor in 

environmentalimpact evaluations. The maximal leachate con

tents fora number of important elements obtained in leach

ing tests on incinerator residues are compared in Figure 5.1 

with leachates from deposits of household refuse. Figure 5.1 

also shows corresponding leachate contents from leaching of 

residues from combustion of other solid fuels, and of drink

ing water criteria and background contents in natural 

surface water - freshwater. It can be seen that a number of 

elements occur in higher contents in leachates from residues 

obtained in waste incineration than in leachates from other 

wastes. This applies especially to leachates from dry FGCR 

with fly ash, where the content of lead is far higher than 

in other leachates and the contents of copper, mercury and 

zinc are also high. The very high salt contents in leachates 

from fly ash and dry FGCR must also be taken into account in 

making an environmental risk evaluation. The measurements 

from deposits of household refuse originate from the mid-

70s. It is likely that the nature of such leachates has 

changed somewhat since the composition of the refuse has 

changed. However, this is considered to be of marginal 

importance for the comparison. 

In mixing the residues, the maximal content from leaching 

tests will probably represent the chemical equilibrium. This 

means that fly ash and FGCRs creating leachates with higher 

contents of certain metals ought not to be deposited 

together with slag, which constitutes the greater volume. 
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Figure 5.1 The content of a number of important 

trace elements in leachates from various 

wastes (range and median values). 
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A comparison of the environmental influence of different 

deposits should be based on the volumes of environmentally 

hazardous substances leached from the deposits. By making 

the following simple analysis, it is possible to campare the 

volume of different salts and heavy metals leached in a 

deposit of household refuse or of residues from waste 

incineration. The volume of leached substance will be: 

M = C X A X I 

where M = leached volume per year 

c = content in leachate according to shaking tests 

A = area of deposit 

I= infiltrating volume of water per unit of area 

and year. 

In the combustion of household refuse, slag, fly ash and 

FGCR are obtained corresponding in volume to 10%, 1% and 

less than 1% respectively of the original volume of refuse. 

If a deposit of residues from waste incineration is built up 

to the same height as a corresponding deposit of unburnt 

household refuse, the residues will occupy an area about 12% 

of that resulting from direct deposit of household refuse. 

If it is furthermore assumed that the same measures are 

taken to limit the volumes of leachates, this will automati

cally imply that the volume of leachates will be about 10 

times greater in a deposit of unburnt household refuse than 

in a deposit of a corresponding volume of combusted refuse. 

An estimate of the leached volumes of various substances in 

direct deposition of household refuse and in deposition of a 

corresponding volume of residues may be based on the con

tents in leachates as well as the above assumptions concern

ing leachate volumes. The difficulty lies in choosing re

levant leachate contents owing to the great variation 

between different plants. 
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If the median values are chosen, it is found that for the 

majority of heavy metals the leached volumes are smaller 

when the refuse is combusted. 0n the other hand, the leached 

volumes of heavy metals, mercury and copper, will be several 

times greater after combustion, while the leached volume of 

lead may be 50-100 times greater. However, it should be 

noted that the evaluation in the case of residues from com

bustion is based on leachate contents obtained in shaking 

tests in the laboratory, which probably give higher values 

than those actually occurring. It must also be noted that 

various flue gas cleaning methods give rise to varying 

leachability and that the wet process ought to give smaller 

leached amounts. The comparison made covers only emissions 

through leaching of heavy metals from a deposit. A complete 

comparison of emitted volumes must also take into account 

emissions to the atmosphere during combustion. However, such 

a comparison is outside the scope of this report. 

In the combustion of household refuse, one of the objectives 

is to use various cleaning measures to capture most of the 

acid substances and heavy metals in ash, slag and FGCR. 

However, these residues may create a new environmental 

hazard if, for example, the heavy metals are easily leach

able. The leaching tests performed show that leaching of 

heavy metals from the residues probably stops at a few per 

cent of the captured volume (see Figure 3.6). The only ex

ception is lead captured in a dry FGCR, which may be largely 

leachable. This high leachability of lead captured in dry 

FGCRs constitutes a problem that has to be especially dealt 

with in the future. 

With the requirements on deposition of residues proposed by 

the Coal-Health-Environment Project for residues from coal 

firing, leachate production and thereby emissions of con

taminants can be reduced by 75-90%. This reduction is not 

normally achieved in present designs of deposits for house

hold refuse. It is also difficult to obtain a durable cover

ing of household refuse since this is broken down with time 
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and settling occurs. A reduction to this extent of leachate 

production is regarded as considerably easier to achieve in 

the case of residues from waste incineration. 

