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CHAPTER 8 - FATE OF ELEMENTS DURING INCINERATION 

The municipal solid waste stream consists of components containing an almost 
unlimited number of chemical compounds and virtually every element. The intent of 
burning this waste is to destroy the organic constituents and to convert the inorganic 
species into essentially inert materials. Since all chemical processes are controlled by 
equilibria, complete conversion may not be achievable in some cases. Furthermore, 
side-reactions may take place causing the production of unwanted by-products. 

Many transformations in the combustion chamber or in the resulting residues from an 
incinerator may produce compounds which have the potential to impact on the 
environment through contamination of air, soil or groundwater. These reactions have 
to be minimised by appropriate control of the combustion process and all other 
processes associated with MSW incineration and/or by adequate treatment of post- 
combustion residues. 

To develop suitable technical measures to minimise the potential environmental impact, 
the behaviour of the elemental species in each part of the incinerator should be 
understood. This chapter is a compilation of the present knowledge in this field. Much 
of the focus has been placed on the elements which are of greatest concern, either 
because of their concentration or their toxicity. The elements have been classified 
based on their partitioning between the different residue streams of an incinerator 
facility. 

Matrix or lithophilic elements are those elements which are considered tightly fixed in 
the waste fuel. Although they may undergo chemical or geochemical changes on the 
grate during combustion, the greatest proportion appears in the bottom ash. 

Volatile elements are subdivided into two groups: elements forming acid gases, like 
halogens or sulphur, and volatile trace metals. Both these groups of elements account 
for the major release of contaminants into the flue gas stream. 

The difference between matrix or volatile elements is caused by the different vapour 
pressure curves of the individual elements or their compounds, which implies that the 
most dominant influence in ash chemistry is the temperature in the fuel bed. 

A third group is represented by the organic compounds. Due to their thermal instability, 
organics are virtually totally destroyed during combustion. However, special trace by- 
products may have the ability to synthesise new compounds during the cooling phase 
of the flue gases and thus may cause difficulties with contamination of the different 
output streams of an incinerator. 

Much of the data presented here are gleaned from several research programs or 
investigations of full scale incinerators. The attempt is made to interpret the observed 
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effects based on the chemical and physico-chemical properties of the elements and on 
the temperature dependent vapour pressure equilibria. 

8.1 MECHANISMS CONTROLLING THE FATE OF ELEMENTS 
8.1.1 Fundamentals 

In order to adequately describe the chemical reactions and physico-chemical 
transformations which control the behaviour of elements and compounds during 
incineration, a fundamental knowledge of the physical parameters, chemical 
concentrations and the speciation of elements is required. Although most of the 
important physical parameters, such as temperature and pressure can be measured, 
not all of them can be measured to the degree of accuracy needed for physico-chemical 
calculations. Much of the attention given here is to the measurement of temperature, 
since it controls nearly all other physical parameters, especially the essential vapour 
pressures, as well as the chemical equilibria and the kinetics of chemical reactions. 

Temperatures in the gas phase of combustion chambers are well documented and are 
subject to legislative regulations. The bed temperature and the pertinent residence 
time of the bed material are the most important measurements for calculating the 
release rates of thermally mobile species. Both parameters influence the extent of 
immobilisation of elemental phases in the bottom ash. Unfortunately, there is a dearth 
of accurate data of fuel bed temperatures which are required to understand some of the 
reactions which take place. Although recent speciation data suggest that Iocalised 
areas of the fuel bed can reach substantially higher temperatures than 1,000~ 
(Eighmy, 1993), we have assumed that average temperatures on the burning section 
of the grate of a modern mass burning MSW incinerator is between 800 and 1,000~ 

Nearly all chemical compounds of importance are well characterised. Their behaviour 
is controlled by natural laws and can be predicted if certain parameters are established. 
The current knowledge is based on investigations in ideal systems, i.e., low quantities 
of one or a few compounds in well-defined closed systems. If concentrations or 
numbers of reactants or both increase, the exact correlations fail and the measured 
effects can only be approached by introduction of activity coefficients that try to 
describe unknown interactions. 

The concentrations of elements, especially their local distribution, show substantial 
variations. Waste is not only a physically but also a chemically inhomogeneous 
material. Consequently, the application of chemical and physical laws on elements in 
the field of municipal solid waste incineration is limited. Most of the following is based 
on best practical knowledge. 
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8.1.2 Processes in the Combustion Chamber 
Physical Parameters 
As described in Chapter 3, there are a great variety of incineration technologies in use 
today, all sharing some common processes. In most systems, the temperature of the 
untreated waste charged to the furnace is similar to the ambient temperature of the 
storage pit. As the waste moves down the grate, it heats up to temperatures above the 
point of ignition. The schematic in Figure 8.1 illustrates the pronounced temperature 
profile established along the grate and also between the top and bottom of the fuel bed 
on the grate. In most countries, the minimum gas temperature must exceed 800 to 
850~ although the maximum temperature is normally kept below 1,100~ to prevent 
corrosion of the walls of the combustion chamber and the heat recovery system. 

Figure 8.1 Temperature Zones on the Grate 
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The radiant heat emitted from the hot furnace walls and burning waste causes a 
temperature profile across the depth of the fuel bed with higher temperatures on top 
and lower temperatures at the bottom. As the waste is exposed to these temperatures, 
the moisture is driven off into the flue gas. Further heating of the dried waste increases 
the temperature of the fuel to some 100~ and pyrolysis of organic compounds starts. 
At about 500~ the ignition temperature is reached and the waste combusts. The 
remaining part of the grate is used to achieve a good burnout by extending the 
residence time of the waste to high temperatures. 

The maximum temperature in the fuel bed is generally found at the transition zone 
between the combustion and burnout zone. The maximum temperature in the gas 
phase is just above the top of the flame bed, downstream of the secondary air injection 
ports. For safety reasons, the combustion chamber is designed to operate under a 
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slightly negative pressure. Since all of the physico-chemical parameters are a function 
of pressure, the following calculations are based on standard pressure as a first 
approximation. 

Chemical Reactions 
Reactions of Main Waste Components 
The energy production in the combustion chamber is essentially caused by the 
exothermic oxidation of the carbon and the hydrogen inventory of the waste. An 
ultimate analysis of municipal solid waste is seen in Figure 8.2 

Figure 8.2 Ultimate Analysis of Waste 
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Adapted from Environment Canada, 1988 

In the drying zone of the grate, no chemical reactions of importance are to be expected. 
The mean humidity of waste is in the order of 30% and the evaporated water adds 
about 60 g/Rm 3 to the water content of the flue gas. While the temperature increases, 
highly volatile organic and/or inorganic compounds may be transferred into the gas 
phase. However, these products will not survive when they pass through the hot zones 
of the incinerator and thus will not appear in the flue gas in their initial gas phase form. 

In the pyrolysis zone at temperatures above 200~ most organic compounds start to 
disintegrate. The decomposition products are volatile or semi-volatile organic 
compounds, tar, and elementary carbon. The volatile species are oxidised in the gas 
phase, at least in the post-combustion region and can account for the major energy 
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release in the furnace. The fixed carbon is burned on the grate in the combustion 
zone. Due to the overall oxygen surplus and the high stability of oxides of most 
elements, oxidation processes will be the predominant reactions in the fuel bed and in 
the gas phase of the combustion chamber. 

The most important oxidation reactions are those of carbon and organic carbon 
compounds. The most stable oxidation product up to very high temperatures is CO2. 
In all cases, the first oxidation step results in the intermediate product CO which has 
to be suppressed and will be oxidised to CO2 if an oxygen surplus can be maintained. 
As an example, the oxidation of graphitic carbon is given: 

2 C graphite + 02 " 2 CO (8.1) 
2 CO + 02 ,* 2 CO2 (8.2) 

The equilibrium between CO and CO2 [equation (8.2)] is shifted toward CO with 
increasing temperature, but at 1,200~ (commonly not exceeded in waste combustion) 
only about 0.03% of the CO2 molecules are dissociated (Remy, 1961). 

Another process, the Boudouard reaction, may be responsible for enhanced CO 
concentrations in the flue gas: 

Cso,d + CO2 "* 2 CO (8.3) 

If equilibrium could be reached at 900~ about 97% of the gaseous compounds would 
be present as CO. Fortunately this reaction is kinetically hampered and at 
temperatures below 800~ without the presence of catalysts, reaction rates cannot be 
measured. However, in ash deposits in the boiler where diffusiophoresis (see Chapter 
10) is a controlling factor, long residence times in combination with catalytic ingredients 
of the ashes may be responsible for a certain portion of the CO production. 

The equilibrium in equations (8.2) and (8.3) indicate that the production of CO can be 
minimised if care is taken to ensure proper oxygen distribution in the combustion zone 
and if the release of particulate carbon into the flue gas can be avoided. Under these 
conditions, virtually all of the carbon in the waste (about 25%) should be transformed 
to CO2 and result in concentrations of about 130 g/Rm 3 in the flue gas. In properly 
operated MSW incinerators, the CO emissions can easily be kept below 50 mg/Rm 3. 

The next most important element due to its concentration is hydrogen. Hydrogen is 
present in all organic compounds. The total inventory is transformed into the only stable 
oxidation product, H20. To quantify the production, a mean hydrogen concentration in 
the waste of about 36 kg/tonne (see Figure 8.2) corresponds with a C/H-ratio of about 
7.5 (Tillman et al., 1989; Behrendt, 1992). The resulting water concentration in the flue 
gas is in the order of 65 g/Rm 3 which adds to the 60 g/Rm 3 of water evaporated in the 
drying zone of the grate. 
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The third most important element (compare Figure 8.2) is chlorine, which cannot be 
oxidised due to the similarity of its electronegativity to that of oxygen. During 
incineration, the chlorine favours the oxidation state of-1. The chlorine compounds 
leaving the combustion chamber are inorganic chlorides, or HCI. Since there is no 
elementary hydrogen available in the combustion chamber, the HCI is formed by 
secondary reactions like hydrolysis. 

Reactions Controlling the Alkalinity 
The water formed during incineration may be very aggressive to other compounds not 
altered by the oxygen attack resulting in secondary hydrolytic reactions. In most cases, 
those reactions result in the formation of hydroxides which contribute to the alkalinity 
of the solid residues. These reactions have a major influence on the fate of alkali and 
earth-alkali elements. Normally, the chlorides of these elemental groups are thermally 
very stable. However, in the presence of water, hydrolysis takes place. The 
earth-alkali chlorides are less stable than the alkali salts. CACI2"6 H20 can even be 
hydrolysed by its own crystal water at temperatures above 260~ if it is heated rapidly: 

CaCI2 + H20 .* CaO + 2 HCI (8.4) 

The product CaO is a strong base if brought into contact with water. 

Many compounds, especially heavy metal salts, are also sensitive to hydrolytic reaction 
at elevated temperatures. Other inorganic salts in the waste do not survive the 
combustion process due to their limited thermal stability. A well-known example in the 
building industry is the burning of lime: 

CaCO3 ,, CaO + CO2 (8.5) 

With the exception of the alkali compounds, all other carbonates are sensitive to 
thermal decomposition, forming CO2 and the respective oxide. In the case of the 
earth-alkali carbonates, the thermal stability increases with the atomic number. MgCO3 
and CaCO3 decompose at about 550~ and 897~ respectively, whereas more than 
1,400~ is required to destroy BaCO3. This is another reaction which may contribute 
to the alkalinity of the combustion residues. 

Sulphates (with the exemption of the alkali compounds) can be thermally decomposed, 
forming SOx compounds in the flue gas. The most sensitive sulphates are those of 
trivalent metals, such as AI or Fe: 

2 AI2(SO4)3 ,- 2 AI203 + 6 SO3 (8.6) 

The disintegration temperatures of AI2(SO4)3 and Fe2(SO4)3 are about 750~ and 720~ 
respectively. If water is present in the flue gas of the combustion chamber, hydrolytic 
attack is also observed and the decay of these compounds may start at about 550~ 
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In some cases, the high temperatures decompose sulphates and form SO2 and 02, 
instead of SO3. 

In the cooling regions on the grate, or in the flue gas stream, many of the described 
equilibria shift back, forming the original compounds. In most cases, however, the 
gaseous reaction product is no longer present and the reaction cannot be reversed. 

Oxides or hydroxides released as dust particles from the fuel bed have a certain 
probability to react with acid gas components like HCI, SO2, and CO2. Generally, the 
high concentration of CO2 drives the reaction toward the formation of carbonates, and 
hence provides a level of buffering capacity to the residues. This is consistent with 
evidence that ash particles from different ash streams (that have short residence times 
in the flue gas stream) have acid neutralisation capacities within the same order of 
magnitude (Sawell and Constable, 1988). 

Reactions of Heavy Metals 
The complex behaviour of heavy metals and other trace elements during incineration 
has been modelled qualitatively based on Gibbs' fundamental equation (Borchers, 
1989): 

G = H- T * S (8.7) 

where: G = molar free enthalpy H = molar enthalpy 
T = temperature S = molar entropy 

Using thermodynamic data, the temperature dependencies of the standard formation 
enthalpies (&G ~ can be calculated using the Gibbs-Helmholtz equation: 

AG~ = AH~ + fACp dT- T A S 0 2 9 8  - T [ACp/T dT (8.8) 

where: Cp = molar heat at constant pressure. 

The calculation must include all compounds of an element which can theoretically be 
formed under the respective conditions. The basic data needed for the calculation can 
be found in the literature (Barin, 1993). It is assumed that the residence time allows the 
system to reach equilibrium. 

The comparison of the calculated free enthalpies gives an indication of which 
compound is the most stable and will drive the thermochemical reactions. For example, 
the calculated free formation enthalpies of reactions for elemental lead and antimony 
in the temperature range between 700 and 1,100~ are shown in Figure 8.3. To 
concentrate on the most important reactants in the combustion chamber, only reactions 
with oxygen, H20 and HCI have been taken into account. Clearly, metallic lead and 
lead oxide prefer to react with HCI. PbCI 2 is the most stable combustion product in the 
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temperature range illustrated. Although these calculations explain the behaviour of 
these lead compounds, similar calculations have to be carried out using all other 
species of lead present in the waste to provide an overall indication of the element's 
behaviour. 

Figure 8.3 Free Formation Enthalpies of Some Pb and Sb Compounds 
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In the case of antimony, the differences in formation enthalpies are not as high as lead, 
and therefore the prediction of its behaviour is more difficult. The enthalpies of the 
reactions with 02 and with CI are similar. The resulting SbCI3 may be hydrolysed, 
however, the actual residence times and the kinetics will limit the importance of this 
reaction. It must be assumed that SbCI3 and Sb203 will be the most dominant products 
of combustion. 

There is another type of reaction in the fuel bed with the potential to form volatile 
species. This is the solid state reaction between inorganic salts involving the exchange 
of cations. For example: 
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2 NaCI + ZnS04 ,~ ZnCI2 + Na2SO4 (8.9) 

The reaction given in Eq. (8.9) transforms the immobile ZnS04 into ZnCI2 which can be 
vaporised in the combustion chamber. The formation enthalpy of this reaction is in the 
order of 8 k J/mole at 400~ (Lieser and Elias, 1962). The probability of such reactions 
can hardly be calculated due to the unknown speciation as well as the unknown local 
distribution of these species. If the respective species come into contact, however, the 
yield will be high due to the long residence time on the grate. It should be mentioned 
that this type of reaction can also take place in the heat recovery system and in other 
parts of the flue gas system where elevated temperatures prevail. 

