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Tiivistelmä suomeksi 
CCA-puujätteen ja kunnallisten jätevesien lietteen yhdistetty lämpökäsittely 
arsenikkipäästöjen kontrolloimiseksi 

Loppuun käytetyt puutuotteet, jotka sisältävät CCA (kromi-kupari-arsenikki) – 
pohjaisia suoloja kuten rakennuspuutavara, ratapölkyt sekä puutarha- ja puistopuutavara, 
muodostavat ongelmallisen kiinteän jätteen ryhmän. Koska kyseisen jätteen vieminen 
kaatopaikalle on kiellettyä EU-lainsäädännön mukaan, näyttäisi jätteen polttaminen olevan 
tulevaisuudessa paras vaihtoehto. Koska arsenikki on ongelmallisin komponentti CCA-
suoloissa, huomioitavia säädöksiä EU:n jätteenpolttodirektiivin (1997/76) lisäksi ovat myös 
EU:n rajoitukset arsenikin ja CCA-pohjaisen jätteen käsittelyssä (2004/107, 2003/02). 

Lämpökäsittelyssä arsenikki haihtuu lähes täydellisesti, joten savukaasujen puhdistus 
on välttämätöntä. Kupari ja kromi päätyvät puolestaan pääsääntöisesti pohjatuhkaan. Kromi 
saattaa muodostaa erittäin myrkyllisiä Cr(VI)-yhdisteitä kun taas pieni osuus kuparista, joka 
saadaan talteen savukaasujen puhdistamisen yhteydessä, saattaa toimia katalyyttinä 
dioksiinien ja furaanien (PCDD/F) muodostumisessa, jos savukaasut sisältävät myös klooria. 
Kuitenkin, kaikkein ongelmallisinta on CCA-puun arsenikin kontrollointi.  

Eräs mahdollinen ratkaisu, mitä tässä projektissa tutkitaan, on CCA-puun ja 
kunnallisen jätevesilietteen (MSS, municipal sewage sludge) yhdistetty lämpökäsittely. 
Viimeaikaiset tutkimustulokset Yhdysvalloista (Seames et al., 2002) ovat osoittaneet, että 
arsenikin ja myös seleenin päästöjä hiilen polton yhteydessä voidaan merkittävästi vähentää 
poltettaessa yhdessä MSS:n kanssa. Tämän oletetaan johtuvan MSS:n suuresta 
kalsiumpitoisuudesta, mikä sitoo arsenikin ja seleenin. Tutkimuksessamme kuitenkin 
havaittiin että kalsium todennäköisesti reagoi fosforin kanssa, jota yleensä löytyy runsaasti 
jätevesilietteestä. Tämä kilpailutilanne vapaasta kalsiumista ei ole suotuisa arsenikin 
kannalta, mutta havaitsimme että on mahdollista sitoa arsenikki myös esim. rautaan, 
magnesiumiin sekä alumiiniin. Näistä erityisesti rauta osottautui hyväksi vaihtoehdoksi. 

Tutkimuksessamme arvioimme miten yhdistelmäpoltto-konsepti soveltuisi CCA-
puujätteen lämpökäsittelyyn eli pyrimme selvittämään parhaimmat prosessiolosuhteet sekä 
CCA-puujätteen ja MSS:n optimaalisen sekoitussuhteen. Tutkimus sisälsi mm. katsauksen 
alan kirjallisuuteen, prosessin simulointia sekä termodynamiikan mallinnusta. .  

Tutkimus keskittyi ensisijaisesti CCA-puujätteen ja jätevesilietteen rinnakaspolttoon 
tarkoituksena minimoida päästöt ja jätetuotevirrat. Rinnakaspolton lisäksi muita termisen 
käsittelyn vaihtoehtoja kuten pyrolyysiä ja kaasuttamista on käsitelty vain pinnallisesti.   
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1 Introduction 
Wood is a common construction material and it can and has been used for various in-door 
and out-door purposes for a very long time. The properties of different wood materials vary 
but they are all vulnerable to decay and parasite attacks. As a result of this weakness, effort 
has been taken in order to prolong the life of wood as a construction material. A variety of 
methods exists, but the far most common method today is that of impregnating the wood with 
chemicals. 

Impregnating the wood with appropriate chemicals makes the wood more resistant to 
rotting and the most common wood preservative until recently has been chromated copper 
arsenate (CCA). CCA is a mixture of copper, chromium and arsenic based salts and all three 
elements have their own function in the preservative; copper acts as a fungicide, arsenic as an 
insecticide and chromium fixes the elements to the wood structure. 

The lifetime of CCA treated wood in contact with soil or water is much longer (30-40 
years) than that of untreated wood (1-4 years) (Wallin, 2005). Nonetheless, it does not last 
forever and its disposal has become a major concern in recent years. The chemicals added to 
the wood during impregnation are hazardous to the environment as well as humans when 
exposed to. CCA-wood has therefore been classified as a hazardous waste in many countries 
and its disposal strictly regulated by the law. 

It is especially arsenic that has become the centre of attention when discussing CCA-
wood and its environmental consequences when disposed of. Arsenic is highly toxic to 
humans and the environment (especially aquatic) and simple disposal of the CCA-wood at 
landfill sites does not solve the problem. Decaying wood that has been treated with CCA 
gradually leaches chemicals to its surroundings which then become available for further 
transportation in the eco-system. 

One way of preventing arsenic and other harmful substances from entering the 
environment is of course the disposal of CCA-wood at landfill sites for hazardous waste. At 
such sites the leachate of harmful substances is controlled by isolating the entire area from its 
surroundings. However, this option is besides being expensive, also unsustainable in the long 
run, which is why other options need to be considered, such as incineration. 

Incineration of CCA-wood does not only provide heat, it also reduces the amount of 
material needing disposal considerably. In an ideal case all the organic material would be 
completely combusted, while all the inorganic material would remain in the collected bottom 
ash. This is however not the case in real combustion systems and inorganic compounds leave 
the combustion chamber with the flue gases. Effective flue gas cleaning devices have been 
constructed, but some impurities are still problematic to remove from the flue gases, mainly 
volatile impurities such as arsenic. 