In Swedish disposal plants, different wastes are normally 

deposited simultaneously. It is doubtful whether this pro

cedure is always suitable. In the destruction of refuse from 

municipal collection, a leachate is produced which, at least 

in the long term, may cause increased leaching of heavy 

metals from slag and ash. Accelerated leaching may be the 

result of a lower pH in the leachate and of degradation pro

ducts which create complexes. Simultaneous deposition of 

slag and fly ash together with other wastes may also lead to 

an increased risk of leaching of dioxins. This applies to 

wastes containing oils and solvents in which dioxins are 

soluble. 
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6. UTILIZATION 

6.1 Background 

The volumes of waste that have to be deposited are increas

ing every year. At the same time, increasingly stringent re

quirements are being imposed on minimizing the environmental 

hazards of waste disposal. Consequently, the difficulties of 

finding suitable disposal sites are constantly growing. 

Under these conditions, it is natural to seek ways of util

izing at least part of the waste products. In Sweden, small

scale experiments are in progress to find areas where slag 

in particular can be put to use. 

Recycling should be pursued in applications where large 

volumes can be utilized in an environmentally acceptable 

way. Ash and slag from combustion of various solid fuels is 

suitable as a filling material. Large volumes can thus be 

reused, at the same time as consumption of natural friction 

soil and mineral products is reduced. This in itself offers 

advantages for the environment, for example by saving valu

able gravel deposits for future generations. 

Another area of application is the use of fly ash and slag 

as covering material in municipal deposition plants. Here 

the purpose may be either simply to provide cover to prevent 

damming, fires etc or toa sealing material for reducing 

leachate formation. 

Sorting the slag improves the possibilities of utilization. 

In the SYSAV's combustion plant at Malmö, the slag is sorted 

to facilitate recovery of various materials. Sorting makes 

use of screening and magnetic separation. Most of the slag 

(75%) forms slag-gravel (non-magnetic fraction <45 mm) after 

sorting, with a potential usage as gravel in fillings etc. 

The remaining part of the slag forms large scrap (magnetic 

fraction >45 mm, 14%) which is recovered, small scrap 



38 

(magnetic fraction <45 mm, 4%), which can partly be reused 

and residues (non-magnetic fraction >45 mm, 7%), which are 

deposited. The sorting plant is reliable in operation, pro

vided that the slag is sorted at an appropriate time. 

Difficulties occur when the slag is too fresh and moist, and 

when it has been stored so long that it has begun to harden. 

6.2 Road construction materials 

Slag from combustion of household refuse has been tested as 

a road construction material in several countries, mainly in 

Denmark, France, West Germany and the U.S.A. 

Limited tests have also been made in Sweden. An inventory of 

Swedish and foreign experience of using slag from refuse 

combustion has been made by SYSAV (Evertsson, Höbeda et al 

1986). Experience has been varied, probably because of 

several factors such as variations in the waste fuel and 

combustion temperature. To obtain reasonable efficiency, the 

slag should be sorted and processed. Also, the properties of 

the slag vary with time after outfeed owing to oxidation. It 

is especially important to ensure that the moisture content 

is correct. 

In Denmark, extensive studies have been made of the pro

spects for using slag as a filling material beneath road 

pavements (Schmith, 1984). The following requirements are 

set on the product: 

Particle size: max 50 mm 

Fine particle content (< 0.074 mm) max 9% 

Content of unburnt material <10% 

Moisture content Optimal ±3% (Standard 

Proctor) 
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The following processes are necessary for treating the slag: 

Separate handling of the fly ash 

water cooling 

Screening to remove particles > 50 mm 

Storage for at least one month after outfeed. 

The reason for screening out particles larger than 50 mm is 

that this fraction is very inhomogeneous and contains tin 

cans, fruit and paper. If the fine particle content falls 

below about 10%, the material is considered self-draining 

and non-susceptible to frost. For this reason, fly ash 

should not be mixed into the slag. In addition, fly ash 

reduces usability from the environmental aspect. The corre

sponding recommendations in Switzerland (Deraz, 1975) indi

cate higher requirements on ignition loss (max 5%), but are 

less demanding on fine particle content (max 10% < 0.02 mm). 

The moisture content should be below 16% and dry density 

after compaction approximately 1.8 t/m3
• In addition, 

sorting by magnetic separation is recommended. 

With a high proportion of unburnt material there is an in

creased risk of degradation of the slag with time. In the 

U.S.A., the content of unburnt material is used as an impor

tant factor in assessing whether the slag can be utilized. 

In cases where utilization of the slag has proved unsuccess

ful, this seems to have been the result of the slag being 

too wet or too fresh. Therefore, a certain moisture content 

(close to the optimal content according to Proctor com

paction) should always be prescribed. 

In particular, the slag appears to be sensitive toa surplus 

of water. Directions should also be given as to the dry 

density to be achieved after compaction. There is no Swedish 

documentation on the requirements that must be set to 

achieve a standard conforming with the directives of the 

National Road Administration. 
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The slag should be cooled with water toa temperature of 

less than 100 degrees centigrade as soon as possible after 

production. This will split the slag into smaller particles 

so that the surface area increases and chemical reactions 

can take place faster. The slag should then be stored for at 

least one month before being put to use. This ageing process 

also clearly prevents dangerous swelling later on when the 

slag is utilized. A further observation is that the moisture 

content decreases during storage, in the case of the SYSAV 

plant from about 40% to about 20%. 