Thermodynamic data are useful to estimate the integral reactions. It must be 
emphasised that limitations arise because there is a lack of data about the kinetics of 
the reactions and the conditions for the chemical reactions (i.e. temperature and local 
concentrations) change substantially down the burning grate. A great deal of complex 
information would be required to accurately model the reactions which do occur under 
the variable conditions. 

Most reactions are prevented from reaching equilibrium. For example, if a solid piece 
of oxidisable metal is present in the combustion chamber, the oxidation starts at the 
surface by forming an oxide layer. If oxidation is to continue, the oxygen must reach 
the surface of the elemental metal first, which can only be facilitated by diffusion. Since 
the oxide layer is a dense structure, it inhibits the diffusion and thus protects the metal 
from further oxidation. Consequently, many metals and alloys, especially in bulky form, 
pass through the combustion chamber virtually unaltered by the process. Aluminum, 
antimony, copper, iron, nickel, titanium and lead all belong to this group. 

Although this is true for most metals, metals with relatively low melting points present 
an even more complicated set of reactions. For example, the respective melting point 
temperatures of aluminum and lead are 660.4~ and 327.5~ Even if a dense 
protective oxidised layer forms, the metallic nucleus may melt prior to further oxidation 
and result in molten material dropping through the grates to solidify as a metallic mass 
in the under-grate hoppers. A substantial amount of metallic aluminum and lead can 
be observed in grate siftings (Environment Canada, 1991; WASTE Program, 1993). 

The presence of metallic aluminum in grate siftings has two potentially detrimental 
affects. The first is that mixing grate siftings with bottom ash in the quench tank results 
in the formation of aluminum hydroxide and the liberation of hydrogen from the quench 
tank. As a result, most facilities provide adequate ventilation above the quench tank 
to avoid a dangerous build-up of the gas. The second potential problem occurs when 
grate siftings end up in a utilisation scenario, such as in a road base. The formation 
of aluminum hydroxide results in an expansion of the material, which could cause 
undesirable heaving in Iocalised areas. These disadvantages support 
recommendations suggesting that grate siftings be collected separately from bottom 
ash, especially if bottom ash is to be utilised (Vehlow et al., 1990). 
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If the primary combustion products are stable at the temperatures in the combustion 
chamber, the shape of their vapour pressure curves will ultimately dictate their further 
behaviour. The nonvolatile products may be incorporated into either the ashes in their 
original species or they may undergo further reactions forming compounds of greater 
stability. In most cases, these are reactions between metals and nonmetallic oxides, 
or solid phase reactions, which are controlled by solid state diffusion and have 
moderate velocities even at elevated temperatures. Nevertheless, they contribute 
substantially to the chemical stability of bottom ash. 

Volatile species are released from the fuel bed into the gas phase. Among these are 
pure metals which have low boiling points or at least vapour pressures high enough to 
be evaporated. Such is the case for aluminum. This is evident from the liberation of 
hydrogen from filter ashes contacted with acids or even with water (Oberste-Padberg 
and Schweden, 1990). A very simple example of the transfer of pure metals into fly ash 
is the burning of aluminum foil which results in entrainment of small pieces of foil in the 
flue gas stream. 

Pure metals such as cadmium (b.p. 765~ mercury (b.p. 356.6~ and zinc (b.p. 
907~ are very likely to be volatilised during incineration. Although these metals 
should not be stable in the metallic state at high temperatures, a small fraction of metal 
vapour might survive and condensate on the dust particles at lower temperatures. The 
same is true for lead, however, the vapour pressure is about 1 hPa at a temperature of 
950~ and volatilisation is less likely to occur. 

Another reason which might explain the presence of metallic forms of metals on the 
surfaces of fly ash is that these volatile compounds may decompose into radicals 
and/or atoms when passing the regions of highest temperature in the gas phase. Some 
iodides of heavy metals, some oxides (e.g. Pb304) and carbonyls (e.g. Ni(CO)4) are, to 
a substantial degree, thermally dissociated into the metals and other ionic or radical 
groups. In the case of iodides and carbonyls, quick condensation onto particles may 
enable some of the metals to be absorbed in the metallic state on appropriate surfaces. 

All these reactions are dependent on a number of variables, including the Iocalised 
temperature in the fuel bed, the local distribution of the element and the speciation of 
reactants. The inhomogeneity prevents the adjustment of chemical equilibria and thus 
only allows the prediction of gross trends. These trends, based on extended 
laboratory, semi-technical and full scale research programs as well as operational 
experience, are discussed in more detail for selected elements later in this chapter. 

Sintering and Related Processes 
The conditions in the combustion chamber control the chemical reactions, which in turn 
dictate the reactivity or stability of the combustion products. To a certain extent, 
changes in the stability of solid residues can be achieved alone by changes in 
physico-chemical parameters without changing the nature of the chemical bond. The 



273 

best-known cases are phase transfers in single phase materials, induced by changes 
in temperature. For example, the sequence of stable SiO2 modifications with increasing 
temperature is: 

575~ 870~ 1470~ 
a-quartz - 13-quartz ,- 13-tridymite ,- 13-cristobalite 

If the cooling down of those materials is fast, as in the case of bottom ash quenching, 
some high temperature modifications can be frozen. 

Residues from waste incineration are in most cases multi-phase, multi-component 
products. This applies especially to bottom ash. Although the temperatures in the fuel 
bed are generally below the melting points of the main constituents of bottom ash, a 
certain proportion of annealing can take place, resulting in changes to the physical and 
chemical properties of ash. 

In masses of powders and compacted porous material, the application of heat causes 
bonding of particles and diffusion transport of material across particle surfaces, 
ultimately resulting in: 

changes in pore structure and porosity 
strengthening 
densification 
crystal grain growth ("Oswald ripening") 
changes in electrical resistivity and other parameters. 

A fundamental scheme of the changes that can occur for some physical parameters is 
illustrated in Figure 8.4. In a porous or powdery material, the porosity starts to 
decrease at a certain temperature. Simultaneously the density and strength increase. 
Other effects, like the electrical resistivity, start to vary substantially, even at lower 
temperatures. This effect is called "sintering" and it is used industrially in (metal) 
powder technology and in the production of special ceramics. 

The definitions of sintering vary considerably between authors because of the 
complexity of the process, the different mechanisms which cause sintering and the 
different properties which are affected (Hausner, 1979). Furthermore, there are a 
number of different types of sintering, including cold sintering, pre-sintering, high 
sintering, pressure sintering, solid state sintering, liquid phase sintering, etc. This 
discussion will focus on sintering effects which are essential factors in the solid state 
reactions on the grate. 

If the original material is chemically homogeneous, sintering affects only the crystal 
lattice via self-diffusion of atoms or molecules across the boundaries of adjacent grains. 
However, if it consists of different chemical phases, solid state reactions between single 
components have to be considered. 
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Figure 8.4 Changes of Physical Properties versus Temperature 
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The stepwise formation of silicates from a mixture of the single components CaO and 
SiO2 is provided in Figure 8.5 as an example of the fundamental sintering process. 
These compounds are by far the most common components in bottom ashes. The 
concentration of SiO2 in bottom ashes is in the order of 35 to 55%, whereas the 
concentration of CaO varies between 5 and 20% (Baccini and Brunner, 1985; Hjelmar, 
1987; Eighmy et al., 1987; LOftier, 1989; Vehlow et al., 1992). 

Figure 8.5 Progress of Reaction Between CaO and SlO2 
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The diffusion coefficient of CaO is higher than that of SiO2 and thus enables CaO to 
migrate into the SiO2, forming different phases. The first step is always the formation 
of the ortho-silicate Ca2SiO4. Depending on the local ratio of components, new phases 
may be formed. The final product is the most stable phase, the meta-silicate CaSiO3. 
The number of phases present in an equilibrium is regulated according to Gibbs' phase 
law and depends on the number and the molar ratio of the initial components. 

Although calcium is the predominant cation in bottom ash, other cations of earth-alkali 
and alkali metals can neutralise silicate anions. Thus, the principal reaction shown in 
Figure 8.5 produces a series of different silicates and meta-silicates with mainly 
calcium, magnesium, sodium and potassium. Aluminum and iron can also act as 
carriers of the positive charge. 

The different silicates are distinguished by different crystal lattices depending on the 
radii of the single ions. These radii and their ratios determine the coordination number 
and thus the type of lattice. Crystallographic investigations using microscopic and 
X-ray diffraction methods have revealed well-defined crystals of several silicates 
generated during combustion (see Bottom Ash Characteristics). 

In all defined crystals, the components of the lattice can be replaced by other ions if: 

these have a corresponding chemical behaviour. 
the ionic radii are similar. 
they have the same chemical valence. 
they tend to crystallise in the same type of lattice. 

Consequently, many trace metals can be incorporated into stable matrices. The data 
in Table 8.1 is a compilation of crystal ionic radii from the literature (e.g. Pauling, 1969; 
Handbook of Chemistry and Physics, 1992) which indicates the important heavy metals 
which could replace the main constituents in silicates. For example, cadmium may 
replace the calcium found in carbonates or silicates. 

Table 8.1 
Crystal Ionic Radii (nm) . 

Na§ 0.097 K* 0.133 Ca 2. 0.099 

Cu§ 0.096 In§ 0.132 Ti 2. 0.094 

TI§ 0.140 Cd 2. 0.097 

Fe 2. 0.074 Fe 3. 0.064 

Mg 2. 0.066 Cr 3§ 0.063 

Co 2. 0.072 Mn 3. 0.066 

Ni 2. 0.072 Co 3. 0.063 

Cu 2. 0.072 Ni 3. 0.062 

Zn 2. 0.074 
Adapted from Pauling, 1969; Handbo0k of Chemistry and Physics,-1993 
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The tetravalent Si 4§ ion in the silicate lattice has a crystal radius of 0.042 nm and can 
be replaced by AI 3§ ions with a radius of 0.051 nm to form aluminosilicate. These 
compounds are widespread in the lithosphere. The most common group is the 
feldspars, found in bottom ash in concentrations between 5 and 10% (Vehlow et al., 
1992). The same study measured other aluminosilicate, such as the melilithes, in 
concentrations above 10%. At the other end of the scale, some aluminosilicate found 
in bottom ash are artificial compounds that can only be formed within very small 
temperature ranges. This can be used to estimate the maximum temperatures in the 
fuel bed. To a certain extent, trace elements can also be incorporated into silicates (as 
well as other lattices) as impurities, bond to lattice defects or precipitate onto grain 
boundaries. 

Many silicates, especially double silicates consisting of sodium and calcium, show no 
defined transformation temperature when cooled down and do not crystallise, but 
convert into a glassy state. Glasses are defined by non-periodic lattices which have 
large areas without any symmetry. Nevertheless, their atoms are grouped and exhibit 
the same coordination number in their neighbouring spheres as they do in crystals. 

The mean composition of a "normal" glass can be defined with the formula: 

Na20 * CaO *6 Si02 

Glasses generated on the grate during the combustion process are characterised by 
typical streak patterns and bubbles, which can be found in bottom ash in relatively large 
proportions of more than 10 % (Vehlow et al., 1992). Glasses have a greater potential 
to incorporate trace metal ions than crystals, mainly due to their lack of symmetry and 
the normal inhomogeneity of their structure. Substantial concentrations of metals in 
glass are generally denoted by distinct colours. Metals may also become embedded 
with small particles of other materials in the glass. If these particles become totally 
encapsulated, the potential for mobility through leaching is reduced significantly. 

Single oxides of metals are also present in bottom ash. Magnetite (Fe304) is the most 
prevalent compound (up to 10%). Fe203, FeO, Cr203 and AI203 are also present, but 
in concentrations below 5%. A special type of mixed oxide consisting of bivalent and 
trivalent metals is represented by the group of spinelles. These form defined crystals 
with the representative molecular formula: 

AB2 04 

where: 
A = bivalent metal 
B = trivalent metal. 

Common spinelles can contain the trivalent ions of AI, Cr and Fe, and the bivalent ions 
of Mg, Mn, F e, and Zn. Trace elements can be substituted for some of the main 
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components and thus become fixed in the solid phase. Many different spinelles have 
been observed in bottom ash, however, they typically represent only a small fraction 
of the total of mineral phases. 

In general, chemical reactions in the combustion chamber produce thermodynamically 
stable compounds. The elements which remain in the fuel bed and form bottom ash are 
mainly bound to Si, AI, and O. Similar mineral matrices can also be found in fly ash 
particles entrained in the flue gas stream (Hundesr0gge, 1990). The quantity of fly ash 
generated is influenced by the type of grate and the control of air flow within the 
combustion chamber. Modern incinerator technologies are based on combustion with 
lower air velocities through the fuel bed and enhanced mixing of the gas stream in the 
furnace which severely limits entrainment of particulates. This also has the benefit of 
reducing the production of polychlorinated dibenzo-p-dioxins (PCDD) and 
polychlorinated dibenzofurans (PCDF) in the heat recovery and APC systems. 

Physicochemical Transformations 
Most substances can exist as solids, liquids or gases, depending on the actual 
temperature, however, there are some notable exceptions. For instance, the liquid 
phase of iodine, carbon or carbon dioxide cannot be achieved under normal pressure 
conditions. Other compounds, such as all organics, heavy metal carbonates, several 
oxides (e.g., Pb304, HgO), and heavy metal sulphates, will simply decompose if the 
temperature is too high. 

In most substances, the transition between solid and liquid phases takes place at one 
defined temperature, the melting point, which is a function of pressure. Although solid 
and liquid phases of a species can only be in equilibrium at one defined temperature, 
both phases are in permanent equilibrium with the gas phase. Due to the statistical 
distribution of oscillation energy in the lattice or of kinetic energy in the liquid, some 
atoms or molecules are able to cross the interface and evaporate into the gas phase. 
This transition is stimulated by increasing temperature, until the substance reaches its 
boiling or sublimation point above which all molecules are present in the gas phase. 
Consequently, the gas phase will always contain molecules of all species present in the 
system, even at very low temperatures. These gas molecules move freely through the 
gas volume and have the potential to impinge on the surface of the liquid or solid and 
return, or condense back into the original matrix. Condensation is a function of the 
concentration of the respective molecules in the gas phase. 

Equilibrium is reached if the number of particles crossing the interface to evaporate is 
exactly the same as the number of particles striking the interface and returning into the 
condensed phase. The equilibrium is, like all chemical equilibria, a function of 
temperature and pressure. At each temperature, the equilibrium concentration of the 
chemical species in question causes a defined partial pressure of this species in the 
gas phase. The temperature dependency of this partial pressure, called the vapour 
pressure of the species, can be described using fundamental physico-chemical 
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properties of the species. The conditions for equilibrium between a condensate and 
a gaseous phase are based on �9 

P G ~176 G %`` (T) 5 G o (T) 
R log . . . . .  (8.10) 

pO T T T 

where: R = gas constant p = (vapour)pressure 
G = molar free enthalpy T = temperature 
o = standard conditions 

Using the definition of free enthalpy given in equation (8.7): 

G = H - T S  

Equation (8.10) can be transformed to: 

R log--P- P :- H%"(T) -H~ .... (T) +sOq.,(T) _sO~o.d(T)=- 6H~ +DSO(T ) 
pO T T (8.11) 

using 

C 

= iogT+[0 T og~ dt+D1 Sgas (T) Cpg~ T (8.12) 

and: 

C 

Scond (T) =f0 T Pcood dt T +DI (8.13) 

where cp = molar heat under constant pressure 
Co = molar oscillation heat 
D = constant 

Simplified, the molar enthalpies and the integrals can be described by the linear 
functions of T (only valid for limited temperature ranges), and the temperature 
dependency of the vapour pressure can be approached by: 

A 
1 ogp=--- +B+Cl ogT+DT (8.14) 

T 
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where A, B, C, D = constant. 