Arsenic is a volatile element (boiling point1 at 613 °C) and it is among the first 
metalloids to be released during CCA-wood combustion. Due to its high volatility some of it 
or its oxides can escape particulate collection devices such as baghouse filters while even 

                                                 
1 Source: www.ne.se 
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small amounts of arsenic in the flue gases are considered harmful. Since dry CCA-wood can 
contain up to 1 wt-% arsenic, its combustion requires strict flue gas emission control. 

Different methods for controlling arsenic emissions exist, mainly methods based on 
sorbent injection. Here, the idea is to inject a material (e.g. calcium) that reacts with arsenic 
forming compounds that can be collected by particulate matter control devices. In this report 
another way of controlling arsenic emissions is investigated, being the addition of municipal 
sewage sludge (MSS) into the combustion chamber, i.e. co-combustion of MSS with CCA-
wood as a way of controlling arsenic emissions. 

The principle of MSS addition is similar to sorbent injection. The goal is to prevent 
arsenic volatilization by introducing species capable of reacting with arsenic. The formed 
species would remain in the bottom ash even at high temperatures, rendering the need for 
other expensive arsenic control measures unnecessary. 

In addition to the potential of reducing arsenic emissions, MSS combustion would 
also reduce the need for further MSS treatment. MSS is a waste stream and all possibilities to 
utilize it as a resource for energy or material should be explored (Sipilä, 2006). 

The addition of MSS in order to reduce flue gas emissions is not a new idea and it has 
been investigated by and successfully applied to coal combustion plants. It has been shown 
that both arsenic and selenium emissions from pulverized coal firing can be reduced when co-
combusting it with some MSS (Seames et al., 2002). Whether or not this is the case when 
adding MSS to CCA-wood combustion is investigated in this report. 
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2 Aim of the study 
The primary focus of this study is to determine if co-combustion of CCA-wood together with 
MSS could reduce arsenic emissions to air compared to mono-combustion (mono-
incineration) of CCA-wood. Simultaneously it is of interest to find out how much MSS 
could/should be added to the CCA-wood combustion to obtain minimal arsenic emissions. 

2.1 Procedure 
Thermodynamic and process calculations have been used to evaluate the combustion 
conditions during mono-combustion of CCA-wood and co-combustion with MSS. A 
commercial software tool, HSC-Chemistry1 5.11, was used for the thermodynamic 
equilibrium calculations. For additional reliability, comparisons with calculations using 
FactSage2 5.4.1 software were made. FactSage contains the SGTE and F*A*C*T databases, 
but in this study only SGTE data were used, since SGTE data were better comparable with 
the HSC data used.  

Already at this stage it is worth mentioning that thermodynamic modelling has some 
fundamental limitations. Firstly, the simulations assume that the system always reaches 
equilibrium conditions for a specific temperature and pressure, i.e. no kinetic limitations are 
taken into account and the system is completely mixed. Secondly, thermodynamic databases 
are incomplete and/or inaccurate and important elements might be completely missing or 
their thermodynamic data might be wrong. And thirdly, the mode of occurrence, which may 
influence the volatility of an element in the solid fuel, is not considered. (Miller et al., 2003). 

To the defence of thermodynamic modelling, however, can be said that reactions in 
typical combustion conditions are fast and the assumption of the system reaching equilibrium 
is good (Wu and Barton, 2001). Generally, thermodynamic modelling is a good way of 
initially predicting how a system might respond to certain changes. Here, the predicted results 
are then compared to other similar, but scarce, studies found in literature providing 
information on the feasibility of what is presented here. 

                                                 
1 Outokumpu Research Oy, chemical reaction and equilibrium software 
with extensive thermochemical database 
2 Thermfact/CRCT (Montreal, Canada. www.crct.polymtl.ca) and GTT-Technologies (Aachen, Germany. 
www.gtt-technologies.de), thermodynamic database computing system software. 
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3 CCA wood waste processing 
The increased concern about environmental issues in recent years has affected the use and 
disposal of CCA treated wood. CCA-wood waste is considered hazardous in many countries 
and consequently its disposal is highly restricted. There are currently several more or less 
established ways of disposing CCA wood waste, mainly thermal, but no general best solution 
has yet been recognized. 

Depending on the ratio and the amount of CCA used during the wood impregnation 
process, CCA wood can be divided into different categories1. Typically, CCA-wood is 
divided into three categories: A, B and C, of which A contains the smallest amounts of CCA. 
Below, in Figure 1, the amounts of CCA found in wood samples taken from Finnish wood 
poles have been analysed for their As, Cr and Cu content. 
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Figure 1. The average amounts (sample size = 20) of As, Cr and Cu found in various CCA 
treated poles used in Finland, modified from (Lehmus et al., 2004).  

From Figure 1 it can be seen that the amount of As in all samples was high except when 
samples were taken from parts below ground level of aged (1956-72) type B CCA-wood. The 
density of the analysed wood poles was approximately 500 kg/m3 (Lehmus et al., 2004). The 
relatively high levels (higher levels have been reported, see Table 3) of all three metals 
should be recognised in connection to any form of CCA-wood treatment/disposal alternative.  

Table 1, taken from a study considering options and risks for treated wood waste 
(TRADA Technology & Enviros Consulting Ltd, 2005), compares some thermal treatment 
options available today by giving each technology option a score on a scale from 1-5. In the 
scale a score of 1 signifies a poor performance while a score of 5 signifies a good 
performance. The technologies are compared relative to each other and by using different 
weights for each criterion. Note that conventional (grate fired) waste incineration is not 
included in the table. 
                                                 
1 In Finland the categories consist of M, A, AB and B of which M contains the highest and B the lowest 
amounts of copper, chromium and arsenic. 
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Table 1. Thermal destruction processes for accommodating treated wood waste (TRADA 
Technology & Enviros Consulting Ltd, 2005). 