The chemical reactions may also lead toa certain self

binding in the slag. Determination of the E-modulus in 

Swedish slags (Höbeda & Bunsow, 1979) shows both that stored 

slag hasa higher strength than fresh slag and that a tan

gible self-binding may be obtained in aged slag (Figure 

6.1). However, both strength and self- binding were highly 

dependent on the moisture content. This sensitivity to water 

may be one of the reasons for the differing information in 

the literature on self-binding in slag fillings. 

In certain contexts it has been found that a slag filling is 

resilient. Tests on Swedish slags at the Swedish Road and 

Traffic Research Institute have produced high CBR values but 

fairly low E-moduli. This has been interpreted as showing 

that the very irregular particles offer high resistance to 

penetration, at the same time as they become interlocked in 

compaction and tend to become resilient when loaded. The 

slags investigated had not been processed with magnetic sep

aration. Ferrous scrap may be of importance and magnetic 

separation is recommended in certain countries. 
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Figur 6 .1. E-modulus according to the SEB method for 

brown aged slag and black fresh slag respect

ively from Lövsta.Loading applied both 

immediately after heavy stamping and after 

28 days storage in a moist environment 

(Höbeda & Bunsow, 1979). 

SYSAV records experience from usage of sorted Swedish slag. 

It is stated that the material is easy to handle, transport, 

lay and compact under normal conditions (a vibrating roller 

has been used for compaction). Problems may occur in rainy 

conditions since the surface of the slag becomes slippery. 

If the moisture content becomes too high, the material 

furthermore loses its bearing capacity. It is recommended 

that the slag be covered with at least 5 cm of crushed 

aggregregate in order to bind the surface. 
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6.3 Covering materials for refuse deposits 

In Sweden, slag is used at a number of sites as a covering 

material for household refuse deposits. This is not regarded 

as having an impact on the total leaching situation in a 

refuse deposit. However, slag must not be covered by house

hold refuse owing to the risk of leaching of dioxins and 

heavy metals through the creation of complexes. Fly ash from 

household refuse combustion is unsuitable as a covering 

material for such refuse unless the product is stabilized. 

Stabilization can take place through mixing fly ash with the 

FGCR, possibly with the addition of cement. However, further 

investigations are necessary to clarify these aspects. 

6.4 Stabilized products 

A residue may require stabilization for various reasons. The 

most common reason is that a product is required which 

either produces less dust or is less prone to leaching heavy 

metals. In some cases a stable product is desired from a 

slurry formed in flue gas condensation. Stabilization is 

also generally a precondition for recycling. 

Fly ash from coal firing can be stabilized with lime or 

cement. In cement stabilization of a fly ash from waste 

incineration it has been found that undesirable swelling 

reactions may occur. This risk is especially great if the 

ash is not allowed to age. Granulated activated foundry sand 

may possibly be more suitable as a stabilization agent. 

Tests are in progress in Sweden to stabilize coal fly ash 

with a dry desulphurization product. Further methods for 

stabilization are now being investigated. In Malmö, a 

special form of CeFyll has been tested. The mixture con

sisted mainly of slag from waste incineration and fly ash 
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from pulverized coal combustion (Evertsson, 1966). The prac

tical results should be followed up and an environmental 

evaluation made. 

A special method of stabilizing wet residues from flue gas 

condensation is the Barnberg model. Here, fly ash is mixed 

together with the wet residue and after a period of harden

ing a stable and dust-free product is obtained (Reimann, 

1985). 

6.5 Prerequisites for utilization 

There is much interest in utilizing residues and various 

applications are being studied. Principally it is slag that 

is being considered, both because it generally releases 

smaller volumes of environmentally hazardous substances 

(even if this is not always the case) and also because the 

slag constitutes the greater volume. From the technical 

viewpoint, slag can be used as filling in minor roads, 

turning and parking areas and as secondary filling in 

lightly loaded areas. The decisive factor for the volumes 

that can be utilized is the risk of environmental damage. 

The design must correspond to the requirements set on dep

osition. An environmental evaluation should be made in each 

individual case. The slag can be stabilized, thereby improv

ing its usability since the environmental risk is reduced. 

In order to evaluate the prerequisites for utilization, 

large- scale field experiments should be conducted. In ad

dition, better sorting at source should be aimed at. This 

applies especially where industrial waste is also burnt. A 

method of product control should be used to clarify the sit

uations where slag can be used and the principles for grant

ing permission. 