This is the type of equation used to interpolate experimentally obtained vapour 
pressure data. In small temperature ranges the equation can be even further simplified 
to: 

A 
1 ogp=--- +B (8.15) 

T 

Figure 8.6 compiles the vapour pressure curves for selected species of some elements 
which are known to be more or less mobile during incineration. The curves are 
calculated using vapour pressure formulas from Bartels et al. (1960). 

Figure 8.6 Vapour Pressure Curves for Selected Metals in the Metal, Oxide and 
Chloride State 
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If the exact chemical formula of a species in the gas phase at a given temperature is 
known, by means of the fundamental gas equation" 

p V = n R T  (8.16) 

where n = number of moles. 
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The equilibrium concentration of this species in the gas phase can be calculated, 
providing an estimate of the potential partitioning. 

In a limited volume of gas, achieving vapour pressure equilibrium is a relatively rapid 
process. The major controlling factor is the time the evaporated atoms or molecules 
need to establish a uniform concentration in the gas phase by diffusion. In the 
combustion chamber of an incinerator, equilibrium will normally not be reached, due to 
the large volume of fresh air used to maintain the combustion process. Hence, the 
quantity of evaporated substances cannot be calculated precisely, even if all 
concentrations and the temperature distribution in the combustion chamber were 
known. Nevertheless, the shape of vapour pressure curves allows an estimate of the 
degree of evaporation of a substance, and thus indicates the potential partitioning of 
a substance between the bottom ash and flue gas stream. 

8.1.3 Mechanisms in the Boiler 
Condensation 
The hot flue gases from the furnace enter the boiler at temperatures of <800~ and are 
cooled rapidly to about 200~ or lower. The decrease in temperature across the boiler 
prompts condensation of many gaseous species entrained in the flue gases. 
Condensation is also controlled by vapour pressure. The condensation process in a 
dust-free gas phase starts as soon as the temperature falls below the boiling point by 
forming a condensation nucleus. However, the condensation process is kinetically 
inhibited in a saturated atmosphere and nuclei begin to form at lower temperatures. 

Supersaturation of the flue gas stream is minimised due to the loading of dust particles 
which act as condensation nuclei. Condensation takes place mainly at the surface of 
dust particles. Since smaller particles have higher specific surface areas, the finest 
fraction of fly ash particles is generally the most enriched with condensated material. 
Furthermore, the enrichment of special compounds in the fine dust fraction indicates 
the thermal mobility of these compounds under the operating conditions present in the 
combustion chamber. 

There are indications that fly ash from modern MSW incinerators is characteristic of 
enhanced enrichment of volatile species compared to fly ash from older facilities. The 
enhanced enrichment is probably due to a combination of high bed temperature, which 
promotes the vaporisation of volatile compounds, and a more "soft" combustion which 
causes a reduction in the overall mass of inert material carried over from the 
combustion chamber (e.g., Sawell and Constable, 1989; Horch, 1990). 

Although the boiler's primary function is to act as a heat exchanger, it also acts to a 
limited extent as a dust removal system. Particles which are either coarse enough or 
dense enough to fall out of suspension in the flue gas stream collect in the bottom of 
the boiler chambers. These ash particles are not as enriched with volatile substances 
as residue collected in APC systems. The main reasons for the difference are: 
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The higher temperature of the flue gas in the boiler limits condensation 
of volatile components. 

The condensation reaction favours enrichment of finer sized particles, 
namely the APC residues rather than the relatively larger sized boiler ash 
particles. 

Although reactions between the acid gases and alkaline dust particles take place in the 
boiler, they do not cause substantial changes in the overall partitioning of elements. 
However, some evaporated species may undergo special reactions with other reactants 
during transport through the boiler, resulting in a difference in speciation of the 
condensated compounds compared to those remaining in the flue gas. For example, 
H20 concentrations in the flue gas can reach values up to 170 g/Rm 3 and in cases of 
soot blowing of the boiler tubes using steam, levels can reach above 200 g/Rm 3. At the 
comparably high temperatures in the boiler, this water may cause hydrolytic reactions 
with organic compounds, but also with inorganic salts (see above: Reactions 
Controlling the Alkalinity). 

Corrosion 
Another reaction which is often neglected with respect to the mass transfer, but is of 
vital importance for the maintenance of the boiler, is corrosion attack of gases and salts 
on the heat exchanger tubes (F,~l~ler et al., 1968). The materials used for the tubing 
are non-alloy or low alloy steels. Waterwall tubes are often coated with a castable 
refractory like SiC. In the superheater region, sometimes high alloyed austenitic steels 
have been used (Reichel and Schirmer, 1989). Principally two temperature regions can 
be identified where severe corrosion of the ferrous tubing material is observed. Figure 
8.7 depicts the dependency of the corrosion rate as a function of the wall temperature 
of the tubes. At temperatures below 150~ condensation of acids takes place and the 
low alloy steels suffer tremendous electrochemical corrosion attack. High alloy steels 
show pit corrosion and due to a combination of acid attack and mechanical stress 
loading, corrosion cracking may occur. 

This so-called "standstill" corrosion can be avoided by diluting the flue gases during 
shutdown procedures with air or by controlled cooling down of the incinerator using 
fuels with low chlorine and sulphur levels. 

A second region of potential corrosion attack is observed at temperatures above 300~ 
with increasing effects at increasing temperatures. The waterwall tubes in the 
combustion chamber and the superheater tubing are especially at risk. The flue gas 
temperature may exceed 800~ at these locations and the wall temperatures in the 
superheater sometimes reach values above 500~ 
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Figure 8.7 Schematic Dependency of Corrosion Rates on Wall Temperature 
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Although there are substantial amounts of corrosive gases present in the flue gas, 
corrosion effects caused by direct interaction with gaseous HCI or SO2 can only take 
place during the start up of a new boiler. After a short period of operation, the heat 
exchanger tubes are normally covered by layers of ash (see Chapter 10) and there is 
no free access of gases to the tube surfaces. The dotted curve in Figure 8.7 compares 
qualitatively the corrosion rates caused by pure gas corrosion with the corrosion rates 
actually found in boilers. Within the temperature regime in the boiler, corrosion attack 
on the covered tubes exceeds that which would be expected by gas corrosion. These 
corrosion effects must be induced by ingredients of or by reactions in the surface 
deposit layers. 

The deposits on the heat exchanger tube surfaces contain salts which may produce 
corrosive species by disintegration or by reaction with components of the flue gas. One 
example may be the formation of SO3 close to the tube walls by thermal decay of 
sulphates [equation (8.6)]. The theoretical production rate should be very low and no 
major corrosion damage could directly be traced back to this component. 

Sulphates with low melting points, especially complex alkali-iron sulphates can be 
formed in the temperature range 320 to 450~ following the reaction (Corey et al., 
1965): 

Fe203 + 3 K2SO4 + 3 SO3 ,- 2 K3Fe(SO4)3 (8.17) 

This reaction has been blamed for severe corrosion attack since it may induce a 
mechanism which recycles the corrosive agent (Figure 8.8). 
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Figure 8.8 Mechanism of High Temperature Sulphate Corrosion 
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Although a small proportion of corrosion damage may be explained by this mechanism, 
in most cases it is difficult to measure the respective corrosion products (F~131er et al., 
1968). Furthermore, the formation of the complex sulphates requires SO3 
concentrations exceeding 250 mg/Rm 3, which is far above normal levels in the flue gas 
(<50 mg/Rm3). 

The high corrosion damage in boilers of MSW incinerators compared with those in coal 
fired power plants can be explained by the higher chlorine inventory in MSW than coal. 
The higher chlorine content of MSW flue gases has prompted development of a 
corrosion mechanism based on the reactivity of chlorine compounds, including 
elementary chlorine which is shown schematically in Figure 8.9. 

The basic corrosion reaction in the mechanism postulated above is the formation of 
FeCI2 at the metal surface and the direct recycling of elementary chlorine. Its presence 
at the corrosion front prevents the growth of the tightly bound, protective oxide layers 
and thus is responsible for the relatively high corrosion rates. 

According to this corrosion model, chlorides are the essential components in the 
deposits. The formation of elementary chlorine by sulphation is favoured at high 
temperatures. A second mechanism (Equation 8.18), is also a primary step in the 
de-novo synthesis of PCDD and PCDF (the Deacon Process), which is initiated at 
temperatures >350~ 

2 CuCl2 + 02 " 2 CuO +2 CI2 
2 CuO +4 HCI ,, 2 CuCl2 +2 H20 (8.18) 
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Figure 8.9 Chlorine Induced Mechanism of High Temperature Corrosion 
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However, due to the much higher concentration of alkali chlorides compared to CuCI2, 
this reaction should contribute little corrosive chlorine at the higher temperatures. 

8.1.4 Mechanisms in the Dust Removal System 

As mentioned in Chapter 3, the most commonly used dust removal system, if dry or 
semi-dry scrubbing is applied, is the fabric filter (baghouse), especially in North 
America. In European countries where very strict emission guidelines are in place, wet 
scrubbing is prevalent and dedusting is generally facilitated using electrostatic 
precipitators. In addition, cyclones are sometimes still used as an initial dust removal 
device prior to modern APC equipment. 

In most existing MSW incinerators, filter residues consist not only of the original 
particulate released from the grate, but also of additional substances which have been 
added for gas cleaning purposes. If dry or semi-dry scrubbing is applied, or if in wet 
systems the flue gas scrubbing solution is evaporated by spray drying upstream of the 
filter system, the dust particles are combined with these APC residues. Similarly, in 
other MSW incinerators, charcoal is injected into the flue gas for sorption of 
PCDD/PCDF and mercury, and subsequent removal in the APC system. 
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8.1.5 Mechanisms in the Air Pollution Control System 

This system is installed to remove volatile species from the flue gas by means of 
chemical reactions which are described in detail in Chapter 4. In all following 
calculations of mass streams for solid matter or single elements, only the stoichiometric 
quantities are taken into account, regardless of the scrubbing technology. 

8.2 MASS STREAMS IN A MUNICIPAL SOLID WASTE INCINERATOR 

To estimate the partitioning of elements, data from the literature were used, despite the 
differences in quality. These data have been generated in different countries at 
different times and thus reflect different waste qualities, technological standards and 
operation parameters. The basic requirement of the calculations is the knowledge of 
the different mass streams. Figure 8.10 shows mean data for these streams which are 
compiled from modern mass burning systems (Baccini and Brunner, 1985; Schneider, 
1986; Environment Canada, 1988; Reimann, 1989; Barniske and Johnke, 1990; 
G6ttlicher and Anton, 1990; MQhlenweg and Brasser, 1990). 

Figure 8.10 Streams of Solid Masses in MSW Incinerators 
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The anticipated air consumption of this typical mass burn system is estimated to be 
about 5,000 m 3 per Mg of waste. Old incinerators operated more in the region of 6,000 
m3/tonne, whereas new installations are about 4,000 to 4,500 m3/tonne. 

The bottom ash production rates differ substantially, between 250 and 420 kg/tonne of 
waste. These data include the grate siftings, which are generally combined with the 
bottom ash. The fraction of siftings is a function of the type of waste fuel and the type 
and age of grate being used. The generation rates for grate siftings are seldom 
measured, consequently there is a dearth of data. Observations from the WASTE 
Program (1993) estimate that grate siftings contributed about 3.8% of the total mass 
flux from a modern mass burn incinerator. Siftings from some facilities may increase 
the amount of unbumt matter and metallic phases in the bottom ash and consequently 
are collected separately and fed back into the combustion chamber (Vehlow et al., 
1990). However, the recent WASTE Program data indicates that there is very little 
unburnt matter in grate siftings (<2% loss on ignition). 

Although recent data indicate that grate siftings contain enriched levels of metals such 
as aluminum, copper, lead and zinc, the concentrations of most metals are similar to 
the concentrations in bottom ashes (Schneider, 1986). For the purposes of this 
section, the grate siftings mass stream has not been accounted for in the valuation of 
element partitioning. The exceptions will be noted later in the chapter. 

As mentioned in Chapter 3, the quantity of boiler ash generated depends on the type 
of boiler and on the amount of particulate originally released from the grate. The 
variation of this mass stream is estimated between 2 and 12 kg/tonne of waste. In 
many MSW incinerators, the boiler ash is still combined with the bottom ash in the 
quench tank. In the future it should be treated together with the APC residues since its 
chemical characteristics are more similar to APC residues than to bottom ash. In some 
countries, this is already enforced by legislative regulations. 

Although the estimated mass flux of filter ashes used here is about 25 kg/tonne of 
waste, (based on a particulate loading of 5 g/Rm3), the operating conditions at most 
modern incinerators promote lower particulate loading (<2 g/Rm 3) (Environment 
Canada, 1988; Vogg et al., 1990 & 1991; Reeck et al., 1991 ), with corresponding APC 
residue production rates of about 10 kg/tonne (Faulstich et al., 1990). 

The mass of APC residues shows the highest variation of all residue streams. The 12 
kg/tonne listed is a mean value for wet systems which operate near stoichiometry. The 
value includes the amount of dry neutral sludge (2 to 4 kg/tonne) and the soluble salts 
(5 to 12 kg/tonne). In semi-dry or dry systems, the amount increases because of 
unreacted additives which are removed along with the residues. In the calculated mass 
balances presented in the following sections, the residue streams from wet systems will 
be used. This limitation will not influence the balances substantially, since all existing 
scrubbing systems achieve about the same emission limits and remove about the same 
fraction of the specific species from the flue gas. 
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For calculating stack emissions, the residual particulate loads of about 10 mg/Rm 3 are 
used to comply with the emission limits of many countries. Modern MSW incinerators 
achieve emissions below 1 mg/Rm 3. In the following balances of single elements, the 
German emission limits are used, which are similar to those in many other countries 
(Bundesministerium, 1990). 

8.3 LITHOPHILIC ELEMENTS 
8.3.1 Fundamentals 

Some elements and their most common compounds have boiling points far above 
1,500~ Consequently, these materials will remain in the bottom ash. However, this 
does not mean that they do not undergo changes in chemical speciation during the 
combustion process. In some cases, it can be expected that they gain stability, either 
through sintering or incorporation into other stable matrices (as discussed above). 

The most important members of this group are silicon and aluminum, which form very 
stable oxides and anions, i.e. the silicates and aluminosilicate. These are the major 
matrix compounds of bottom ashes, since they are relatively "heat stable". Their 
presence in APC residues is due to particulate matter carried over from the furnace in 
the flue gases. Some theoretically stable volatile compounds of metals are not formed 
under the conditions of waste combustion due to energetic or kinetic hindrance. These 
metals are preferably fixed in the crystal structures of silicates and aluminosilicate, or 
they may be transformed into more stable oxidic compounds during the quenching or 
condensation. The latter is true for chromium, manganese, iron and nickel, which are 
distinguished by similar crystal radii and are included under the category of lithophilic 
elements. 