Weighting Incineration Pyrolysis Gasification  
 Chartherm Cement kiln MF gasification 

Development status 3 4.5 5 4 3 3 3 
Range of materials 3 5 5 3 5 5 5 

Operating costs 2 3 3 3 2 2 3 
Product value 2 3 4 3 3 3 4 

Environmental impact 1 3.5 3 3 3 2 3 
Development costs 2 5 4 4 2 4 3 

Capacity 2 4 5 3 3 2 3 
Supply chain 2 2 2 1 2 1 2 

IPR 1 2 4 4 3 2 3 
Planning & regulatory  3 2 1 4 1 4 2 

Total  34 36 32 27 28 31 
Mean  3.4 3.6 3.2 2.7 2.8 3.1 

Weighted average  3.5 3.6 3.2 2.7 3 3.1 

From the table above it can be seen that incineration is found the most readily available 
technology today, which is not surprising due to its long history of use. Other technologies, 
such as Chartherm1, display promising results but will not be discussed further here. 

The three main types of thermal treatment processes today are incineration, pyrolysis 
and gasification. This report is primarily dealing with incineration and only short descriptions 
of pyrolysis and gasification will be given here. More information about pyrolysis and 
gasification processes can be found elsewhere (e.g. Helsen et al., 2003; Werther and Ogada, 
1999). 

Pyrolysis is a process where matter is decomposed due to heating in the absence of 
oxygen. The decomposition leads to the formation of energy rich char, pyrolysis oil and 
syngas2. These products can then be used as fuel as such or after purification as feedstock for 
petro-chemicals and other applications. 

Gasification is similar to pyrolysis in the sense that it also involves the conversion of 
waste into a more energy intensive form, syngas. The principle of the process is to carefully 
control the oxygen feed to the reactor at a high temperature and pressure. The high 
temperature turns the ungasified elements into a vitrified material, known as slag. 

The obvious advantage of pyrolysis and gasification compared to incineration is the 
formation of material with a high heating value. Unlike for incineration, energy recovered 
from the waste does not have to be used on site, but instead it can be stored or enhanced for 
other purposes. Still, other factors are in favour of incineration prior to pyrolysis and 
gasification when it comes to CCA-wood disposal. Table 2 summarises some of the main 

                                                 
1 A pyrolysis process developed by a French company called Thermya (TRADA Technology & Enviros 
Consulting Ltd, 2005). 
2 From synthesis gas, a gas mixture containing varying amounts of carbon monoxide and hydrogen. 
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advantages and disadvantages of the thermal treatment processes available for CCA-wood 
disposal. 

Table 2. Main advantages and disadvantages of pyrolysis, incineration, co-incineration and 
gasification with respect to the use of CCA treated wood waste as feedstock (Helsen and Van 
den Bulck, 2005).  

 

The table above is from a study by Helsen and Van den Bulck (2005) who came to the 
conclusion that co-incineration with e.g. municipal solid waste may be the best short-term 
option for CCA-wood disposal, while low-temperature pyrolysis and high-temperature 
gasification where identified as possible long-term candidates. They also concluded that 
further research and development is required before the two long-term options can be proven 
viable.  

The following sections will asses the current treatment praxis in Finland as well as in 
some other countries when it comes to CCA-wood treatment and disposal. 

3.1 Finland 
The use of CCA treated wood has become increasingly restricted during the last few years in 
Finland. In 2004, a government decree (440/2003) took effect, banning the use of CCA 
treated wood in several areas such as residential areas, playing grounds or any other areas 
frequently exposed to human contact. The use of CCA-wood in electric poles, bridges and 
other such targets was still allowed but became very restricted. 

Two years later, in September 2006, the use of CCA as a wood preservative became 
completely prohibited in Finland and other EU countries (2003/2/EY and 98/8/EY). In other 
words, CCA treated wood will disappear from the markets. The need for its disposal, 
however, will continue to be high as old CCA treated wood products gradually have to be 
replaced. It has been estimated that there is around seven million m3 of CCA wood in 
Finland, eventually requiring disposal (Wallin, 2005). 

To manage all the CCA-wood currently in use would take over 50 years with an 
annual disposal rate of 130,000 m3. However, the rate of disposal has not been as high as 
initially expected and in 2005 only around 45,000 m3 of impregnated wood waste was 
collected (Wallin, 2005). The current praxis of CCA-wood waste recycling consists of 
collecting, crushing and burning. The collection and processing of the wood waste into chips 
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is handled by a company called Demolite Oy. The actual energy recovery is then performed 
by another company, Ekokem Oy. (Kestopuu Oy, 2007). 

 

Figure 2. Production of pressure impregnated wood in Finland, 1950-2005 (Kestopuu Oy, 
2007). 

Based on the numbers above and the high production rate of impregnated wood in recent 
years (Figure 2) it can be concluded that there truly is a rapid need for sustainable CCA-wood 
waste treatment. The longer the CCA treated wood waste is left unattended for, the higher the 
risk is of it leaching harmful substances to the environment at the temporary storage site.  

3.2 Other countries 
Many other countries have also started to look for new options to replace and dispose of CCA 
treated wood, but up to date information is hard to come by. In a report by Peek (2004) ten 
countries where evaluated for there waste wood treatment practices. Among these countries 
only the Netherlands and the United Kingdom could provide information on annual CCA-
wood disposal amounts. The Netherlands reported an annual production of 120,000 t (roughly 
240,000 m3) CCA treated wood and a disposal/recycling rate of 5,700 t/a. 5,100 t/a is 
recycled/reused as e.g. particle board and the rest is incinerated. The United Kingdom, on the 
other hand, reported a production rate of 40,000 t/a CCA wood and an equally large 
recycling/reuse rate. It can, however, be assumed that these numbers as well as treatment 
options have changed as a result of the implementation of EU directives.  

In the USA CCA treated wood is still not considered to give hazardous waste, but the 
industry issued a voluntary phase out from most residential uses beginning from 2004. Before 
that CCA treated wood production had steadily increased from being around 1 million m3 in 
the 1970’s to being 13 million m3 in 1996. The most common disposal option for the treated 
wood waste has been at landfill sites along with other construction and demolition (C & D) 
waste. (Wu et al., 2006). 