Table 5. Leachability according to method c) 
Ash:Leachate = 1:5 

- e) 

Sample c) Milli Q water 

pH Clarity Contentl 
µg/1 

d) 0.0005 M H SO 
2 4 

pH Clarity Content 
µg/1 

e) 0.05 M H SO 
2 4 

pH Clarity Content 
µg/1 

1 

1 10 Coll 0.0 10 Clear 0.0 10 Clear 0.0 

2 10 Coll. 42.0 10 Coll. 10.4 10 Coll. 22.2 

3 10 Coll. 28.0 10 Coll. 5.2 10 Coll. 18.6 

4 7 Coll. 8.4 8 Coll. 21.6 Not Measured 

Note. f-1.bst of the solutions were colloidal. It was difficult to 
take liquid samples free of particles, as shown by the variations 
in the table. 
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Table 6. Analysis of absorption solution after heating. 

Sarnple water soluble Non water soluble 
abs. in Milli Q (µg/g) abs in KMn (µg/g)

4 

1 0 0.09±0.005 

2 0 39 .1±0 

3 (0.002±0.004) 74.8±2 

0 

4 0.048±0 -356±8 

These values indicate that all the rnercury released in heating 
is elementary. However, the possibility cannot be excluded that 
water soluble fanns were reduced in the water flask and were then 
transferred to the KMnO flask. 

4 
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Lars-Owe Kjeller Umeå 86-04-15 
University of Ume& 
901 87 Ume& 

SGI 
Att: Jan Hartlen 

Results of dioxin analyses in leaching tests in Linkö2ing 

8/znk Hf3/f60 t/flf/J f!fl -LM 
MPR 539: 1 2 3 4 

2.3.7.8-TCDF <0.4 <0.5 <0.5 <0.6 
Tot. TCDF's ND ND ND ND 

2.3.7.8-TCDD <0.7 <0.8 <0.8 <1.0 
Tot. TCDD's ND ND ND ND 

1.2.3.4.8-/ 
l.2.3.7.8-PnCDF <1.1 <1.4 <1.3 <1.7 
2.3.4.7.8-PnCDF <1.1 <1.4 <1.3- <1.7 
Tot. PnCDF's ND ND ND ND 

l.2.3.7.8-PnCDD <1.7 <2.1 <2.0 <2.5 
Tot. PnCDD's ND ND ND ND 

l.2.3.4.7.9-/ 
l.2.3.4.7.8-HxCDF <2.8 <3.4 <3.3 <4.1 
l.2.3.6.7.8-HxCDF <2.8 <3.4 <3.3 <4.1 
1.2.3.7.8.9-HxCDF <2.8 <3.4 <3.3 <4.1 
2.3.4.6.7.8-HxCDF <2.8 <3.4 <3.3 <4.1 
'Tot. HxCDF's ND ND ND ND 

l.2.3.4.7.8-HxCDD <4.7 <6.0 <5.7 <7.1 
1.2.3.6.7.8-HxCDD <4.7 <6.0 <5.7 <7.1 
1.2.3.7.8.9-HxCDD <4.7 <6.0 <5.7 <7.1 
'Tot. HxCDD's ND ND ND ND 

3All values in pg/dm

ND = Not Detected 

Processing recovery '",,: 

2.3.7.8-TCDF % 83 80 84 81 

Sampling recovery 

2.3-.7.8-TCDD % 35 4 65 43 

1.2.3.7.8-PnCDD % 35 7 41 28 

1.2.3.6.7.8-HxCDF % 28 ND 37 33 
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ANALYSIS OF ORGANIC SUBSTANCES IN LEACHATES 

H. Boren, B. Lundgren, R. Sävenhed and B. Wigilius. 

Department of Water in Environment and Society, 

University of Linköping, S-581 83 Linköping. 

Introduction 

Two water samples, A and B, each of 1 1 water were obtained 

for analysis of organic substances. Sample A has passed 

through a column containing residues from refuse combustion. 

Sample B was a reference water with the same origin as 

sample A but had not passed through the column with inciner

ator residues. 

The analysis procedure was based on the theory that the 

difference in content of organic compound consisted of sub

stances leached from the combustion residues. To allow ana

lysis by gas chromatography/mass spectroscopy, the organic 

compounds must be concentrated. This was performed with two 

independent and complementary methods - stripping and 

liquid-liquid extraction. 

Stripping technique isa dynamic head-space technique par

ticularly suitable for non-polar compounds with a boiling 

point below 350°c. Hydrocarbons and halogenized hydrocarbons 

are concentrated very effectively and can be analysed 

without difficulty in concentrations around 1 ng/1. Also 

more polar compounds such as esters and alcohols are con

centrated effectively and even certain phenols can be ana

lysed in concentrations around 1 µg/1. 

Liquid/liquid extraction isa more general technique for 

analysing organic substances, but the blank level is some

what higher with this technique. 
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Procedure 

Stripping: 100 ml of sample A and sample B respectively were 

diluted to 1 1 with blank water produced in the laboratory. 

Internal standard (S1 - S7, 7 st 1-chlorine alkanes with 6 

to 18 carbon atoms, 50 ng of each) was added to the samples. 