Some metals form stable volatile compounds in the combustion chamber but the 
fraction actually vaporised is very low. Although these metals can exhibit a significant 
enrichment in the fine particle fraction of the APC residues, much of the material 
remains in the bottom ash, and therefore has been categorised here with the lithophilic 
elements. Copper is an example of a lithophilic element with volatilised species of 
importance for other reactions, i.e. its chlorides play an important role since they act 
as catalysts in the dioxin synthesis (Vogg and Stieglitz, 1986; Stieglitz and Vogg, 1987; 
Hagenmaier et al., 1987). 

Other members of this group are the alkali metals which are responsible for the 
alkalinity of the bottom and fly ashes. A certain proportion of these elements are also 
associated with the silicates, where they act as neutralising cations. The predominant 
metal in this group is calcium. 
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8.3.2 Alkali Metals 

Sodium, potassium and to a lesser extent rubidium are considered major alkali metals 
present in ash. All these elements prefer the oxidation state +1 and exhibit a 
pronounced electropositive character, designated by very high negative potentials 
against a hydrogen electrode. Due to their high reactivity these metals are present in 
nature, and in the waste, bound to electronegative elements. 

The inorganic salts are relatively thermally stable, i.e. the boiling points are far above 
1,000~ In the case of chlorides, the boiling points decrease with increasing atomic 
number: NaCI boils at 1,730~ KCI at 1,411~ RbCI at 1,383~ and CsCI at 1,303~ 
The extremely high transfer temperature of NaCI will only allow a very limited fraction 
to be volatilised in the combustion chamber. A large proportion of sodium and 
potassium are bonded to silicates, and hence partitions mainly to the bottom ash. This 
fraction is higher for sodium than for potassium. Although the concentration of sodium 
does not differ much in the various residue streams, filter ashes might show a certain 
enrichment, thus indicating a small transport of Na via the gas phase (Angenend, 
1990). 

The thermodynamic data of the other alkali chlorides, especially the slopes of their 
vapour pressure curves, indicate a much more distinct volatilisation at temperatures 
found in the combustion chamber. This explains the pronounced concentration of 
potassium and rubidium in the fine fractions of filter ashes (see Clean Gas Dust column 
in Table 8.2) 

Table 8.2 
Mean Concentrations of Alkaline Elements in the Waste and in Solid Residues (mg/g) 

Element Waste Bottom Ash Boiler Ash Fly Ash Clean Gas 
Dust 

Na 3 - 15 8 - 40 8 - 40 10 - 40 20 - 50 

K 5 2 - 15 15 - 40 4 - 40 100 

Rb 0.04 0.125 0.10 0.16 0.45 
Data taken from literature, see respective chapters 

Organic alkali compounds decompose during incineration, with the primary products 
being Na202 for sodium and K20 or K204 for potassium. Since these compounds are 
not stable in a reactive environment, reactions with other species present in the fuel will 
take place. The final products can include the respective chlorides, sulphates, 
carbonates and eventually hydroxides. The latter two compounds add to the alkalinity 
of the residues. 
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The alkali elements sodium and potassium are ubiquitous and show similar abundance 
in the lithosphere with about 2.6 and 2.4% respectively. Both are essential 
physiological elements and act to maintain the osmotic pressure of cells. The daily 
intake for humans is about 3 to 7 g of sodium and about 2 to 4 g of potassium. 

In the waste, the concentration of Na is about 10 to 15 kg/tonne, which is much higher 
than that of potassium (about 5 kg/tonne) (Schneider, 1986). In Figure 8.11, the 
partitioning of sodium is depicted on the basis of the cited data set. The concentration 
is more or less equal in all residue streams and compares favourably to data in other 
publications (Hjelmar, 1987; Angenend, 1990). 

Figure 8.11 Concentrations and Percent Partitioning of Na 

As has been mentioned above, the fraction of volatilised chlorides should be higher for 
the heavier alkali metals than for sodium. The compilation of concentrations in the 
residue streams given in Table 8.2 supports this hypothesis for potassium. The only 
available data set which provides values for all residue streams depict a substantial 
fraction of potassium partitioning to the fly ash stream (Figure 8.12). 

It can be expected that the alkali metals rubidium and cesium behave more like 
potassium than like sodium. The key point seems to be the speciation of these alkali 
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metals in the feed. If they are mainly bound to silicates, they will not volatilise. 
Volatilisation can only occur with the organic matter or chloride bound metals. 

Figure 8.12 Concentrations and Percent Partitioning of K 

8.3.3 Earth-Alkali Metals 

The group of earth-alkali metals consists of beryllium, magnesium, calcium, strontium, 
barium and radium. With the exception of beryllium and radium, which are very rare 
in nature and in the waste, the earth-alkalis are among the most abundant elements in 
the lithosphere. 

The chemical properties of magnesium are more similar to those of aluminum than 
those of calcium, strontium and barium. The latter metals are the typical earth-alkalis 
and are always found in the oxidation state +2 and bound to electronegative elements. 
Generally, no earth-alkali salts can be thermally mobilised at the temperatures inherent 
in waste incinerators. 

The reactivity of earth-alkali salts is somewhat higher than that of alkali salts. During 
incineration, many earth-alkali compounds present in the waste are subject to 
hydrolysis or thermal decomposition. The primary reaction products are oxides or 
hydroxides which can be transformed into carbonates by the high levels of CO2 in the 
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atmosphere. Hence, the earth-alkali metals can substantially contribute to the alkalinity 
and buffering capacity of the bottom ash stream. 

The lithosphere contains about 3.6% calcium, mainly bound to carbonates like 
limestone, CaCO3, or to sulphates like gypsum, CaS04 o2H20. These calcium 
compounds are often found together with salts of other earth-alkali metals. A 
considerable amount of calcium can be found in the putrescible waste fraction 
contributing alkalinity to the bottom ash stream. Calcium is physiologically important 
with respect to bone structure, i.e. about 1.2 kg of calcium are present in the human 
skeleton. 

Although calcium is among the most abundant elements, there is a dearth of analytical 
data on its behaviour during incineration. The partitioning of calcium shown in Figure 
8.13 is calculated from two data sets (Schneider, 1986; Belevi, 1993). Since no 
calcium compounds can be volatilised, it has to be concluded that the concentrations 
of calcium reflect the proportion of ash generated in each stream. However, if lime 
scrubbing APC systems are utilised, the calcium content in the APC residue will 
increase dramatically. Magnesium, strontium and barium behave in a manner similar 
to calcium (see Table 8.3). 

Table 8.3 
Mean Concentrations of Earth-Alkali Elements in the Waste and in Solid Residues 
(mg/g) 

Element Waste Bottom Ash Boiler Ash Fly Ash Clean Gas 
Dust 

Mg 

Ca 

5 - 20 10 - 40 

10 - 35 50 - 100 100 50 - 100 50 

Sr 0.12 0.20 - 1.0 0.50 0.65 0.45 

Ba 0.73 0.50 - 2.5 2.5 2.5 - 3.5 1.30 

Data taken from literature, see respective chapters 

8.3.4 Heavy Metals 

Most heavy metals in the group of lithophilic elements are present in the waste in 
relatively high concentrations (>100 g/tonne), however, some trace elements also 
belong in this category. Similar to other elements, there is a paucity of valid data sets 
for all residue streams containing these metals. Table 8.4 contains the mean 
concentrations of iron and other lithophilic elements in the waste input and in residue 
streams, taken from the literature. 



292 

Figure 8.13 Concentration and Percent Partitioning of Ca 

Table 8.4 
Mean Concentrations of Elements in Waste and Solid Residues (IJg/g except..* = %) 

Element Waste Bottom Ash Boiler Ash Fly Ash Clean Gas 
Dust 

Ti 1300 3500-8000 6500 7000-9000 4000 

Cr 40-400 100-1200 200-800 100-1000 200-800 

Mn 200-500 400-1000 700-1200 800-1500 900 

Fe* 2.5-5.0 5 -15  3.0-5.0 3.0-6.0 4.0 

Ni 20-130 50-800 100-300 100-300 100-200 

Cu 200-1000 250-4500 300-1500 50-5000 300-3000 
Data taken from literature, see respective chapters 

Iron 
Iron is another common element in the lithosphere, as well as in municipal solid waste. 
The concentration of iron in the waste feed has been well documented in the order of 
25 to 50 kg/tonne (Brunner and Zobrist, 1983; Dobberstein, 198:3; Brunner and Ernst, 
1986; Schneider, 1986; Perrier-Rosset, 1989; Belevi, 1993). Today, the iron in most 
incinerators is introduced by the metallic fraction. Modern waste management 
strategies, however, promote metal recycling and this will reduce the input of metallic 
iron in future. 
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The most stable iron compounds are the oxides (Fe203 and Fe304) which can be found 
by mineralogical examination of bottom ash (Vehlow et al., 1992) and fly ash 
(Hundesr0gge, 1990). There are two iron chlorides which can theoretically be 
volatilised in the combustion chamber. The FeCI2 sublimates at 1,026~ and has a high 
vapour pressure at relatively low temperatures, but it can only exist in a reducing 
environment (compare the corrosion mechanism in Figure 8.9). FeCI 3 has a very low 
boiling point of 319~ but is immediately converted into Fe203 as soon as H20 is 
present. Therefore, both compounds do not contribute substantially to the transport of 
iron to the fly ashes. Since fly ashes show no enrichment of iron in the fine fractions, 
the iron is originally bound to particles carried over from the furnace. However, it 
should be noted that chlorides of iron can be formed in certain parts of the incinerator, 
(i.e. in the boiler), by the same types of reactions given in equation (8.9) or in the 
corrosion mechanisms outlined in Figure 8.9. 

Metallic iron present in the waste fuel cannot be oxidised easily. The relatively small 
surface area-to-volume ratio of larger particles prevents the rapid reaction. It is often 
protected against corrosion by zinc, tin or cadmium layers which will volatilise first. 
Consequently, ferrous material passes through the incinerator relatively unscathed. 

Concentrations of iron in bottom ash can vary widely for a number of reasons, 
including: 

if primary material was or was not removed from the sample prior to 
sample preparation and analysis 

if the sample was collected prior to or after magnetic separation of ferrous 
from the ash 

the effectiveness of source separation schemes for the waste fuel. 

The quantity of magnetically separated iron from bottom ash can reach 12 to 15% of 
the total weight of the ash (Pietrzeniuk, 1985). Typical iron concentrations in bottom 
ash from mass burn systems can vary between 9 and 15% (Hjelmar, 1987; Eighmy et 
al., 1987; Schneider, 1986; Belevi, 1993), although concentrations of up to 24% have 
also been reported (Baccini and Brunner, 1985; Brunner and MSnch, 1986; Cernuschi 
et al., 1987). Concentrations in boiler ash are in the order of 3 to 5% (Schneider, 1986) 
and mean values of 3 to 6% have been recorded for fly ash (Brunner and Zobrist, 1983; 
Baccini and Brunner, 1985; Schneider, 1986; Environment Canada, 1988). 

Figure 8.14 provides the partitioning of iron during incineration based on three different 
sets of data (Schneider, 1986; Brunner and MSnch, 1986; Belevi, 1993), which are 
consistent with the information provided above for individual residue streams. Virtually 
all of the iron in the waste remains in the bottom ash. Only negligible amounts (1 to 
2%) are transferred in the fly ash particles and, if excellent dedusting is achieved, less 
than 0.01% of the total input is emitted through the stack. 
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Figure 8.14 Concentration and Percent Partitioning of Fe 

Chromium 
Chromium is an abundant element in the lithosphere and an essential additive in all 
stainless steel alloys. In addition, layers of chromium are used for corrosion protection 
of iron materials. Chromium is an element of environmental concern, since its 
hexavalent compounds are distinguished by high oxidation potentials as well as by high 
solubility in water. 

The waste fractions with the highest enrichment of chromium include the metal 
fractions, batteries, green glass, construction debris and textiles (especially leather due 
to the tanning process) (WASTE Program, 1993). Significant concentrations have also 
been measured in wood and rubber fractions (Lorber, 1983). The overall concentration 
of chromium in waste is in the order of 40 to 400 mg/tonne (Schneider, 1986; 
Environment Canada, 1988; Reimann, 1989; Angenend, 1990). 

Chromium compounds are not considered thermally mobile during incineration and 
therefore should remain mainly in the bottom ash stream. A survey of the literature 
indicates that the chromium concentrations in the bottom ash are slightly higher than 
with other streams: up to 1% (Baccini and Brunner, 1985; Eighmy et al., 1987; Sawell 
and Constable; 1993). The raw particulate carried over from the furnace, even clean 
gas flue dust, contain substantial concentrations (100 - 1,200 IJg/g) (Schneider, 1986; 
Environment Canada, 1988; Reimann, 1989; Vogg et al., 1991; Sawell and Constable 
1993), however, there is little evidence of significant enrichment in the fine fraction 
(compare Table 8.4). The partitioning of chromium is similar to that of iron (compare 
Figure 8.14). 
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Nickel 
Nickel is a very common element and is used as an alloying component in stainless 
steel and other nickel-based alloys. Fine nickel powder (Raney nickel) is utilised as a 
catalyst in the mineral oil and chemical industry, and large quantities are used in 
rechargeable Ni-Cd batteries. Inhalation of nickel compound dusts or aerosols 
represent a potential cancer risk. 

The highest input of nickel into the waste is in the ferrous and nonferrous metal 
fractions. The partitioning is similar to that of chromium and iron (Table 8.4). The 
overall input concentrations are in the order of 100 g/tonne of waste (Schneider, 1986; 
Environment Canada, 1988; Brunner and Zobrist, 1983; Reimann, 1989; WASTE 
Program, 1993). There is one nickel compound [Ni(CO)4] which is gaseous at ambient 
temperature and which might theoretically be formed under the conditions in the 
combustion chamber. However, at the present time there is no data to support this 
hypothesis, since it is easily hydrolised. 

The experimental results categorise nickel as a lithophilic element. The concentrations 
in all solid residue streams are about 50 to 300 IJg/g (Baccini and Brunner, 1985; 
Schneider, 1986; Environment Canada, 1988; Reimann, 1989; Angenend, 1990). 

Copper 
Copper is considered a half-noble metal and has a strong resistance to oxidation. As 
a result, copper and copper alloys (with tin and zinc) are used for kitchen utensils and 
other tools. About 40% of the copper produced is used in apparatus and instrument 
construction today. Its ability to conduct electricity readily makes it an important 
material in the electronics industry. Furthermore, copper compounds are applied as 
pigments, catalysts, stabilisers and for acetate rayon production. Copper and its 
compounds are potentially toxic to special plants and microbes so they are used in 
herbicides and wood preservatives (e.g. copper arsenate). 

The copper concentration in waste is reported to be about 200 to 1,000 mg/tonne of 
waste (Brunner and Zobrist, 1983; Schneider, 1986; Brunner and MOnch, 1986; 
Reimann, 1989; Tobler, 1988; Angenend, 1990; Belevi, 1993; Dalager, 1993) and is 
generally enriched in the organic, electrical and paper board fractions (Lorber, 1983; 
Waste Program, 1993). 