In Florida, a major consumer of CCA wood waste in USA, recycling of wood waste 
from C & D debris is common, especially energy recovery, but problems related to metal 
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emissions have been reported. Currently the use of sorbent technologies is one of the key 
research topics for controlling both metal volatilization and leaching of metals from the ash. 
Still, there is a long way to go before all of the CCA treated wood waste receives appropriate 
handling. (Wu et al., 2006). 

All in all, it seems there are only two widely spread ways of managing treated wood 
waste today, one is simple landfill disposal and the other one is incineration, both of which 
cause environmental problems (Hata et al., 2004).  
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4 Incineration of CCA wood waste 
As disposing of CCA treated wood waste on landfill sites has become illegal in some 
countries, combustion has become an interesting choice of disposal. Combustion reduces the 
amount and especially the volume of material needing disposal as well as generates heat that 
can be used for various purposes such as electricity production. 

The combustion of CCA-wood is, however, not as simple as the combustion of plain 
wood waste. It contains much larger amounts of the heavy metals chromium, copper and 
arsenic than ordinary wood as a result of the impregnation treatment. Introducing heavy 
metals to the incinerator asserts high demands on the flue gas cleaning equipment, as well as 
the combustion system as a whole. As an example, arsenic is known to destroy catalysts in 
selective catalytic reduction (SCR) equipment for nitrogen oxides (NOx) emission control 
(Zevenhoven et al., in press 2007). Measures should also be taken to reduce dioxin (PCDD) 
and furan (PCDF) formation and emissions, since the formation of PCDD/Fs is catalysed by 
copper in the presence of chlorine. (Zevenhoven and Kilpinen, 2004). 

The combustion of CCA-wood is a complex process requiring the adjustment of many 
parameters and preventing As from escaping to the atmosphere is one of the greatest 
challenges (Zevenhoven, 2007). In literature As volatilisation during combustion processes 
ranges between 8 and 95 % of the total As content in CCA-wood, “depending on the reactor 
temperature, the residence time at a given temperature, the air flow rate, the oxygen partial 
pressure, the pressure, the extended period of ash heating, the chlorine and sulphur content 
and the impregnation process” (Helsen, 2005). In addition to all of these comes the presence 
of sorbent materials, i.e. the addition of co-fuels such as MSS, as investigated in this report. 

4.1 Adding MSS to the CCA-wood combustion system 
Below is a figure displaying the fractions of various elements presented to the combustion 
system when CCA wood waste is co-fired with MSS. Notice the logarithmic scale and the 
significant increase in trace and minor elements when the amount of MSS is increased. 
Figure 3 has been generated using the literature data presented in Table 3. 
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Figure 3. Distribution of elements in a mixture of CCA-wood and MSS. 
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Generally, major, minor and trace elements are categorized according to their concentrations 
in the material at hand. Major elements are elements found in concentrations higher than 1 
wt-%, minor elements between 0.1 and 1 wt-% and trace elements below 0.1 wt-%. From 
Figure 3 it can be seen that arsenic and chromium are found in high amounts in CCA-wood , 
even above the threshold level of major elements. Due to the logarithmic scale of the figure 
no changes in amounts of the major elements can be observed between the different fuel 
compositions. If As and Cr are considered major elements, the only minor element in pure 
CCA-wood is copper. A 20 % addition of MSS, however, adds calcium, silicon, iron, 
potassium, sulphur, magnesium, aluminium, nitrogen and phosphorus to the list of minor 
elements. Calcium, iron and aluminium are some of the elements investigated here for there 
capability of binding As. 

Because of the possibility to bind volatile elements in bottom ash and the possibility 
of controlling leaching from the formed ash it has been suggested that co-incineration seems 
to be the best available thermal treatment option in the short term for CCA treated wood (Wu 
et al., 2006). This statement refers mainly to co-incineration of CCA-wood with coal. Here, 
however, co-incineration of MSS with CCA-wood is investigated. Very little if any 
experiments have been reported in the open literature concerning co-incineration of MSS 
with CCA-wood. 

4.1.1 Lowered heating value of fuel mixture 
Although addition of MSS might seem highly favourable in the sense of As capture it is not 
feasible to add excessive amounts of MSS to the CCA-wood combustion system. Untreated 
MSS contains large amounts of water and even after dewatering it usually consists of more 
than 70 wt-% water. Compared to CCA-wood mono combustion, the addition of MSS 
increases the amount of water to the combustor significantly. 

5 10 15 20 25 30 35 40 45
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Figure 4. The lower heating value of a mixture of CCA-wood and MSS as a function of the 
MSS amount. 

The graph above estimates the decrease in the lower heating value (LHV) when MSS (72 % 
H2O) is added to the fuel mixture. The LHV of pure CCA-wood as received is around 13.5 
MJ/kg, which is approximately half of that of coal.  
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5 Thermodynamic equilibrium analysis of co-firing CCA 
wood with MSS 

In order to investigate combustion conditions during CCA wood incineration without the 
need for expensive experiments, thermodynamic equilibrium calculations have been made. 
Knowledge of the chemical constituents of CCA wood, MSS and their properties is of key 
importance, as this provides the necessary input data for the calculations. In the following 
section, the results of various simulations have been presented together with references to 
other studies presented in this field. 

In the first part of this section, thermodynamic equilibrium calculations considering 
mono-incineration of CCA-wood have been performed. Later on, having established the 
principal thermodynamic behaviour of mono-incinerated CCA-wood, MSS addition is taken 
into consideration and co-combustion scenarios are presented. Table 3 presents the two types 
of CCA wood and MSS fuels used here. Note that the literature data for CCA-wood has 
approximately twice as high levels of As, Cr and Cu than what was presented in Figure 1. On 
the other hand, data provided by Ekokem Oy gives much lower levels of these metals. The 
actual metal content of CCA-wood should therefore be determined specifically for each case 
of thermal utilisation. 