Each sample was heated to 60°c, whereupon purified nitrogen 

gas was bubbled through with a flow of 1 1/min. The gas 

passed a filter of 1.5 mg active charcoal where the organic 

compounds were adsorbed. After 2 hours the filter was washed 

out with 20 µ1 organic solvent to obtain an extract for ana

lysis without any further evaporation. 

Liquid-liquid extraction: 500 ml of sample A and B respec

tively were diluted to 1 1 with blank water. The samples 

were washed out for 10 min with 100 ml newly distilled me

thylene chloride. The phases were separated and the remain

ing water was eliminated by freezing. Internal standards (S1 

- S7, 500 ng of each) were added to the extract. The organic 

phase was evaporated in two stages toa final volume of 100 

ml. 

Gas chromatography: The extract was analysed with high 

-resolution gas chromatography and flame ionization de

tection in a column from J&W 60 m x 0.32 m, dimethyl sili

cone. Temperature programme: 30°c for 5 min, 5°C/min, 250°c 

for 10 min. Injection technique: splitless. 

Results 

A comparison of chromatograms of leachate and reference 

water shows tangible similarities (see Fig. 1). It is not 

possible to demonstrate with certainty any significant peaks 

in the chromatograms of the reference water. It was found 

that the reference water contains about 10 times as high a 
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content of the chromatographable organic substances as that 

normally measured in raw water from surface sources. 

Since it has not been possible to establish what was leached 

from the combustion residues, no mass spectrometic analysis 

was performed on the extract. 

The conclusion from the experiments is that either: 

i) the combustion residues contain extremely small volumes 

of leachable organic material or: 

ii) leaching of the combustion residues was not effective, 

possibly because of channel formation. 

If the experiments are to be repeated, a reference water 

with a lower content should be used. 
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Figure 1. Stripping chromatogram of A: leachate and 

B: reference water. S1-S7 are standard 

compounds added prior to the analysis. 
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7. DESIRABLE FURTHER RESEARCH 

Residues from waste incineration have been examined in this 

study in connection with the ENA investigation. In the first 

place, residues from grate firing have been studied, as have 

a number of FGCR. Further studies of various residues are 

required in connection with developing techniques. The ENA 

investigation clarified in general terms the prerequisites 

for deposition and utilization. Further development is also 

desirable here. 

The following isa summary of desirable research in this 

field: 

Fly ash and slag may have swelling properties. This will 

influence durability in deposition, for example. 

Studies should be made to clarify the phenomenon. 

Prerequisites for stabilizing fly ash should also be 

analysed. 

Flue gas cleaning residues are obtained with dry and wet 

cleaning techniques. In the initial tests, the wet 

process appears to give residues that are less prone 

to leach heavy metals. However, tests have so far been 

made only on a single sample from the pilot plant at 

Högdalen (wet process)and on three samples from the dry 

process. Tests should aim at determining whether the 

leaching properties can be improved through various 

process changes. 

Organic substances and dioxins have been investigated only 

toa limited extent. The occurrence and leachability of 

various residues should be given further study. Suitable 

equipment is now available for this purpose and test 

routines have been developed. No dry FGCR has yet been 

examined. Leaching with organic liquids should be per

formed to obtain more information for evaluating the 

risk of leaching of dioxins and dibenzofuranes. 
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Refuse Derived Fyuel (RFD) and industrial waste influence 

the properties of the residues. A study should be made 

of the physical and chemical properties involved in 

this process. 

Stabilization of residues takes place, for example, in the 

Barnberg model, where wet slurry is stabilized with fly 

ash. Another example is the SYSAV half-scale tests to 

stabilize slag with CeFyll. CeFyll consists mainly of 

coal fly ash with the addition of cement. The prospects 

for utilization should increase after stabilization so 

that the environmental risk is reduced. A more exten

sive study should be made of stabilization of the 

various residues. 

Utilization of residues is of great interest for plant oper

ators.It would be valuable to coordinate and evaluate 

the tests being made so that as much information as 

possible is obtained. This applies both to technical 

results and environmental analyses. Assistance should 

be provided to facilitate documentation of completed 

half-scale and full-scale tests. 

Extraction of metal may be an interesting form of util

ization and should therefore be evaluated, especially 

for the dry FGCR residue. 

A deposition technique for the residues has been proposed in 

the ENA project (Energi ur avfall, Stev 1986:6). It is 

necessary for this technique to be verified through 

half-scale and full-scale tests. In particular, an ana 

lysis is desirable of the consequences of higher eon 

tents of certain metals in leachates from residues from 

waste incineration compared to coal 

and peat firing. Especially deposition technique should 

be improved to restrict the very high leach-out of lead 

from dry FGRC residue. 

http:ators.It
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The majority of deposition plants in Sweden receive 

household refuse simultaneously with industrial waste. 