The behaviour of copper during incineration is similar to that of iron, chromium and 
nickel. The only thermally mobile compound is CuCI 2, which has a boiling point of 
993~ This decomposes into CuCI which has a boiling point of 1,490~ 
Consequently, CuCI2 does not contribute substantially to the transfer of copper into the 
gas phase. 

The mean concentration of copper in the individual residue streams is highly variable, 
especially in the bottom ash, but the mean concentrations are in the order of 1,000 IJg/g 
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(Table 8.4) (Baccini and Brunner, 1985; Schneider, 1986; Reimann, 1989; Brunner and 
M5nch, 1986; Tobler, 1988; Angenend, 1990; Sawell and Constable, 1993; Dalager, 
1993). 

Investigations on the distribution of copper in fly ashes indicate a significant increase 
in concentration in the fine particle fractions, which in turn indicates a certain degree 
of volatilisation of either pure metal, copper chloride compounds or copper-based 
compounds in wood preservative (Vehlow, 1993). CuCI2 is thought to play an important 
role in the de-novo synthesis of PCDD/PCDF in the boiler (Vogg and Stieglitz, 1987; 
Stieglitz and Vogg, 1987; Hagenmaier et al., 1987). 

8.4 VOLATILE ELEMENTS 

Many nonmetallic elements present in the waste are converted by the combustion 
process into compounds which form acids if contacted with water. Those compounds 
may be oxides, as for sulphur (SO2 and to a lesser extent SO3), or nitrogen (mainly 
NO). Other elements such as halogens have a strong tendency to react with hydrogen 
and are preferably converted into hydrides by the combustion process. Theoretically, 
hydrogen compounds may also exist in association with sulphur, selenium, tellurium, 
arsenic or antimony. Although these compounds should be of interest because of their 
toxicity, the limited data in literature indicate that the actual quantity of those 
compounds is probably very low. 

8.4.1 Halogens 

The predominant and most stable oxidation state of the halogens is -1. Due to their 
reactivity, the respective hydrohalogenic acids are not found in nature. Instead, the 
natural form is as an alkali or earth-alkali halogenide. Most halogens are also essential 
elements for all plants and animals. During MSW incineration, the prevailing products 
are the acid hydrogen halides, which are treated in the APC systems. 

The stability of hydrogen halides against thermic dissociation according to: 

where X = halogen 
2 HX = H2 + X2 (8.19) 

decreases with increasing atomic number. Hydrogen fluoride cannot be decomposed. 
The degree of thermal dissociation of the other hydrogen halides is given in Table 8.5. 
The data demonstrate clearly that virtually all HCI is present as a molecule in the flue 
gas, whereas HBr and HI are to a substantial degree dissociated at elevated 
temperatures and may be involved in other reactions, especially bromination or iodation 
of organic compounds. 
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Table 8.5 
Thermal Dissociation of Hydrogen Halides (%) 

Temperature ~ . HCI ...... HBr . HI 

300 0.3 x 10 .6 0.003 19 

1,000 0.014 0.5 33 

The halogens enter the incinerator in various chemical forms. In inorganic materials 
they are present as hydrohalogenic salts. The alkali and earth-alkali salts, especially 
those of fluorine and chlorine, are very stable and possess high boiling points 
>1,400~ This limits their volatilisation from the grate, however, if H20 is present, 
hydrolysis may take place at much lower temperatures forming hydrogen halides. In 
most organic materials, such as plastics or textiles, the halogens are present in the 
form of covalent bonds. This permits formation of hydrohalogenic acid gases in the 
combustion chamber. 

Chlorine 
Chlorine is classified as a major element. Its concentration in the lithosphere is similar 
to that of carbon or chromium. Chloride ions are ubiquitous and essential to life on 
earth. Sea water contains about 2% chloride ions. The human body contains about 
0.12 % chlorine, most of it in the form of chloride. 

Organic bound chlorine is converted at comparably low temperatures into HCl. Even 
from plastics, such as PVC, HCI is evolved at temperatures above 230~ Some 
inorganic chlorides tend to undergo hydrolytic decomposition at temperatures above 
500~ In residues, organic compounds containing chlorine are present, namely, 
polychlorinated dibenzo-p-dioxins, dibenzofurans, benzenes, phenols and biphenyls. 
More detailed information on these compounds is included later in this chapter. 

Based on six data sets, the partitioning of CI in MSW incinerator residues is illustrated 
in Figure 8.15 (Brunner and M(Jnch, 1986; Schneider, 1986; Reimann, 1989; 
Angenend, 1990; Belevi, 1993; Dalager, 1993). Parts of the data given there, for 
example the concentrations in the gas phase, are consistent with other publications, 
not being referenced with respect to their almost unlimited number. On the basis of 
these data sets the partitioning of CI in a municipal solid waste incinerator is compiled 
in Figure 8.15. The chlorine concentration in the input is estimated to be 6.9 to 7.7 
kg/tonne. Plastics, especially PVC, may contribute up to 50% to this value (Toetsch 
and Gaensslen, 1990). 
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Figure 8.15 Concentrations and Percent Partitioning of CI 

Chloride concentrations in bottom ash range from about 2,000 to 3,500 pg/g. 
Approximately 8 to 13% of the chloride partitions to the bottom ash stream and the 
remaining fraction is entrained in the flue gas leaving the combustion chamber (Figure 
8.15). Depending on the length of time the ash is exposed to the flue gas stream, 
chloride concentrations in boiler ash can reach upwards of about 20,000 IJg/g [median 
concentration for mass burn facility (Environment Canada, 1988)], representing only 
0.3% of the total chlorine mass flux. Raw particulate from the flue gas stream has been 
found to contain up to 11% chloride (based on particulate loading of 1 to 2 g/m 3) (Horch 
et al., 1990; Vogg et al., 1991). 

Typical HCI concentrations in the raw flue gas stream are in the order of 1,000 mg/Rm 3. 
New regulations in some countries set HCI emission limits down to 10 mg/Rm 3. This 
stringent target can be achieved with modern APC systems, resulting in <1% of the 
chlorine input being emitted through th~ stack to the atmosphere. The balance of the 
HCI is trapped in the APC system. In wet scrubbing systems, about 50% of the chloride 
which was fed to the incinerator is discharged with the wastewater effluent (Dalager, 
1993). 

Fluorine 
Due to its extremely high electronegativity, fluorine is a very reactive element. The only 
stable oxidation state is -1. Hydrofluoric acid is very aggressive and can dissolve SiO2 
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and other stable silicates. Fluorides are used to a limited extent in some industrial 
processes, however, the importance of the element has increased since 1955, when 
the production of fluorine containing organic compounds and plastics began. Large 
quantities of chlorofluorocarbons (CFCs) were used (and subsequently banned) as 
propellants for sprays, as refrigerants and as thermal insulating gases in polyurethane 
and polystyrene foams. Now, new plastics containing fluorine are being produced, 
such as PTFE, and higher concentrations should be expected in the waste. Organic 
fluorine compounds start to disintegrate at temperatures above 250~ forming HF. 
Only very high concentrations of fluoride prove harmful to humans. 

The only two data sets available on fluorine concentration in MSW were used to 
generate the mass balance given in Figure 8.16 (Brunner and MOnch, 1986; Reimann, 
1989). Both studies found similar input concentrations of 140+60 g/tonne and 103 
g/tonne. The bulk of fluorine is typically bound to alkali metals. Only a minor fraction 
is currently contributed by organic compounds, such as PTFE. 

Figure 8.16 Concentrations and Percent Partitioning of F 

Bottom ash concentrations were measured at about 200 pg/g. Although Reimann 
(1989) describes a washing process for bottom ashes using a quench tank, only about 
1% of the fluorine inventory was separated. This indicates that fluorine in bottom ash 
is tightly bound to earth-alkali elements which have very low solubilities in water. 



300 

The fluorine content in gas path residue streams varied substantially. Reimann (1989) 
measured concentrations of 45 -62 IJg/g in boiler ash and about 100 IJg/g in fly ash. 
Brunner and M5nch (1986) measured concentrations up to 2,000 IJg/g in fly ash. There 
is no discemable reason based on facility type, operation or sampling methods which 
could account for the discrepancy. It is speculated that one major source of error could 
have been the digestion and analysis of special fluorides, especially those of calcium 
or iron, however, this cannot be confirmed. 

The HF concentrations measured in the gas phase are consistent with each other, 
ranging from 3 to 5 mg/Rm 3. This is also consistent with other findings in the range of 
1 to 10 mg/Rm 3 (Jochem, 1989; Ruytenbeek and Braams, 1989; Vehlow et al., 1992). 
Regulations in several countries limit HF emissions to 1 mg/Rm 3 which can be met by 
modern air pollution control equipment (Reeck et al., 1991; Environment Canada, 
1986), even if the HF concentration in the raw gas is substantially increased (Vehlow 
et al., 1992). Typically less than 1% of the total fluorine input is emitted to the 
atmosphere. 

Bromine and Iodine 
Bromine and iodine are much less abundant than chlorine, although bromine typically 
is found associated with chlorine. The general properties of both elements are similar 
to those of chlorine. In sea water, the concentration of bromine is 200 times lower than 
the concentration of chlorine. The concentration of iodine is 2000 times lower. 
Bromine compounds are often used in plastics as flame retardants. Although chlorine 
and bromine are mainly present as halogenides, iodine is more frequently found in 
covalent bonds in organic compounds. Little is known about the behaviour of both 
elements during incineration, however, it is speculated that the main combustion 
products are hydrogen halides. 

Schneider (1986) reports a bromine concentration of 6.5 g/tonne in MSW. The 
concentration of bromine in bottom ash is, as expected, very low (< 10 IJg/g). The major 
portion is captured in the APC residues, where concentrations of about 250 pglg were 
measured. On a comparative basis, the partitioning of bromine will be similar to 
chlorine. Unfortunately, no data were available for iodine in MSW or ashes. 

Since HBr and HI will be present at very low concentrations in the flue gas and the 
partitioning is similar to HCI, no problems are foreseen with respect to their emission 
to the atmosphere. No emission limits exist for these compounds. 

Sulphur 
About 80% of global sulphur production is used to produce sulphuric acid in the 
chemical and fertiliser industry. Elementary sulphur is also used in the tyre industry for 
vulcanisation of rubber. Sulphur can form a series of different organic and inorganic 
compounds. The most stable inorganic compounds are sulphates. The gaseous oxide 
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SO2 is by far the most prevalent combustion product of elementary sulphur, sulphides 
or organic sulphur compounds present in MSW. The formation of SO2 in the 
combustion chamber depends on the temperature in the fuel bed. Elementary, organic, 
and sulphidic bound sulphur is converted into SO2 at temperatures of about 300~ 
whereas sulphates of trivalent metals like iron and aluminum start to disintegrate at 
temperatures of more than 550~ (see 8.2.3). Sulphates of alkali or earth-alkali metals 
are stable at temperatures up to about 1,000~ Hence, the formation of SO2 from 
sulphates increases with increasing temperature, and the concentration of sulphates 
in bottom ash decreases. 

A rough estimate of sulphur partitioning during incineration compiled from several 
sources is depicted in Figure 8.17 (Baccini and Brunner, 1985; Hjelmar, 1987; Eighmy 
et al., 1987; Brunner and M(~nch, 1986; Lorber, 1983; Roffman, 1991; Environment 
Canada, 1988; Jochem, 1989; Ruytenbeek and Braams, 1989; Belevi, 1993; Dalager, 
1993). About 30% of the 1 to 3 kg/tonne of sulphur in MSW originates from the organic 
fraction and the remaining 70% is found in paper, paperboard, plastics and fines. 

Figure 8.17 Concentrations and Percent Partitioning of S 

(Concentrations in the gas phase given for SO2, the solid residue for SO42) 
* = raw gas concentration 
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Sulphur will be present in all ash streams in the oxidation state +6, which means 
sulphates of mainly alkali and earth-alkali metals. Sulphate concentrations in bottom 
ash have been recorded ranging from 1,000 to 20,000 pg/g. Based on these results, 
about 35% of the sulphur input remains in the bottom ash. Sulphur concentrations in 
boiler ash do not differ significantly from those in the fly ashes, although the length of 
time the ash is exposed to the flue gas will significantly influence the concentration (see 
Chapter 10). SO42- concentrations ranging from 12,000 to 120,000 IJg/g have been 
recorded in fly ashes. These data indicate that about 2% of the sulphur input partitions 
to the boiler ashes and about 25% partitions to the fly ash. 

Less than 40% of the sulphur input is released as sulphur dioxide into the flue gas. 
The corresponding SO2 concentration in the raw gas is about 200 to 500 mg/Rm 3. Most 
modern APC systems guarantee SO2 emissions of <20 mg/Rm 3 (Reeck et al., 1991; 
Environment Canada, 1986), thus emitting less than 5% of the total sulphur input. 

Nitrogen 
The oxidation product of nitrogen is NO, which is relatively chemically stable. During 
pyrolysis, amines, ammonia and other compounds can also be released, which are 
subject to further reactions in the hot zones of the combustion chamber. In dry MSW, 
the nitrogen content is about 1%. Complete oxidation of all the nitrogen in the waste 
fuel to NO would result in concentrations of about 1,500 mg/Rm 3 in the flue gas. 
However, the normal NO load is only in the order of 200 to 300 mg/Rm 3. It is 
speculated that the NO formed is produced only by the nitrogen compounds present 
in the waste. This is supported by data generated under different oxygen 
concentrations in the flue gas and at different combustion temperatures (Horch, 1987). 
NO emissions are limited in several countries to 50 to 200 mg/Rm 3. These limits cannot 
be achieved without additional post-combustion abatement (see Chapter 4). Since NO 
is virtually insoluble in water, wet gas cleaning systems have very limited effects on the 
NOx levels in the flue gas. The addition of the Fe 2§ complex with the organic compound 
EDTA enhances the solubility, and if sulphites are present, NO can be reduced to N 2 
(Schuster, 1984). However, this process is no longer used since it is detrimental to 
achieving adequate control of mercury emissions. 

Studies indicate that amines and ammonia are able to react with NO to produce 
elementary nitrogen (de Soete, 1975). This process can be adapted for selective 
non-catalytic NOx reduction (SNCR) in MSW incinerators by means of ammonia 
injection (Hurst, 1983). There are some technical challenges in all SNCR processes: 

�9 to inject the agent at the proper temperature 

�9 to achieve a uniform distribution across the gas stream 

to guarantee a sufficient residence time in the appropriate temperature 
regime. 
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On the other hand, ammonia injection has the advantage of being performed at the 
front end of the flue gas system, and does not require special reactors or reheating of 
the gas. Although ammonia slip is a real problem, it can be minimised by the 
application of special organic nitrogen compounds (Dransfeld et al., 1992). 

Most applied or proposed abatement processes are selective catalytic reduction 
processes (SCR) using metal oxide catalysts often based on TiO2. Much of the drive 
for improvement of this technology has been in areas with chronic urban smog 
problems, especially Japan (Ando, 1985). Oxidative processes producing nitrates have 
been tested but are of little use since nitrates are water soluble and therefore are 
substances which are subject to landfill disposal regulations. Moreover, their 
contamination with heavy metals and other compounds precludes their use as 
fertilisers. 