Using the data given in Table 3, equilibrium calculations have been presented as a 
series of graphs in the following sections. The graphs display the equilibrium composition in 
parts per million (ppm) of various species in the fuel as a function of the combustion 
temperature. The temperature range is constant while the scale of the y-axis is varied as 
different species are examined. Most of the graphs include a so called input level line, which 
gives the overall input amount of the element considered. For example, if calcium is the 
considered element, the input level line gives the amount of calcium (counted as ppm mono-
atomic Ca) in the investigated fuel. The sum of all plotted species should match the amount 
given by the input level line. The only exception to this rule is when the equilibrium 
calculations predict that there are species with a concentration less than 5 % of the initial 
amount. Such species are not plotted in order to make the graphs more readable. 

The graphs also include, were necessary, vertical dotted lines displaying the highest 
temperature for which the data of a certain species is valid. If a species is predicted to exist 
beyond this line it is not necessary wrong, but it should be considered uncertain. Further 
explanations have been added in connection to the graphs. 
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Table 3. Chemical composition of two different CCA-wood and MSS types used in this 
study. 

 Fuel composition in wt-% as received  

 Literature1 
CCA 

Ekokem2 
CCA 

Literature3 
MSS 

Ekokem4 
MSS 

Al - - 0.94 - 
As 0.840 0.088 7.60E-05 - 
C 41.68 34.65 7.95 10.88 

Ca 0.070 0.058 0.52 0.26 
Cd - - 1.11E-05 2.03E-06 
Cl 0.0016 0.0013 0.015 0.021 
Co - - 8.89E-05 - 
Cr 0.95 0.10 0.00040 7.38E-05 
Cu 0.343 0.080 0.0051 0.00056 
Fe - - 2.06 - 
H 4.80 3.99 1.09 1.49 

Hg - - 1.55E-05 3.02E-06 
K 0.012 0.010 0.17 0.010 

Mg 0.0083 0.0069 0.13 - 
Mn - - 0.0038 - 

N - - 0.82 0.26 
Na 0.00048 0.00040 0.094 - 
Ni - - 0.00027 0.00011 
O 31.28 26.00 11.54 6.89 
P - - 0.75 0.075 

Pb - - 0.00049 7.59E-05 
S 0.0080 0.0067 0.21 0.017 

Sb - - 0.00017 - 
Se - - 0.00017 - 
Si 0.0065 0.0054 1.64 - 
Ti - - 0.057 - 
Tl - - 0.00012 - 
V - - 0.00030 - 

Zn - - 0.0084 0.0016 
TS/Sum 80 65 28 19.9 

H2O 20 35 72 80.1 

5.1 CCA wood waste mono-combustion 
The thermodynamic equilibrium calculations have been performed using HSC-Chemistry 
5.11 software, except for graphs (estimated with FactSage 5.4.1) found in section 6. The 
principle of the calculations is to minimize Gibbs free energy for the system, in this case, the 
CCA wood incinerator. However, it is not possible, nor necessary to account for all the 
                                                 
1 As given in (Sandelin and Backman, 2000) 
2 Data for As, Cr, Cu and H2O as reported by (Manninen, 2007), all other elements are derived from literature. 
3 Taken from (Elled et al., 2006) 
4 A mixture of non-digested sludge from several Finnish WWTPs (Manninen, 2007) 
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elements in the incineration process due to the lack of thermo chemical data for some species 
as well as software restrictions. On the other hand, it is very important to know which species 
to consider, so as to avoid misleading results. It is therefore necessary to divide the elements 
into several groups and consider them separately. 
In the following sections the separation of elements has been made with emphasis on 
studying arsenic species reactions during combustion of CCA wood. The equilibrium 
conditions have been studied for atmospheric pressure and temperatures between 0 and 2000 
°C. The amounts of the different elements in the system are based on data received from 
Ekokem Oy (Manninen, 2007) and data found in the literature, see Table 3. It should be noted 
that there is a significant difference in the arsenic, chromium and copper levels between the 
two listed sources for CCA-wood. This allows for a broader utilization of the results 
presented here, but still, the results are only estimations of actual conditions. Complete lists 
of compounds and amounts used for each simulation can be found in the Appendix. 

5.1.1 Base case: the system wood fuel + air + arsenic 
For the base case, equilibrium calculations have been performed considering only the major 
elements (C, H, O, N) and arsenic found in completely dry CCA wood. Arsenic and other 
flue gas species considered here are listed in Table 4. Although the temperature range studied 
reaches from 0 to 2000 °C, the actual temperature range of interest is much more narrow. The 
validity of the calculation results is also lower at each end of the temperature scale. The 
oxygen level has been shifted from low, i.e. no added air, to a stoichiometric air to fuel ratio 
of λ =1.21. This allows for the examination of the arsenic behaviour in typical, as well as 
reduced (i.e. fuel-rich) oxygen, combustion conditions. 

Table 4. Arsenic species used in base case equilibrium calculations. 

Gas phase: 
As(g), As2(g), As3(g), As4(g), AsH(g), AsH2(g), AsH3(g), AsO(g), 
AsO2(g), As2O3(g), As4O6(g), As4O7(g), As4O8(g), As4O9(g), 
As4O10(g) 

Solid phase: As2O3, As2O4, As2O5, As4O6, As2O5*4H2O, As 

Common species: 

CH4(g), Cl(g), Cl2(g), ClO(g), CO(g), CO2(g), H(g), H2O(g), H2S(g), 
H2SO4(g), HCl(g), HNO3(g), HO(g), HOCl(g), N(g), N2(g), N2O(g), 
NO(g), NO2(g), NOCl(g), NH3(g), O(g), O2(g), S(g), SO2(g), SO3(g), 
C(s), COS(g) 

                                                 
1 20% excess air compared to the theoretical oxygen demand. 
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Figure 5. Equilibrium composition of arsenic species in combustion atmosphere (λ =1.2) 
(left) and reduced oxygen atmosphere (λ = 0.8). 

The graphs in Figure 5 display equilibrium conditions for arsenic species, when As 
containing fuel is burned at 0 to 2000 °C. At the top of each graph a line (input level) is 
drawn, representing the total amount of arsenic fed into the system. (Notice that in the left 
graph, solid As2O5 is the only As containing species at temperatures below 450 °C and that 
the line for As2O5 starts exactly halfway from the input level. This is due to the fact that 
As2O5 contains two As atoms.) 