It is important to clarify the effect of this on leach 

ing of environmentally hazardous substances such as 

heavy metals and dioxins. In addition, more needs to 

be known about the long-term effects. 
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MERCURY FROM WASTE COMBUSTION 

Analysis of mercury contents in a number of residues from 

waste incineration and investigation of the stability of 

mercury compounds 

O. Lindqvist, K. Puromäki and P.Schager, Department of 

Inorganic ChemistryB, Chalmers Institute of Technology, 

S-412 96 GOTHENBURG 

REPORT OOK-860415 

Introduction 

It isa known fact that household refuse contain up to 3 g 

of mercury per ton. In the combustion process all mercury 

compounds are braken down to volatile Hg0 Part of the 

mercury is reoxidized to 1-valency or 2-valency mercury com

pounds in the flue gas passages and economizers before the 

filter or other cleaning installations, where they are 

wholly or partly absorbed. By using oxidizing scrubbers non

oxidized Hg can be captured also in the flues. 

The aim of this investigation has been to analyse mercury 

contents in filter ashes from Linökping with and without FGC 

(flue gas cleaning), from Malmö with FGC and in a scrubber 
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slurry from Högdalen. In addition, the stability of the 

mercury compounds occurring in residues has been determined 

through heating and leaching tests. 

The following tests have been performed: 

1. Determination of ash contents and moisture contents in 

samples. 

2. Total content determination of mercury in samples before 

drying. 

Il Il Il Il Il Il3. dried samples. 

Il Il Il Il Il Il4. samples after 

heating. 

Il Il Il Il Il Il5. samples after 

leaching. 

Il Il Il Il Il Il6. leachates. 

Il Il Il Il Il Il7. in absorption 

solution 

after heating. 

Procedure: 

Determination of ash contents 

Ash contents have been determined in accordance with 

IS0-1171- 1976 (E), i.e. ash conversion at 815°c for 3 

hours. 

The results are shown in Table 1. 
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Determination of moisture content 

Moisture content has been determined in accordance with ISO 

589- 1974 (E) i.e. the samples were dried in crucibles at 

105-110°c in a nitrogen stream. Constant weighting was per

formed. 

The results are shown in Table 1. 

Bomb decomposition 

The weighed ash samples, 0.05 - 0.1 g (samples in natural 

condition, dry samples, samples after heating, samples after 

leaching) were dissolved in 2 ml concentrated HNO at 150 -
3 

160°c. The sample was then diluted to 10-100 ml with H 0. A 
2 

2few ml of HCl were added to stabilize the HG2 
+ to HgCl -. 

4 

Total content determination of Hg 

Total content determination has been performed with CVAA te

chnique. This has been applied to all bomb decompositions, 

leachates and absorption solutions after heating. 

The Hg compounds in the solutions were reduced with 20% 

SnCl (2 M HCl) and were analysed immediately with flameless 
2 

atom absorption spectrometry (Perkin-Elmer, Colman). 

A standard curve was produced for each analysis based on a 1 

ppm standard solution of Hg(NO) (s). The results are given
3 2 

in Tables 1, 2, 3, 4 and 5. 
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Leaching 

Leaching was performed for 24 hours with the aid of a 

shaking apparatus. The samples were then allowed to settle 

for at least a further 24 hours. 

The following leachate solutions were used: 

a) 0.0005 M H SO in 0.5 M NaCl solution 
2 4 

5 g sample in 500 g solution 

5:500 (proportion by weight) 

b) 0.05 M H SO 
2 4 

5 g sample in 500 g solution 

5:500 (proportion by weight) 

c) Milli Q-water 

4 g sample in 20 g solution 

4:20 (proportion by weight) 

d) 0.0005 M H SO 
2 4 

4 g sample in 20 g solution 

4:20 (proportion by weight) 

e) 0.05 M H SO 
2 4 

4 g sample in 20 g solution 

4:20 (proportion by weight) 

In leaching series a) 28% of sample 1, 76% of sample 2, 55% 

of sample 3 and 56% of sample 4 (dry weight before and after 

leaching) was dissolved. These values are used in interpret

ing Table 2. In sample 4, principally water is removed. 

The results are given in Tables 2, 3, 4, 5 and 6. 
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Heating 

Heating was performed for 20 hours at 150 - 2000 C. 

ugn 1so-200 °c 150 ml 120 ml 120 ml 

Milli Q water t 
KMnO (6 g/1) + 

4 

H SO (1:1) = 4:1
2 ,>,4 

(-Volume ratio) 

250 ml measuring 250 ml measuring 

cylinder cylinder 

+0.1 g HN OHCl + H 0 
4 2 

The absorption solution was analysed with the aid of CVAA 

technique as already mentioned. 

The results are shown in Table 6. 

Discussion of the results 

Total contents: Sample 1 LFA, Linköping fly ash without 

flue gas cleaning has low contents and indicates that the 

temperature above the filters was low during sampling. 