The occurrence of oxidised nitrogen compounds in bottom and fly ashes is unlikely and 
has not been reported. The ammonia slip in SNCR and SCR processes may cause 
problems in APC residues, and more research needs to be conducted on the extent of 
the influence de-NOx systems have on ash quality. 

8.4.2 Volatile Metals 

The main property of this group of metals is their volatility during incineration. The 
metals included in this group are not only those compounds of which vaporise readily, 
such as mercury, but also those semi-volatiles which cause a significant enrichment in 
fly ash even though a substantial portion may remain in the bottom ash stream. 
Reported concentrations of volatile metals in the waste stream and the residue streams 
are compiled in Table 8.6. 

Table 8.6 
Mean Concentrations of Volatile Metals in Waste and Ash 

Element Waste Bottom Ash Boiler Ash Fly Ash Emissions 
g/Mg IJg/g Pg/g Pg/g Pg/Rm3 

Sb 10 - 60 10 - 80 20 - 60 40 - 120 <5 

As 3 - 9 1 - 80 20 - 60 40 - 120 <50 

Cd 5 - 15 <0.5 - 10 50 - 150 50 - 1,000 < 10 

Pb 400- 1,000 350- 5,000 2,000- 8,000 2,500- 12,000 <50 

Hg 0.5- 5 <1 <5 1 - 30 <50 

Se 0.8 0.4- 1 4 10- 20 <2 

Sn 120 250 500 1700 - 

TI 0.2 <0.5 <0.5 <0.5 <1 

Zn 600 - 2000 800 - 6,000 5,000 - 10,000 5,000 - 80,000 <5 
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Mercury 
Mercury is a rare noble metal, and most of its compounds are distinguished by their 
relatively high vapour pressures. Mercury is used in thermometers, barometers, 
diffusion pumps, batteries, fluorescent light tubes, electric switches and relays, and as 
cathodes in chlorine-alkali electrolysis. Other applications include dental alloys, dyes 
and herbicides. Mercury is considered to be potentially highly toxic and the use of Hg 
is quickly becoming restricted in most countries. 

Mercury is by far the most thermally mobile trace metal and mercury compounds can 
remain in the gas phase at temperatures <180~ This poses a unique problem with 
respect to MSW incineration, even though the concentration in the waste is very low 
(only 0.5 to 5 g/tonne) (Bergstr6m and Sundquist, 1984; Environment Canada, 1985 & 
1988; Schneider, 1986; Brunner and Ernst, 1986; Reimann, 1989; WASTE Program, 
1993). The mechanisms of release and removal for mercury have been studied in great 
detail (e.g. Lindquist et al., 1986; Nagase et al., 1986; Braun et al., 1986 & 1988; 
Metzger and Braun, 1987; Teller and Quimby, 1991; Guest and Knizek, 1992; Reimann, 
1989; Richman et al., 1993). 

The mercury input depicted in Figure 8.18 is compiled from four of the data sets 
(Reimann, 1989; Brunner and MOnch, 1986; Angenend, 1990; Dalager, 1993). The 
mass balance indicates that almost no mercury remains in the bottom ash, since the 
reported mercury concentrations are normally <1 pg/g (Baccini and Brunner, 1985; 
Hjelmar, 1987; Eighmy et al., 1987; Schneider, 1987; Environment Canada, 1988; 
Ruytenbeek and Braams, 1989; Reimann, 1989; Angenend, 1990; Roffman, 1991; 
Sawell and Constable, 1993). In the combustion chamber, virtually all the mercury and 
its compounds are transformed into HgCI2, which has a boiling point of only 304~ 
Boiler ashes contain less than 5 pg/g of Hg and the concentrations in fly ash is also 
very low (1 - 30 pg/g). Therefore, the partitioning of mercury in the incinerator is about 
2% in bottom ash and about 13% in fly ash. 

Concentrations of mercury in the raw gas have been measured at several hundred 
pg/Rm 3 (Environment Canada, 1986 and 1988; Braun et al., 1986; Reimann, 1989; 
Bma, 1991). It is estimated that about 70 to 80% of the mercury inventory in MSW is 
present in vapour form at the entrance to the APC system, and as outlined in Chapter 
4, there are several methods of mercury removal. Since mercury has a very strong 
preference to adsorb to particulate carbon, most modern incinerators (with 
characteristically low carbon particulate content in the flue gas stream) must rely on 
special mercury removal methods. 

In dry or semi-dry systems the temperatures are kept below 150~ and the injection of 
activated carbon or sodium sulphide is recommended to guarantee sufficient removal. 
In the case of wet scrubbing systems, the acidity of the first scrubber has to be kept 
well below a pH of 1 to ensure adequate absorption of mercury as complex (HgCI4) 2- 
ions. Reducing compounds in the scrubbing solution may cause a partial reduction of 
the Hg 2. to Hg 1., which is absorbed in the acid environment, but also undergoes 
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spontaneous dissociation into Hg 2§ and Hg ~ (Braun et al., 1986 & 1988). Metallic 
mercury can only be removed from the flue gas by means of activated carbon. 

Figure 8.18 Concentrations and Percent Partitioning of Hg 

Additional problems arise in wet scrubbing systems when effluents have to be cleaned 
in wastewater treatment plants. The mercury concentrations in the order of 5 to 10 mg/I 
must be reduced to about 0.05 to 0.02 mg/L. Although this process is well established, 
it needs careful monitoring. 

Irrespective of the APC system, mercury emissions from modern MSW incinerators can 
be kept below 0.05 iJg/Rm 3, which means that <10% of the mercury input is emitted to 
the atmosphere (Reeck et al., 1991; Brna, 1991; Braun and Gerig, 1990). 

Cadmium 
Environmental concerns over cadmium arise over its thermal mobility, potential 
solubility and toxicity in aquatic systems. It is classified as a rare element, and its 
chemical properties are very similar to those of zinc. In fact, cadmium is always present 
as a trace contaminant in zinc applications. Because of its corrosion resistance, 
cadmium is used in the metallic state as a corrosion protection layer on screws and 
other ferrous materials. A substantial amount of cadmium is also used in the 
manufacturing of rechargeable Ni-Cd batteries, as pigments in dyes and plastics, and 
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as chloride scavengers in certain plastics. In some countries, applications of cadmium 
compounds are restricted, suggesting that concentrations in MSW will decrease in the 
near future. 

According to thermodynamic calculations, cadmium and cadmium oxide are 
preferentially converted into CdCI 2 during combustion (Borchers, 1989). Furthermore, 
Figure 8.6 indicates that not only the metal itself, but cadmium chloride and to a limited 
extent cadmium oxide can be vaporised during incineration. Consequently, the bulk of 
cadmium entering the incinerator will be entrained in the flue gas stream. Since the 
boiling point of CdCI 2 is about 975~ and the flue gas contains high levels of HCI, 
virtually all of the cadmium found in the flue gas downstream of the boiler will be found 
in the particulate matter as CdCI2. 

The partitioning of cadmium is given in Figure 8.19. It is based mainly on five different 
sets of data (Brunner and MSnch, 1986; Schneider, 1986; Reimann, 1989; Dalager, 
1993; Belevi, 1993). 

Figure 8.19 Concentrations and Percent Partitioning of Cd 

The concentration of cadmium in MSW ranges from 5 to 15 g/tonne in earlier studies 
(Schneider, 1986; Brunner and Zobrist, 1983; Dobberstein, 1983; Brunner and Ernst, 
1986; BergstrSm and Lindquist, 1984; Reimann, 1989; Angenend, 1990; Belevi, 1993; 
Dalager, 1993), whereas two recent studies indicate that the quantities may have 
increased slightly (up to 13.6 g/tonne). Data indicate that although Ni-Cd batteries are 
a major source of the cadmium in the waste stream, plastic and organic fractions also 
contribute substantial proportions (20 to 50%) (Lorber, 1983; WASTE Program, 1993). 
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Cadmium concentrations in the bottom ash are normally well below 10 pg/g (Baccini 
and Brunner, 1985; Brunner and MOnch, 1986; Ruytenbeek and Braams, 1989; 
Reimann, 1990; Sawell and Constable, 1993; Belevi, 1993; WASTE Program, 1993), 
which represents less than 15% of the total input. Concentrations in any of the fly ash 
streams can range widely from 50 to almost 1,000 pg/g (Baccini and Brunner, 1985; 
Brunner and MOnch, 1986; Schneider, 1986; Hjelmar, 1987; Eighmy et al., 1987; 
Reimann, 1989; Horch et al., 1990; Angenend, 1990; Sawell and Constable, 1993; 
WASTE Program, 1993), depending on the length of time the ash remains exposed to 
the flue gas. The bulk of the cadmium fed into the incinerator partitions to the fly ash 
streams (about 80%). 

The quality of the dust removal system dictates the emissions of cadmium to the 
atmosphere. As mentioned above, volatile species are enriched in the finer size 
fractions of the APC residue. For example, concentrations of cadmium in clean gas dust 
range from 100 to 4,000 IJg/g (Brunner and Zobrist, 1983; Schneider, 1986; Brna, 1991; 
Vogg et al., 1991). Although these fine particles are difficult to capture, modern APC 
equipment can easily meet the most stringent emission limits for cadmium (e.g. values 
<10 iJg/Rm 3 have been reported by Reeck et al., 1991; Brna, 1991; Vogg et al., 1991 ). 
Based on these emission limits, less than 1% of the cadmium inventory in MSW is 
emitted into the atmosphere. 

Zinc 
In nature, zinc is often found in ores together with lead and cadmium. The greatest 
quantity of zinc produced is used to galvanise steel. Zinc is also an essential alloying 
element in brass and other alloys. Zinc oxide and other zinc compounds are used 
widely, for example in paper production, filler materials and pigments and catalysts in 
plastics. Zinc is generally not considered a toxicological concern. 

Zinc is not as volatile as mercury or cadmium. Figure 8.20 illustrates the partitioning 
of zinc during incineration. Although zinc is fairly ubiquitous in waste components, 
nonferrous, organic, plastic, fines, wood and paper materials contribute substantial 
proportions to the remarkably high concentration of zinc in MSW (Lorber, 1983; Beek 
et al., 1989; WASTE Program, 1993). Concentrations in the overall waste stream 
range between 600 and 2,000 g/tonne (Brunner and Zobrist, 1983; BergstrOm and 
Lindquist, 1984; Schneider, 1986; Brunner and M0nch, 1986; Horch, 1987; 
Environment Canada, 1988; Reimann, 1989; Angenend, 1990; Beveli, 1993; Dalager, 
1993; WASTE Program, 1993). 

In the combustion chamber, zinc can either be transformed into an oxide or a chloride 
(Borchers, 1989). Due to the oxidative nature of the burn, the first reaction will be an 
almost complete oxidation. The second step, chlorination, is a relatively slow process. 
Since a substantial amount of the zinc is already present in the waste in the oxide form, 
the conversion into ZnCI 2 will be limited. Nevertheless, zinc shows the typical 
properties of a thermally mobile metal with enrichment on finer fly ash particles. 
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Figure 8.20 Concentration and Percent Partitioning of Zn 

Although the ZnCI2 and eventually traces of metallic zinc are volatilised in the 
combustion chamber (see Figure 8.6), the bulk of the zinc remains in the bottom ash. 
Concentrations range from about 800 to 6,000 IJg/g (Brunner and MOnch, 1986; 
Schneider 1986; Hjelmar, 1987; Eighmy et al., 1987; Reimann, 1989; Angenend, 1990; 
Sawell and Constable, 1993; Beveli, 1993; WASTE Program, 1993). Estimates on the 
basis of these values result in approximately 65% of the zinc inventory staying in the 
bottom ash. 

The volatilised zinc species begin to condense onto the surfaces of fly ash particles in 
the boiler. Zinc concentrations in fly ash streams range between 5,000 and almost 
60,000 IJg/g, depending on the length of time the ash remains exposed to the flue gas 
(Brunner and MOnch, 1986; Schneider, 1986; Reimann, 1989; Angenend, 1990; Sawell 
and Constable, 1993; WASTE Program, 1993). As is expected for a thermally mobile 
metal, zinc enrichment increases with decreasing particle size. It is estimated that 
about 30% of the zinc is partitioned into the fly ash streams. The emissions of zinc can 
be kept very low (down to less than 5 tJg/Rm 3) if an efficiently operating filter is installed 
(Vogg et al., 1991). 

Lead 
Lead is a relatively rare element, but it is enriched in nature in some large deposits, and 
because it can easily be reduced to the metallic form, it has been in use for centuries. 
Today, the main use of lead is in lead acid batteries (approximately 45% by weight), 
however, recent studies indicate that most of these are recycled. Lead is also used as 
a pigment and a stabilising agent in plastics. Dust and soil in MSW are typically 
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contaminated with lead from its use as an anti-knocking agent in gasoline [Pb(C2Hs)j, 
although the quantities of leaded gas being sold globally are decreasing annually. 
Furthermore, the use of lead in paints has been phased out. All mobile species of lead 
are potentially toxic. 

As indicated in Figure 8.3, the most preferential reaction for lead during the incineration 
process is to produce PbCI2 (Borchers, 1989), then vaporise. Although the metallic 
form itself is potentially volatile, it is speculated that the metal melts and drips through 
the grates before reaching the vaporisation temperature (WASTE Program, 1993)o 
Lead is an amphoteric metal, which is soluble in acidic or highly alkaline media. These 
phenomena must be considered when developing disposal strategies for MSW 
incinerator ash. 

Partitioning of lead during incineration is given in Figure 8.21. Older studies have 
reported data which vary between 400 and 1,000 g/tonne in MSW (Dobberstein, 1983; 
Brunner and M6nch, 1986; Schneider, 1986; Reimann, 1989), however, more recent 
studies indicate that lead in MSW is decreasing (see Chapter 2 and Angenend, 1990; 
Beveli, 1993; Dalager, 1993). In spite of the thermal mobility of the lead and lead 
chloride, relatively high concentrations of lead ranging up to 5,000 IJg/g were measured 
in bottom ash (Schneider, 1986; Hjelmar, 1987; Eighmy et al., 1987; Brunner and 
M6nch, 1986; Reimann, 1989), although more recent studies have indicated that these 
levels are decreasing (see Chapter 9). Nevertheless, bottom ash combined with grate 
siftings still contains the bulk of the lead (about 70%) which enters the facility and 
indicates that the chlorination reaction is kinetically hampered. 

Figure 8.21 Concentrations and Percent Partitioning of Pb 
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About 30% of the lead input is vaporised from the grate, but all lead compounds formed 
in the combustion process condense onto dust particles in the temperature ranges 
downstream of the boiler. Boiler ashes can contain lead concentrations between 2,000 
and 8,000 pg/g depending on the residence time in the boiler, or about 1% of the lead 
inventory (see Chapter 10). 

Lead concentrations between 2,500 and 12,000 IJg/g have been recorded in fly ashes 
(Baccini and Brunner, 1985; Horch, 1990; Reimann, 1989; Sawell and Constable, 1993; 
WASTE Program, 1993), representing about 30% of the total input. Clean gas dust can 
be highly enriched in lead (up to 10%) but modem APC systems are capable of limiting 
emissions to <50 iJg/Rm 3 (Brna, 1991 ). 