There were no differences in equilibrium compositions between the two CCA fuels, 
so only results using the literature data fuel are presented here. The equilibrium calculations 
for As-species in combustion atmosphere show that arsenic forms solid As2O5 at 
temperatures below 500 °C if provided with enough oxygen. Between 500-1200 °C arsenic 
forms various gaseous oxides, such as As4O10 and As4O7. The particular amount or type of a 
certain As-oxide at these temperatures is highly theoretical and the graphs presented here are 
only estimations of real combustion conditions. What type of As-oxide is formed is not that 
important and using other databases for the calculations may result in a different equilibrium 
conditions. For example, performing parallel calculations using F*A*C*T gives gaseous 
As4O6 as a stabile phase between 500-1200 °C, as As4O6 is the only As-oxide included 
(Backman, 2007). However both SGTE and F*A*C*T predict As volatilization below 500 °C 
at λ =1.2 

At higher temperatures, temperatures above 1200 °C, AsO vapour becomes the 
dominant species even when the oxygen amount is reduced. From the right graph in Figure 5, 
illustrating the behaviour of arsenic in reduced oxygen conditions (λ = 0.8), it can be 
observed that the elemental arsenic forms gaseous As4 around 500 °C. This indicates a 
slightly higher volatilization temperature for the reduced oxygen conditions than for normal 
conditions i.e. arsenic becomes more volatile when oxygen is available. The effect of oxygen 
on volatilization becomes even more clear if the temperature of the fuel is increased without 
the addition of any oxygen (except for that in the fuel). That arsenic is more volatile as an 
oxide has also been stated by others (Jadhav and Fan, 2001). Figure 6, below, illustrates the 
reduced As volatility due to the lack of oxygen (i.e. a perfect pyrolysis process without any 
oxygen species present). 
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Figure 6. Equilibrium conditions if no oxygen is added to the combustion system (λ = 0). 

5.1.2 The influence of sulphur, chlorine and calcium 
 The influence of sulphur, chlorine and calcium on the equilibrium composition of CCA 
wood during combustion is essential as these elements are known to be highly reactive. It has 
been found that arsenic can be captured using various sorbent materials such as calcium, but 
that the effectiveness of such sorbents may be reduced when chlorine and sulphur are present 
in the system (Wu and Barton, 2001). 

To investigate the interactions between As, S, Cl and Ca compounds, a series of 
thermodynamic equilibrium calculations have been performed, as shown in Figures 7 and 8. 
First, in order to establish the possibility of capturing As with Ca, a simulation considering 
only these two elements was made. It included, in addition to the compounds introduced 
under the base case, the species listed in Table 5. Again, compounds containing Cl or S are 
left out at this point. It should be noted that due to the significant difference in As amounts 
between the two sets of data used, the scale of the graphs can vary. For example in Figure 7 
the y-axis on the left side graph (Ekokem data) is around 10 times smaller than for the right 
side graph (literature data). 

Table 5. Calcium species. 

Gas phase: Ca(g), CaCl(g), CaCl2(g), CaH(g), CaO(g), CaOH(g) 
Solid phase: Ca, Ca(OH)2, Ca3(AsO4)2, CaCl2, CaCO3, CaH2, CaO, CaO2, CaSO4 
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Figure 7. Equilibrium composition of arsenic species using Ekokem data (left) and literature 
data (right). 
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The formation of Ca3(AsO4)2 can prevent arsenic from escaping with the flue gases if calcium 
is present in the system (Jadhav and Fan, 2001; Wu and Barton, 2001). It can be seen that this 
is the case at least in a system consisting of only Ca and As species. In fact, as long as Ca is 
present in sufficient amounts (i.e. 3 moles Ca for every 2 moles of As) and equilibrium 
conditions are met, i.e. there are no kinetic or mixing limitations, all the As will be present as 
solid Ca3(AsO4)2. 

However, the above mentioned could only happen in an ideal case and it is a strong 
simplification of typical combustion conditions. It should be noted that the highest 
temperature for valid Ca3(AsO4)2 data (the vertical dotted line in the left graph above) is 
exceeded by the equilibrium prediction. The lack of Ca3As2O7, un unstable arsenate, in HSC 
should also be pointed out as it has been suggested that its formation around 700 – 900 °C 
would be responsible for the decrease in As capture at higher temperatures (Jadhav and Fan, 
2001). Hence, the addition of more elements could alter the equilibrium condition, but also 
narrow the gap between simulation and real reactions. Two important elements to take into 
consideration next are Cl and S. 
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Figure 8. Equilibrium composition of calcium species using literature data. 

The influence of chlorine alone on arsenic capture is insignificant according to the 
equilibrium calculations. This can be seen by comparing the two upper graphs and noticing 
that Ca3(AsO4)2 amounts remain unaltered even at high Cl amounts. Already at low 
temperatures chlorine forms volatile HCl, but large amounts and high temperatures (> 1200 
°C) could lead to the formation of CaCl2 and thereby the release of AsO (see Figure 8, 
1000*Cl), as suggested by (Wu and Barton, 2001). Sulphur, on the other hand, forms solid 
CaSO4 which prevents Ca3(AsO4)2 from forming until SO2 is released at around 600 °C. The 

Cl only 1000*Cl 

S only S + Cl 
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influence of both S and Cl combined does not affect the equilibrium composition more than S 
alone, even though their amounts are of equal proportions. 

Jadhav and Fan (2001) concluded that the effect of major acidic flue gas species (SO2 
and HCl) on arsenic capture is insignificant in the temperature range of 300-1000 °C. This 
appears to be the case, even though Ca is predicted to form CaSO4 at temperatures lower than 
700 °C if equilibrium conditions are met. Still, other experimental studies have observed an 
increase in As retention with the addition of SO2 even though the results have not been 
confirmed by equilibrium calculations (Miller et al., 2003; Miller et al., 2002). This suggests 
that a compound, or compounds, are missing from the thermodynamic databases. 