Sample 2, LFGC-1, Linköping with flue gas cleaning, and 

sample 3, MFFA, Malmö with flue gas cleaning, show high 

absorption of mercury (no results from gas analysis are 

available). 
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Sample 3 contains more carbon but less lime than sample 2, 

which more than adequately explains the difference in the 

values. 0ur leaching tests indicate that LFGC-1 contains 75% 

of lime products while MFFA contains about 50%. The level of 

purification in Linköping may therefore be higher than in 

Malmö in terms of emitted contents. 

Sample 4 HP2-FGC, Högdalen with wet flue gas cleaning, hasa 

very high content of mercury. Here, a sulphur compound is 

used to bind the mercury (analysis methods without bomb 

decomposition might missa large part of the mercury). 

The leaching tests show fairly variable results which 

largely seem to be due to mercury accompanying colloidal 

particles to the solution phase. (See especially series c) -

e). 

In using larger volumes of leaching liquid, with an 

ash/leachate proportion of 1:100, more reliable results were 

obtained. With a surplus of acid (series b) relatively low 

Hg contents in the clear solutions were obtained, even if 

19.5 µg/1 was observed from HP2-FGC after 24 hours, which 

indicates certain problems for deposition. 

In leaching with insufficient acid, a low release was ob

tained from HP2-FGC, while there was an unexpected differ

ence between LFGC-1 and MFFA, which should be fairly simi

lar. Provided that the high release from LFGC-1 is not 

caused by colloidal particles remaining in suspension after 

4 1/2 days, the occurrence of different chemical forms of 

mercury would be expected. It is known, for example, that 

1-valency mercury compounds are hydrolysed in basic sol

utions. However, it is not worthwhile speculating as to 

which forms of mercury may lie behind the values obtained in 

Tables 3 and 4. 

A general conclusion is that it is not possible to ignore 
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environmentally hazardous leaching of mercury either from 

LFGC-1. MFFA or HP2-FGC, principally because of colloidal 

solutions that may occur during the first period in a de

posit, but also because of hydrolysis of various mercury 

compounds that may occur in the residues. However, the 

larger part of the mercury seems to be unleachable. 

The results indicate that more realistic leaching tests must 

be performed to evaluate the stability of the residues. 

Heating tests. Drying at 105°c for 1 hour does not produce 

any noticeable release of Hg. However, we observe a very 

heavy release in heating to 150 - 200°c for 20 hours. 

Regardless of whether there are any 1-valency compounds that 

reduce to volatile compounds (e.g. Hg Cl -> Hg0 
+ HgCl ) or 

2 2 2 

if existing 2-valency elements demonstrate increased vapour 

pressure in these accelerated heating tests, long-term tests 

whould be performed under more realistic forms also with 

regard to atmospheric release. In our accelerated tests, the 

larger part of the Hg was released to the atmosphere. 

The question is whether a threshold temperature exists for 

significant release (which is probable) or whether the 

results arean effect of the instability of the residues re

garding release to the atmosphere. 

Summary 

The investigation has paid particular attention to mercury 

in fly ash and FGCR (Lindqvist et al, 1986). It has been 

found that there isa risk of the mercury being released in 

vapour form after deposition. High release rates were ob

tained during accelerated heating tests at 150 - 200°c. It 

remains to be seen whether such levels of release to the 

atmosphere take place at far lower speeds under normal tem

peratures, or whether the activation margin fora chemical 
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process not occurring at all at lower temperatures has been 

exceeded. In the former case, the residues are unsuitable 

for deposition. In the latter case, the residues could be 

deposited with no risk of the mercury being released to the 

atmosphere in the course of time. 

From the leaching tests it has been found that initially 

there isa certain risk of release of mercury in colloidal 

form, which may give rise to contents of up to 40 µg/1 in 

the accelerated leaching tests. Leaching thereafter di

minishes rapidly. However, in the accelerated tests it is 

difficult to distinguish between a colloidal solution anda 

true solution of mercury, which would constitute an environ

mental hazard in the long term. Also in this case more rea

listic investigations are recommended. 

The tests show that the major part of the mercury is highly 

bound to the residue from wet flue gas cleaning owing to the 

sulphide binding that occurs. In the case of the dry FGCR, 

the tests show that the mercury is also strongly bound, 

which means that also here the mercury is bound to sulphur 

or that it occurs in very insoluble Hg(I) compounds. 
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Table 1. Hg contents before drying and various properties 
of the sarnples. 