Arsenic 
Arsenic is classified as a semi-metal and is most stable in the +3 oxidation state. Its 
industrial use has been reduced to some special applications, such as an alloying 
additive and as a component of special semiconductors. In many countries the 
application of arsenic compounds in herbicides or drugs is prohibited, however, copper 
arsenate is still used as an antifungal treatment for wood. Due to the poisonous nature 
of all of its compounds, arsenic is an element of concern in MSW incinerator ash. 
Many compounds (e.g. chlorides and oxides) are distinguished by a high thermal 
mobility, but should not be affected in the fuel bed if present in the anionic state. 

The behaviour of arsenic during incineration is not as well documented as other metals. 
Three data sets have been used as the basis for the partitioning diagram in Figure 8.22 
(Schneider, 1986; Angenend, 1990; Sawell and Constable, 1993). Since arsenic 
always creates analytical problems in the low concentration range, the given values 
should be regarded as first estimates. 

The waste concentration is reported to be between 3 and 9 g/tonne. This is surprisingly 
low given that the background concentration in natural soils is 2 g/tonne (Taggart, 
1948). Concentrations in the bottom ash vary between 8 IJg/g and 32 IJg/g which is 
consistent with the variability reported for some Danish and U.S. ashes (1.3 to 80 IJg/g) 
(Hjelmar, 1987; Roffman, 1991). It is estimated that about 60% of the arsenic input 
remains in the bottom ash. Concentrations of arsenic in boiler ash and fly ash 
(including APC residues) are slightly enriched compared to bottom ash, varying from 
20 to 60 IJg/g and from 40 to 120 IJg/g respectively. The overwhelming majority of the 
arsenic vaporised in the furnace condenses onto the finer fly ash particles which are 
trapped out by the APC control system. 

These data indicate that there are no gaseous arsenic compounds to be found in the 
temperature range below 200~ Based on a study of a modern incinerator, the 
cumulative emission of arsenic, cobalt, nickel, selenium and tellurium was about 60 
pg/Rm 3 with total dust emissions of 12.8 mg/Rm 3 (Reeck et al., 1991), indicating that 
air emissions of arsenic do not pose a health risk. 
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Figure 8.22 Concentrations and Percent Partitioning of As 

Antimony 
Arsenic and antimony are closely related elements with respect to their chemical 
properties. Antimony is considered a semi-metal, however, it is also stable in its 
metallic form. In nature antimony is often found together with arsenic in copper, lead 
or silver ores. Antimony is used in special alloys and some of its compounds are used 
for pharmaceutical purposes. The toxicity of antimony is not as clearly defined as 
arsenic, but its compounds appear to be less harmful. 

The formation enthalpies of antimony compounds are shown in Figure 8.3, and indicate 
that antimony is converted in the combustion chamber to Sb203 and SbCI 3 (Borchers, 
1989). Although SbCI3 has a relatively low boiling point and is the only compound 
which could potentially be vaporised, it is also sensitive to hydrolysis and can ultimately 
be oxidised (Sb203). 

In nature, antimony is much less abundant than arsenic, by a factor of 10 to 20 
(Taggart, 1948). In waste, however, the opposite is true. Concentrations of antimony 
in MSW are reported to be between 10 and 60 g/tonne (Schneider, 1986; Environment 
Canada, 1988). The partitioning of antimony is depicted in Figure 8.23, and indicates 
an almost equal distribution of antimony between the bottom ash and fly ash streams. 
Hence, kinetic factors may promote chlorination of antimony and hamper its oxidation 
and/or hydrolysis. 
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Figure 8.23 Concentrations and Percent Partitioning of Sb 

Other Volatile Elements 
There are other elements which are known to show significant enrichment in the fine 
particle fraction and hence are classified as volatile elements. Among these elements, 
tin, thallium, selenium and tellurium are present in quantifiable concentrations in MSW 
incinerator ash. Unfortunately, there is a dearth of data on their behaviour during 
incineration, which needs to be addressed in future research initiatives. 

8.5 CARBON AND SELECTED CARBON COMPOUNDS 
8.5.1 Total Carbon 

Carbon is one of the key elements in MSW incineration. It not only contributes to the 
heating value of the waste, but it is also highly reactive and responsible for the 
generation of many by-products of combustion. 

An ultimate analysis of waste (see Figure 8.2) indicates that approximately 250 
kg/tonne of waste is carbon (CCME, 1989). At the beginning of this chapter, a 
description of the oxidation reaction and resulting products of carbon (CO2 and to a 
limited extent CO) was given. This section builds on those reactions and addresses 
the issue of products of incomplete combustion. 

The concentrations of particulate carbon in bottom ash are in the order of 0.5 to 5%, 
depending on the combustion efficiency of the incinerator (Faulstich, 1991; Horch and 
Schneider, 1991; Vehlow et al., 1992). Fly ash concentrations also range from 0.5 to 
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5% (Vogg, 1984; Vogg et al., 1987; Faulstich, 1991; Horch and Schneider, 1991). 
These data indicate that at least 95% of the carbon compounds entering an incinerator 
should be thermally destroyed. Moreover, in modern incinerators, improved 
combustion conditions should result in even greater destruction efficiency. 

In modern incinerators with dust emissions of <10 mg/Rm 3, CO and organic compounds 
are the major forms of emitted carbon. If an emission standard of 10 mg/Rm 3 for the 
organic carbon and 50 mg/Rm 3 for CO is taken as a basis, about 300 g/tonne or 0.12% 
of the total input of carbon would be emitted via the stack in these forms. However, the 
application of the latest combustion technology guarantees a combined total emission 
of CO and organic carbon of <10 mg/Rm 3, representing less than 0.02% of the total 
carbon input (Reeck et al., 1991). 

On the basis of these data, a carbon balance for products of incomplete combustion 
(i.e. not counting CO2) has been calculated and is depicted in Figure 8.24. The 
information provided in the Figures given in this section for organic compounds is 
based on a recently published overview paper (Vehlow and Vogg, 1991). 

Figure 8.24 Concentrations and Balance of C 
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8.5.2 Polychlorinated Dibenzo-p-Dioxins and Furans 

Unfortunately, not all carbon compounds present in incinerator ash or stack emissions 
are in the form of CO, particulate carbon or short chain hydrocarbons like methane. In 
1977, the presence of polychlorinated dibenzo-p-dioxins and dibenzofurans was 
detected in fly ash from an MSW incinerator (Olie et al., 1977). This finding contributed 
considerably to the passionate discussions about the acceptability of MSW 
incinerators, a discussion which is still steeped in controversy. 

This group of compounds is symbolised by the catchword "dioxins" and consists of 75 
isomers of polychlorinated dibenzo-p-dioxins and 135 isomers of polychlorinated 
dibenzofurans. All of the isomers which contain chlorine atoms in positions 2, 3, 7 and 
8 are considered toxic, with the tetra isomer ranking the most toxic. Although 
PCDD/PCDF compounds are susceptible to photodegradation, they are persistent 
under normal environmental conditions and tend to bio-accumulate in fatty tissues of 
animals (Poiger and Schlatter, 1986). 

To compare PCDD/PCDF data on the basis of their toxicity, toxic equivalency factor 
(TEF) units are calculated based on weighting of the potential toxicity of each specific 
isomer in relation to 2,3,7,8 - tetrachloro-dibenzo-p-dioxin. Although the basic 
weighting is the same, there are several differences in the schemes between the 
several methods, including the Eadon, U.S. EPA, California, Canadian, German and 
Nordic methods. To avoid any confusion, an international scheme was presented by 
an expert group (NATO 1988) and tends to replace all other proposals. Table 8.7 
summarises the international toxic equivalent factors (I/TEF) together with some other 
TEF schemes. The "tolerable daily intake" for humans is 1 to 10 pg (TE)/kilogram of 
body weight/day (WHO, 1987). 

In all residues from waste incineration the isomer distribution of PCDD/PCDF is more 
or less the same. The toxic equivalents are dominated by PCDF, especially the 
2,3,4,7,8 -pentachloro-dibenzofuran, due its high equivalency factor. About 70% of the 
TE concentration is normally contributed by PCDFs, whereas only 30% is actually 
derived from PCDDs. Based on these considerations, the information provided here 
will focus on the major trends. In many cases, especially for data from old MSW 
incinerators where isomer specific concentrations of PCDD and PCDF are not 
available, the TE is estimated using the following approximation based on Vogg et al., 
(1989): 

E = 0.01 x ~PCDD + 0.02 x ~PCDF for ~PCDD/PCDF > 1.5 
E = 0.005 x ~PCDD + 0.02 x ~PCDF for ~PCDD/PCDF < 1.5 

(8.20 
(8.21 
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Table 8.7 
Summary of Various Toxic Equivalent Factors 

Isomer I/TEF Eadon EPA BGA Nordic 

2,3,7,8 - TetraCDD 1 1 

1,2,3,7,8 - PentaCDD 0.5 1 

1,2,3,4,7,8 - HexaCDD 0.1 

1,2,3,6,7,8 - HexaCDD 0. t 

1,2,3,7,8,9 - HexaCDD 0.1 

1,2,3,4,6,7,8 - HeptaCDD 0 

Octa CDD 0 

2,3,7,8 - TetraCDF 0.1 

1,2,3,7,8 - PentaCDF 

1,2,3,4,7,8 - PentaCDF 0.5 

1,2,3,4, 7,8 - HexaCDF 0.1 

1,2,3,6,7,8 - HexaCDF 0.1 

1,2,3,7,8,9 - HexaCDF 0.1 

2,3,4,6,7,8 - HexaCDF 0.1 

1,2,3,4,6,7,8 - HeptaCDF 0 

1,2,3,4,7,8,9 - HeptaCDF 0 

OctaCDF 0 

Other PCDD/PCDF 0 0 

1 1 1 

0.2 0.1 0.5 

0.03 0.04 0.1 0.1 

0.03 0.04 0.1 0.1 

0.03 0.04 0.1 0.1 

0.01 0 0.01 0.01 

0.001 0 0.001 0.001 

0.33 0.1 0.1 0.1 

0.05 0.33 0.1 0.1 0.01 

0.33 0.1 0.1 0.5 

0.01 0.01 0.1 0.1 

0.01 0.01 0.1 0.1 

0.01 0.01 0.1 0.1 

0.01 0.01 0.1 0.1 

0.01 0.001 0.01 0.01 

0.01 0.001 0.01 0.01 

0.001 0 0.001 0.001 

0-0.01 0.001-0.01 0 

Adapted from: NATO, 1988; Barnes et al., 1986; BGA, 1985; and Ahlborg, 1989 

Although PCDDs and PCDFs are ubiquitous (formed during burning of any material), 
in the environment their concentrations are very low. Industrial and thermal processes 
have increased the potential for PCDD/PCDF contamination of air, water and soils. 
Consequently, the waste entering an incinerator is contaminated with PCDD/PCDF as 
well. Published data consistently indicate that concentrations in waste are about 50 
IJg(TE)/tonne (Environment Canada, 1985 & 1988; Tosine, 1985; Hagenmaier, 1989; 
Fricke et al., 1989; Lahl et al., 1991; Johnke and Stelzner, 1992). 
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Although uncontrolled waste incineration plants were considered to be among the major 
sources of PCDD/PCDF loading to the environment, the situation during the last five 
to ten years has changed dramatically. The understanding of formation and 
decomposition reactions for PCDD/PCDF has resulted in a reduction of these 
emissions from MSW incinerators by a factor of 10 to 100. In addition, methods to 
destroy PCDD/PCDF in APC residues have been developed to further reduce the 
potential problem. The PCDD/PCDF partitioning in old MSW incinerators (Figure 8.25) 
is based on mean data from numerous publications which have been checked for 
consistency (Vehlow and Vogg, 1991 ). 

Figure 8.25 Concentrations (TE) and Partitioning of PCDD/PCDF in an Old MSW 
Incinerator 

The most important reactions and conditions for the production of PCDD/PCDF in MSW 
incinerators have been studied in great detail (Rghei and Eiceman, 1982; Griffin, 1986; 
Vogg and Stieglitz, 1986; Stieglitz and Vogg, 1987; Hagenmaier et al., 1987; Hinton 
and Lane, 1991). The findings can be summarised: 

PCDD and PCDF are formed mainly by heterogeneous oxichlorination of 
particulate carbon. 

The chlorine is supplied by alkali and earth-alkali chlorides. 

�9 An oxygen surplus in the atmosphere is essential. 
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Copper and to a minor extent other metal compounds act as catalysts. 

The temperature range is 250 to 450~ 

The critical temperature range for this de-novo synthesis occurs in the flue gases 
passing through the boiler and economiser, and consequently is the principal area for 
PCDD/PCDF formation. This mechanism has been confirmed not only in laboratory 
experiments, but also by the results of a great number of field tests. Investigations on 
full scale incinerators demonstrated a strong correlation between PCDD/PCDF levels 
and particulate carbon. Based on these findings, it was deduced that a reduction of the 
PCDD/PCDF levels in raw flue gas can be facilitated by excellent burnout of the waste. 
The formation of PCDD/PCDF in the coolest area of the boiler was verified by the 
analysis of flue gas sampled at different points across the boiler in a full scale 
incinerator (D0wel et al., 1990; Nottrodt et al., 1990) and by data on boiler ash 
discharged via separate hoppers at different temperature levels (Vogg et al., 1987; 
Mariani et al., 1990). 

An analysis of ashes sampled at different areas of an incinerator and an electrostatic 
precipitator elucidates the increase in PCDD/PCDF concentration with decreasing 
temperatures (Figure 8.26). The inlet temperature to the boiler was 950~ and the 
outlet temperature was 270~ No temperature profile across the boiler was reported. 

Only very low concentrations of PCDD/PCDF are present in the flue gas stream exiting 
the combustion chamber (<0.2 ng(TE)/Rm 3) (Environment Canada, 1985; L6ffler, 1989; 
DOwel et al., 1990; Mariani et al., 1990; Nottrodt et al., 1990). Concentrations in bottom 
ash from well-operated incinerators are typically <0.02 ng(TE)/g (Roffman, 1991; 
Johnke and Stelzner, 1992; Morselli et al., 1989; Sawell and Constable, 1993). 

Less than 5 pg(TE)/tonne of the combusted waste partitions to the bottom ash stream 
and less than 1 pg(TE)/tonne of waste is released into the flue gas. This means that 
at least 90% of the PCDD/PCDF fed into incinerators with the waste are destroyed by 
the combustion process. There is no data currently available on whether or not 
PCDD/PCDF formation can occur in the bottom ash as it cools, although a survey of 
PCDD/PCDF levels in German reports indicates that concentrations in quench tank 
water vary between 1 and 98 ng(TE)/L (Johnke and Stelzner, 1992). It should be noted 
that no details were given with respect to the operation of the incinerator or the quench 
tank (i.e. make up water addition). Furthermore, these concentrations may be the result 
of measuring the PCDD/PCDF content of suspended carbon particles introduced into 
the quench tank by the boiler ashes and accumulated during long periods of operation. 

In the raw flue gas of old incinerators sampled directly downstream of the boiler, mean 
PCDD/PCDF levels of about 30 ng(TE)/m 3 have been measured (Environment Canada, 
1985, 1986 & 1988; Merz et al., 1989; DOwel et al., 1990; Mariani et al., 1990; Nottrodt, 
1990; Vogg et al, 1990; Johnke and Stelzner, 1991; Vogg et al., 1991 ). Based on these 
data, PCDD/PCDF loading of 150 IJg(TEF)/tonne of waste can be calculated, which in 
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turn means that the raw flue gas downstream of the boiler carries three times more 
PCDD/PCDF than was fed into the incinerator. The PCDD/PCDF concentrations in the 
boiler ashes given in the cited studies ranged from about 0.1 to 5 ng(TEF)/g of ash. 