The influence of other elements on calcium availability for As-capture 

Because a part of this study focuses on arsenic capture by calcium species the availability of 
calcium needs to be assessed and the tendency for other elements to form compounds with 
calcium investigated. Although calcium reacts to form Ca3(AsO4)2 with arsenic, the reaction 
might not take place if Ca becomes unavailable by reacting with another element in the 
system. 

The competition for available Ca becomes particularly important when considering 
MSS addition, as it introduces many more species to the combustion system than just Ca. 
This has been considered later in this section, together with other co-combustion related 
issues. 

5.1.3 The influence of copper (and chromium) 
Copper and chromium are obviously present in considerable amounts in CCA wood as well 
and should therefore be included in studies considering CCA wood combustion. A 
thermodynamic study also using the HSC Chemistry software for examining trace element 
volatilization (Díaz-Somoano et al., 2006) reported that chromium is very stable and only 
partially volatilised at temperatures above 1100 °C. An earlier study (Sandelin and Backman, 
2000) predicted similar behaviour and concluded that both chromium and copper are unlikely 
to volatilise at typical combustion temperatures. This is not surprising since both elemental 
Cr and Cu have high boiling points1, 2672 and 2567 °C, respectively. 

Even though this section focuses on the influence of Cr and Cu on As volatilization, 
their general behaviour in the combustion chamber is also of interest. Chromium might 
convert from Cr(III) to a more toxic form of Cr(VI) and copper has been identified as a 
catalyst for PCDD/F formation (Helsen and Van den Bulck, 2005). 

Different As, Cr and Cu compounds available in HSC Chemistry 5.11 were selected 
(see Table 6) and equilibrium calculations were performed. Data for CrAsO4 was unreliable 
at temperatures over 500 °C and was thus left out from the calculations. 

Table 6. Chromium and Copper species used in equilibrium calculations. 

Gas phase: Cr(g), Cr(OH)2(g), CrO(g), CrO(OH)(g), CrO2(g), CrO2(OH)(g), 
CrO2(OH)2(g), CrO3(g), CrOH(g), Cu(g), Cu2(g), Cu3(AsO4)2, 

                                                 
1 Source: www.ne.se 
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CuCl(g), CuH(g), CuO(g), CuOH(g) 

Solid phase: Cr, Cr(OH)3, Cr2O3, CrO2, CrO3, Cu, Cu2O, Cu3(AsO4)2, Cu3As, 
Cu3AsO4, CuCl, CuO, CuO*Cr2O3 
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Figure 9. Equilibrium composition of arsenic species using literature data (left) and 10 times 
higher values for Ca, Cr and Cu (right). 

Even though Cr, Cu, S and Cl are accounted for in the equilibrium calculations, the most 
dominating species (provided that enough calcium is present) at temperatures above 400 °C is 
Ca3(AsO4)2. This can be seen in Figure 7 (right graph), where ten times more Ca, Cr and Cu 
are added and As becomes the restricting element. In the left graph where Cu and Ca are 
present in much lower concentrations, arsenic is released by As2O5 at around 500 °C. Also 
note that Cu3(AsO4)2 exceeds its validity range in the left graph. 

The influence of chromium on arsenic capture has not been established, as the 
available data for Cr species was not reliable. However, Helsen and Bulck (2005) suggested 
that the formation of copper arsenates could function as a mechanism to limit arsenic loss up 
to 900 °C. 

The dominating Cr species in the equilibrium calculations was solid Cr2O3 and the 
formation of species containing the more toxic form of Cr, Cr(VI), was predicted not until 
1500 °C in HSC. Cu was predicted to form volatile components around 1200 °C, thus 
remaining in the bottom ash at normal combustion temperatures. HCl, on the other hand, a 
key component in PCDDs/Fs formation, volatilises at much lower temperatures than the 
known catalyst copper, which remains in bottom ash, leaving the interaction between Cl and 
gaseous copper compounds unlikely. 

Wasson et al. (2005) investigated the emissions of Cr, Cu, As and PCDDs/Fs while 
open firing CCA-wood and they found that the formation of PCDDs/Fs was low and 
comparable to firing untreated wood. In their analysis of the fly ash they found only small 
amounts of both Cu (0.1 – 1.8 %) and Cr (0.1 – 3.0 %) present, while As was found in much 
larger amounts (11 – 13 %). The measured bed temperature during the experiments varied 
between 600 and 800 °C. These results are in good agreement with thermodynamic 
equilibrium predictions presented here. 

10*(Ca, Cr, Cu) 
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5.2 CCA wood waste and sewage sludge 
In the preceding section it was shown that calcium can prevent arsenic volatilization at 
combustion temperatures. This has also been shown and investigated by others (Jadhav and 
Fan, 2001; Mahuli et al., 1997; Sterling and Helble, 2003). Mahuli et al. (1997) investigated 
different mineral sorbents and reported that Ca(OH)2 was more effective in capturing gaseous 
As than kaolinite, alumina or silica. Sterling and Helble (2001), as well as Jadhav et al. 
(2003) found calcium being capable of reacting with arsenic species at various temperatures. 

Below, CCA wood and MSS co-combustion were analysed with thermodynamic 
equilibrium calculations. The purpose of incinerating some MMS together with the CCA 
wood is to prevent the formation of gaseous As species. The large amount of Ca in MSS may 
react with As to form solid Ca3(AsO4)2, which is stable at high temperatures. Similar 
reactions have also been reported with elements such as iron and magnesium (Miller et al., 
2002).  
The following sections will give the equilibrium calculations for the co-combustion case. 
Again, the combustion species are divided into different groups, in order to identify the 
species of major concern. 

5.2.1 The influence of minor elements 
As mentioned earlier, combustion conditions are a result of chemistry that inolves a large 
number of elements. Because of this, the number of different possible chemical reactions 
resulting in different species becomes very large. But, fortunately not all reactions will take 
place, and combustion conditions can be estimated using only a limited number of species. 
Still, the choice of species is fundamental and determines the reliability of the simulations.  