Sarnple Ash f-1.bisture Colour pH for sarnple Hg content 
% in tap water µg/g 

1 LFA 92.99±0.08 0 .11±0. 00 black 10 1.79±0.02 
Linköping 
Fly ash 

2 LFGA-1 86.88±0.19 0.60±0.09 white-grey 10 56.14±0.00*) 

Linköping (sane unburnt coal) 
FGC (flue gas 
cleaning) 

3 MFFA-Malmö 83.43±0.32 0.22±0.11 grey (white) 10 78.10±1.27 
Fly ash + FGC (large volume of 

unburnt coal in the 
fonn of flakes) 

4 HP2-FGC- 26.79±0.00*) 49.37±0.10 grey (resembles 7.5-8 484.29±6.55 
Högdalen boiler 2 rroist clay) 
FGC (flue gas -r1p· ·. i o- I 

cleaning) filter 
cake 

* The standard deviation 0.0 indicates that only 1 test has 
been perfonned, otherwise the dispersion of a double analysis. 
. - . 

http:484.29�6.55
http:49.37�0.10
http:HP2-FGC-26.79�0.00
http:78.10�1.27
http:0.22�0.11
http:83.43�0.32
http:56.14�0.00
http:0.60�0.09
http:86.88�0.19
http:1.79�0.02
http:92.99�0.08
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Table 2. Results of mercu:ry analyses of "ash samples" decarq;:xJsed 
in conc. HNO in a tx:mb fort= 150 - 160°c for 1 hour. 

3 

After leaching, 
Sample In natural. 

condition 
Dried at 150°c After heating 
for 1 hour for 20 hours 

filtering and 
0.0005 M 

att= 150 - H SO + 
200D0 UC 0:5 MNaCl. 

Shaked for 
24 hours 
Settling 
time 4 1/2 

µg/g µg/g µg/g days (dry 
weight) 

µg/g 
1 LFA ng 1. 79±0.02 3.02±0.24 3.32±0.10 4.59±0.04 

Linköping 
Fly ash 

1-

-{~

(3.3) 

2 LFGA-1 56.14±0.00 68.82±1.63 16.78±0.21 204.5±0.0 
Linköping 

(49.1)FGC 

3 MFFA-Malm3 78 .10±1. 27 84.54±0.80 19.52±0.00 197.5±2.1 
Fly ash + FGC (88.9) 

4 HP2-FGC- 484.29±6.55 1184 .32±4.60 544.38±7.74 1223.0±0.0 
Högdalen boiler 2 -

(538.0)FGC (flue gas 
cleaning) filter 
cake 

* Values in brackets indicate content calculated retroactively to 
natural condition (see text under leaching) • 

http:544.38�7.74
http:HP2-FGC-484.29�6.55
http:19.52�0.00
http:84.54�0.80
http:16.78�0.21
http:68.82�1.63
http:56.14�0.00


Table 3. Result of rnercury analysis of leachate a) after leaching 
for 24 hours. 

Leachate a) 0.0005 M H SO s.p. in 0.5 M NaCl 
in milli dwater 

Ash: leachate = 1:100 (weight ratio) = 5 g sample:500 g 
leachate 

Shaking time = 24 hours 

Settling time = 4 1/2 days 

Sample Weighed Property of Hg/leachate %Hg leached 
leachate aftersample 
leachingg µg/1 %pH clarity 

1 LFA 
Linköping 5.11 9.5 clear 0.0 0.0 
Fly ash 

2 LFGC-1 5.24 10 clear 44.9±1.2 7.6 
Linköping 
FGC 

3 MFFA-Malm5 5.16 10 clear 1. 8±0. 0 0.2 
Fly ash + FGC 

4 HP2-FGC- 5.36 7.5 clear 0.38±0.0 0.007 
Högdalen boiler 2 -
FGC (flue gas 
cleaning) filter 
cake �--0 

--0 
rri 
:z 
Cl ,_, 
X 

..... ..... 

http:HP2-FGC-5.36


Table 4. Result of mercury analysis of leachate a) after leaching 
for 24 hours. 

Leachate b) 0.0005 M H SO s.p. in 0.5 M NaCl 
in milli Q2 water 

Ash: leachate = 1:100 (weight ratio) = 5 g sample:500 g 
leachate 

Shaking time = 24 hours 

Settling time = 1 day, 8 days, 14 days 

Sample Weighed Property of leachate Hg/leachate % Hg leached 
sample after leaching 

g Settling time (days) 
1 8 14 

1 14 1 14-----------1 ----------- ----------- -.--ro-µg/1pH clari·ty', pH clarity pH clarity 

not not
1 LFA 5.08 not clear 2 clear 3.5 clear 0.0 0.0

measured measured
Linköping measured 

Il not notJ 

clear2 LFGC-1 5.05 clear 3 3.5 clear 0.0 0.0 measuredmeasured
Linköping 
FGCR+Fly ash 

Il3 MFFA-Malmö 5.17 colloidal 3 . 5 clear• 5 clear 18.50±0.82 0. 82±0. 02 2.2 0.1 
Fly ash+FGCR 

Il 
not not4 HP2-FGC- 5.14 clear 1 clear 1 Clear 19.50±0.16 measured 0.4 measured ;:.::,Högdalen boiler 2 - -0 

-0FGC (flue gas rr1 
:zcleaning) filter c:, 
1-l

cake X 

_..* After a number of days a new white precipitate formed and the N 

solution cleared. 

http:19.50�0.16
http:HP2-FGC-5.14
http:18.50�0.82