Figure 8.26 PCDD/PCDF in Ashes Sampled from Different Points of an MSW 
Incinerator 
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Since most of the PCDD/PCDF load present in the raw gas of older incinerators is 
bound to particulate matter, especially to carbon particles, it will be partitioned to the 
APC system residues. A sampling program in different German MSW incinerators 
resulted in a mean value of 10 ng(TEF)/g of ash, i.e. about 250 pg(TE)/tonne of waste 
combusted (Hagenmaier, 1989; Johnke and Stelzner, 1992). Highly chlorinated 
isomers are typically formed over the lesser chlorinated isomers. These data are 
consistent with other data found in the literature. 

Although temperature is the most important controlling factor for trace metal 
condensation, the types of dust removal system and the operating temperature are both 
important considerations when examining organic compounds. In the past, electrostatic 
precipitators were often operated at temperatures in the region of 300~ This 
obviously resulted in increased PCDD/PCDF formation, which has been confirmed by 
several studies (see below). As an example, a 20 tonne per hour incinerator fitted with 
an electrostatic precipitator operated at a temperature of 320~ resulted in an increase 
of seven times the PCDD/PCDF concentrations measured in the entrance to the 
precipitator (Vogg et al., 1989). 
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Recently published studies provide evidence that in some cases there may be another 
mechanism for PCDD/PCDF production in lower temperature precipitators as well (200 
to 220~ (Hanay et al., 1986; Vogg et al., 1990; Kilgroe et al., 1991; Hiraoka et al., 
1991). The underlying reaction is not yet fully known, however, it may be the influence 
of the electromagnetic charges which enhance formation in the device. The net 
formation of PCDD/PCDF between the boiler exit and the APC ash discharge hopper, 
given in Figure 8.25, should reflect these effects if an electrostatic precipitator is in use. 

The minimisation of PCDD/PCDF formation has been investigated as extensively as the 
formation mechanisms. Much of the data in this area point to improved combustion 
conditions. In addition, new designs to combustion chambers were found to be 
successful in limiting formation of the compounds. Now proper operating conditions 
and modern furnace designs are capable of reducing raw flue gas concentrations of 
PCDD/PCDF to <0.2 ng(TE)/m 3 (Environment Canada, 1988; Horch, 1990; Reeck et 
al., 1991). A few years ago, this value was impossible to achieve even in clean gas of 
old facilities. Moreover, the concentrations in the different ash streams were also 
considered very low, i.e. bottom ashes 0.007 ng/g, boiler ashes 0.023 ng(TE)/g, and 
APC ashes 0.213 ng/g. 

Although proper operating conditions and adequate design of the furnace are requisites 
for reduced PCDD/PCDF formation, efficient removal and/or destruction technologies 
are also warranted. Spray absorbers in combination with fabric filters (Environment 
Canada, 1986) and even electrostatic precipitators (Nielsen and M~ller, 1989) have 
been optimised. Activated charcoal filters have been developed with a high absorption 
potential (Dannecker and Hemschemeier, 1990). Similarly, activated carbon is now 
injected into the flue gas to sorb PCDD/PCDF and mercury (Mosch and Gottschalk, 
1991; Regler, 1991) and catalytic oxidation has been successfully demonstrated 
(Hiraoka et al., 1989; Hagenmaier and Mittelbach, 1990; Fahlenkamp et al., 1991 ). The 
use of different reactive additives injected into the flue gas has also been examined in 
a semi-technical test facility (Lenoir and Hutzinger, 1989; Vogg et al., 1990a). 

Figure 8.27 illustrates the partitioning of PCDD/PCDF during incineration, based on a 
state-of-the-art incinerator facility. The contamination of bottom ashes is generally 
lower than levels found in some soils (about 5 ng/kg). Moreover, the gaseous 
emissions do not add substantially to today's background concentrations in ambient air 
(50 to 300 fg/Rm3). 

Furthermore, the PCDD/PCDF discharged with the boiler and filter ashes can be 
thermally destroyed by various treatment methods. Two processes have been 
developed and tested, and both guarantee excellent destruction (>99%). The first one 
applies a thermal treatment in a rotary kiln at about 400~ under oxygen deficient 
conditions, then copper salts are added as catalysts. A full scale facility is in operation 
(Schetter et al., 1990). A second process, the 3R Process, utilises the combustion 
chamber of the incinerator itself to decompose PCDD/PCDF in extracted and 
compacted filter ashes (Merz et al., 1989). All vitrification processes proposed for APC 
residues may also be appropriate for treatment of PCDD/PCDF as well. 
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Figure 8.27 Concentrations (TE) and Partitioning of PCDD/PCDF in a Modern 
Incinerator 

Based on the information given above, a modern MSW incinerator which is well 
operated and equipped with adequate APC devices is capable of meeting the most 
stringent emission regulations for PCDD/PCDF. In some European countries, this limit 
is 0.1 ng(TE)/Rm 3, however, even lower limits have been achieved during recent pilot 
plant studies (<0.01 ng/Rm 3) (Cleve, 1989; Vicinius and Knoche, 1991). Overall, 
modern incinerators act as net destroyers of PCDD/PCDF. 

8.5.3 Polychlorinated Biphenyls (PCBs) 

PCBs are a class of noncorroding, highly stable, nonflammable chemical compounds 
which were used widely in electrical transformers, other electric applications, heat 
exchange equipment and to a lesser degree in inks, oils, sealants and caulking 
compounds. Their use was banned in 1977 due to their persistence and their 
propensity to bio-accumulate in fatty tissues of animals (Government of Canada, 1990). 
Although PCBs are suspected of being toxic, the toxicity is much lower than 
PCDD/PCDFs. In 1983, the estimated mean intake rate per person in industrialised 
countries was about 350 ng/kg of body weight/day (Bennett, 1983). 
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There has been a tendency to extend the toxicity equivalent factor defined for 
PCDD/PCDFs to these compounds (Bol et al., 1989; Safe, 1990) and first estimates 
suggest that emissions and residues from MSW incineration might increase the toxicity 
equivalence proposed for PCDD by approximately 10% (van Bavel et al., 1992). Data 
for PCB concentrations in MSW have ranged widely from below detection to 700 
mg/tonne of waste, reflecting the sporadic presence in MSW. (Environment Canada, 
1985, 1988, & 1992; Tosine et al., 1985; Fricke et al., 1989; Lahl et al., 1991 ). 

Concentrations in bottom ashes are very low, typically below detection limits 
(Environment Canada, 1993). The concentrations depicted in Figure 8.28, which 
attempts to provide an idea of partitioning for PCBs, are compiled from Italian and U.S. 
data and might overestimate the residual burden of these compounds (Morselli, 1989; 
Roffman, 1991). Although PCBs have not been detected in boiler ash (<5 ng/g) 
(Environment Canada, 1993), concentrations in the raw flue gas downstream of the 
boiler range between 20 ng/Rm 3 and 1,000 ng/Rm 3 in mass burner systems 
(Environment Canada, 1986 & 1988). In well operated incinerators, concentrations <12 
ng/Rm 3 could be achieved (Reeck et al., 1991). The levels reported for filter ashes of 
10 to 270 ng/g are consistent with the raw flue gas concentrations (Sawell and 
Constable, 1993; Gonzales et al., 1991 ). 

Figure 8.28 Concentrations and Partitioning of Polychlorinated Biphenyls 
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The partitioning of PCBs during incineration indicates that modern incinerators are net 
destroyers of PCBs. Based on the fact that these compounds have been banned from 
use and their concentrations should decrease in the future, this group of compounds 
does not pose a potential problem with regard to MSW incineration. The 
concentrations of emissions from well-operated incinerators are typically <100 ng/Rm 3 
(Environment Canada, 1986; Cleve, 1989; Morselli et al., 1989; Reeck et al., 1991), 
which means that these emissions are insignificant and do not add a substantial portion 
of PCB to the background intake. 

8.5.4 Polychlorinated Benzenes 

Polychlorinated benzenes (CBs) are widely used in the chemical industry as 
intermediate products in special syntheses and as solvents for fats and resins. CBs are 
among the most thermally stable organic compounds. Under the specific conditions of 
elevated temperatures in the presence of water vapour, they can form PCDDs and 
PCDFs, hence they have a certain relevance in the waste incineration. These 
compounds are of relatively low toxicity, however, they bio-accumulate in fatty tissue 
of humans and animals. The acceptable daily intake of hexachlorobenzene for humans 
is in the order of 4 IJg/kg of body weight/day which is far greater than any possible dose 
which could be received through exposure to MSW incinerator emissions or ash 
(Greim, 1990). 

Since CBs are ubiquitous in the environment, they are present in MSW. The data from 
three separate studies indicate that concentrations in waste vary widely, e.g. 5 to 200 
mg/tonne of waste (Environment Canada, 1985 & 1986; Tosine et al., 1985). Data on 
bottom ash concentrations from Environment Canada's NITEP Program (Environment 
Canada, 1993) and one American facility investigation (Roffman, 1991) are relatively 
consistent ranging from below detection to 80 ng/g. CBs can be formed at boiler outlet 
by the same type of de-novo synthesis which is responsible for PCDD/PCDF formation 
(Schwarz et al., 1990). Concentrations in the flue gas downstream of the boiler 
measured in mass burn units during the NITEP Program ranged from 4 to 12 IJg/Rm 3 
(Environment Canada, 1985 and 1986). In a new German incinerator, the 
concentration was only 15 ng/Rm 3 (Reeck et al., 1991 ). The partitioning of CBs during 
incineration (during good and poor operation) is given in Figure 8.29. 

Concentrations in boiler ash and APC residues ranged from below detection to 4.2 IJg/g 
(Environment Canada, 1985; Sawell and Constable, 1993). The data included samples 
collected during a wide range of operating conditions. "Good" operating conditions 
generally resulted in much lower concentrations of CBs being measured in all ash 
streams (Environment Canada, 1985, 1986, 1988 and 1991 ). 

Similar to the phenomenon of enhanced PCDD/PCDF formation in electrostatic 
precipitators, the concentrations of CBs also appear to increase due to the electrical 
charges (Hanay, 1986). Concentrations downstream of the precipitator increased by 
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a factor of about five. The partitioning of CBs during proper operating conditions 
indicates that modern MSW incinerators are net destroyers of these organic 
compounds. 

Figure 8.29 Concentration and Partitioning of Polychlorinated Benzenes 

8.5.5 Polychlorinated Phenols 

The properties of polychlorinated phenols (CPs) are similar to those of polychlorinated 
benzenes. They are thermally stable and are used mostly as biocides, herbicides and 
fungicides, and bio-accumulate in fatty tissue. The partitioning of CPs during 
incineration is given in Figure 8.30. 

Concentrations of CPs in MSW between 3 and 2,000 mg/tonne of waste have been 
reported (Environment Canada, 1985, 1986, 1988 and 1991 ). Like PCDD/PCDFs and 
CBs, CPs can be formed at the boiler outlet and a second formation mechanism may 
occur in an electrostatic precipitator. Emissions can be kept far below 200 ng/Rm 3, 
especially if the best available technology is applied. Although carcinogenic effects can 
be realised at very high doses, the emissions from incinerators pose no significant 
health risk (Greim, 1990). 
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Figure 8.30 Concentrations and Partitioning of Polychlorinated Phenols 

8.5.6 Brominated Hydrocarbons 

Since the chemical properties of chlorine and bromine are similar, the same 
mechanisms that form chlorinated organic compounds should also form brominated and 
mixed brominated/chlorinated compounds during incineration. The stability of hydrogen 
halides decreases with increasing atomic number (see Table 8.5), making it easier to 
produce elementary bromine from HBr or bromides than it is to form chlorine from HCI 
or chlorides. Although oxybromination might be a favoured reaction over 
oxychlorination, bromine concentrations are only 0.5% that of chlorine, hence the 
overwhelming bulk of formation compounds will be chlorinated. 

Brominated compounds, even brominated dibenzo-p-dioxins and dibenzofurans, have 
been detected in fly ash (Sch~fer and Ballschmiter, 1986; Oehme et al., 1987; Schwind 
et al., 1988). There are 3,500 isomers of mixed halogenated dibenzo-p-dioxins and 
dibenzofurans, and appropriate standards are only available for a few isomers making 
quantitative analysis of these compounds extremely difficult. 

8.5.7 Polycyclic Aromatic Hydrocarbons (PAH) 

The group of polycyclic aromatic hydrocarbons (PAHs) consists of 16 planar 
condensated aromatic compounds, eight of which are suspected of being carcinogenic 
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(Menzie et al., 1992). PAHs are formed in all kinds of smouldering or pyrolytic 
reactions, thus their presence is an indicator of poor combustion conditions. The main 
sources of PAHs in the environment include car exhausts, domestic heating and 
atmospheric emissions from industry and sewage sludge. 

Figure 8.31 illustrates the partitioning of PAHs during incineration. Similar to the other 
organic compounds, concentration of compounds in the waste, the type of incinerator 
and the operating conditions under which the samples were collected will all greatly 
influence the concentrations of PAHs measured in the ash and the flue gases. 
Consequently, the data from the NITEP Program are widely scattered. The 
concentrations of PAHs in the waste varied from 10 to 10,000 mg/tonne of waste 
(Environment Canada, 1985, 1986, 1988 & 1991). Data from a German study indicate 
about 100 mg/tonne (Fricke et al., 1989). 

Figure 8.31 Concentrations and Partitioning of Polycyclic Aromatic Hydrocarbons 

Since PAHs are considered semi-volatile, the highest concentrations are generally 
measured in bottom ash. Concentrations as low as 100 ng/g seem to be achievable 
with modern grate systems (Fricke et al., 1989). Concentrations of up to 700 ng/g have 
been measured in mass burn systems (Sawell and Constable, 1988; Morselli et al., 
1989), up to almost 7 IJg/g in modular incinerators (Environment Canada, 1985) and 19 
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IJg/g in old RDF systems (Environment Canada, 1993). Boiler ash is normally only 
moderately contaminated with PAHs (20 to 500 ng/g) and concentrations measured in 
APC residues are typically even lower (Environment Canada, 1985 and 1988). 
Although a recent study has focused on the potential mobility of these compounds after 
deposition of ash by means of a special extraction procedure (Bauw et al., 1991 ), the 
low solubility of the compounds indicates these compounds do not pose a risk of 
contaminating groundwater. 

Although relatively high emissions (5 to 30 tJg/Rm 3) have been measured during 
interrupted operation of an incinerator (Benestad et al., 1990), well-operated MSW 
incinerators are capable of achieving emissions of PAHs below 200 ng/Rm 3 
(Environment Canada, 1985, 1986, 1988 & 1991). PAH concentrations measured in 
stack gases during a test run of a charcoal filter were only 12 ng/Rm 3. The partitioning 
of PAHs during incineration indicates that although these semi-volatile compounds 
behave differently from the other chlorinated compounds discussed earlier, modern 
MSW incinerators act as a net destroyer of PAHs. 
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