Besides common major elements (C, H, O, N and S), minor elements such as Na, K, 
Mg, Fe, Al, Si and P are also known to influence the trace element behaviour. Thus, minor 
elements can not be left out of the considerations (Miller et al., 2002). For example, using 
ferric oxide or magnesium hydroxide at high temperatures (1100 °C) could be an alternative 
for capturing, not only As, but Cr and Cu as well (Wu et al., 2006). This study, however, is 
mainly concerned with the behaviour of arsenic during combustion and many of the minor 
elements can be excluded. 

Table 7. Arsenic species with some common minor elements. 

Gas phase: AlAs(g), AsP(g), AsP3(g), As2P2(g), As3P(g) 

Solid phase: 
AlAs, AlAsO4, FeAs, FeAs2, Fe2As, FeAsO4, Fe3(AsO4)2, KAsO2, 
KAs3O8, K2As4O11, K3AsO4, Mg(AsO2)2, Mg3(AsO4)2, Na3As, NaAsO2, 
NaAs3O8, Na2As4O11, Na3AsO4, *3Na2O*As2O5  

The addition of MSS to the CCA-wood waste greatly increases the amount of several minor, 
as well as trace elements to the incinerator (see Figure 3). Table 7 represents potential species 
available in HSC 5.11 that could form during co-combustion of CCA-wood with MSS. The 
reason why these elements have been selected is that their concentration in the MSS types 
studied is the highest (see Table 3). Reactions between other elements such as many of the 
trace elements present in MSS are unlikely due to their low concentrations. The following 
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will asses the changes in thermodynamic equilibrium conditions due to the addition of MSS 
to the CCA wood combustion system. 

Aluminium 

Literature reveals that there are several elements capable of binding arsenic even at high 
temperatures (>1000 °C). For example, Wu and Barton (2001) predicted that aluminium is 
highly capable of binding arsenic even when large amounts of Cl and S are present in the 
system. Figure 8 shows the effectiveness of aluminium as a sorbent material to capture 
arsenic. 
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Figure 10. Equilibrium composition of arsenic species when aluminium is present. 

The graph above has been drawn based on equilibrium calculations when aluminium is added 
to the combustion system together with all the elements considered previously. The 
aluminium species are listed in Table 8, but the data for AlAsO4 is, however, not valid above 
1000 °C in HSC, which makes this result uncertain. Nonetheless, it seems that As is more 
likely to react with Al than e.g. calcium, but whether or not this is the case for a real 
combustion system depends on various kinetics factors (Wu and Barton, 2001).  

If large amounts of Al are present in the MSS, which is the case when Al has been 
used as a component in the precipitation chemical at the wastewater treatment plant 
(WWTP), the likelihood of AlAsO4 forming increases. 

Table 8. Aluminium species. 

Gas phase: Al(g), AlCl(g), AlClO(g), AlCl2(g), AlCl3(g), AlH(g), AlHO(g), 
AlO(g), AlOH(g), Al2Cl6(g), Al2O2(g) 

Solid phase: Al, AlClO, AlCl3, Al2O3*3H2O, Al2(SO4)3, AlAsO4 

Iron 

Sources suggest (Wasson et al., 2005) that iron is likely to form non-volatile compounds with 
arsenic. This is in agreement with thermodynamic equilibrium calculations performed by Wu 
and Barton (2001) who also suggested that the presence of chlorine greatly reduces the 
performance of Fe based materials on As capture. According to Wu and Barton (2001) the 
formation of FeCl3 and FeCl2 dominated over FeAsO4 for the entire temperature range 
studied (500-1750 K) when 1 M of Cl2 was added for every 1 M of Fe. 
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Fe is commonly used in precipitation chemicals at WWTPs and should therefore be 
included in the considerations of co-combusting CCA-wood with MSS. Here, the equilibrium 
calculations performed by Wu and Barton (2001) were reconsidered using HSC’s 
thermodynamic database. The results of the simulations can be seen in Figure 9. 
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Figure 11. Equilibrium calculations using literature data showing the influence of Cl on Fe 
species. 

The results of the calculations did not agree with those of Wu and Barton (2001) and no 
reduction in arsenic capture as solid FeAsO4 could be demonstrated with the addition of up to 
1000 times the original Cl amount as can be seen from the graphs above. The competitive 
influence of Cr and Cu for available Fe was also insignificant at temperatures below 1000 °C. 
Both graphs in Figure 9 display the equilibrium composition of a mixture of 10 wt-% MSS 
being incinerated with CCA-wood as the amount of Cl is increased. The validity range for 
FeAsO4 is a bit low, 926 °C, but it is even lower (537 °C) for Fe3(AsO4)2 which is predicted 
to exist around 1000 °C. The formation of Fe3(AsO4)2 should therefore be left unconsidered. 

The addition of sulphur to the system was in perfect agreement with Wu and Barton 
(2001). At temperatures up to 500 °C Fe exists as Fe2(SO4)3 after which SO2 is released and 
FeAsO4 is formed. FeAsO4 is volatilised around 1000 °C. Hence, these calculations suggest 
that Fe could function as a material for arsenic capture up to 1000 °C. 

Magnesium 

Small amounts of magnesium can be found in the MSS and studies suggest (Miller et al., 
2003; Sandelin and Backman, 2000; Wu et al., 2006) that Mg is also capable of forming 
stabile solid species with arsenic at high temperatures. In fact Mg often reacts quite similar to 
calcium (Backman, 2007). 

Figure 12 displays the equilibrium conditions when Mg is taken into consideration. 
The graph on the left only shows the Mg species and its input level while the graph to the 
right shows all significant As species together with the As input level. The fact that no 
calcium-arsenates show up on the right graph is a result of the large phosphorous content in 
the fuel mixture (20 wt-% MSS) considered here. Ca reacting with P is thermodynamically 
more favourable than Ca reacting with As at these temperatures (see next section). 
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Figure 12. Equilibrium calculations using literature data and 20 wt-% MSS, considering Mg 
species in addition to Fe, Ca, Cr and Cu species. 

From the two graphs above it can be seen that magnesium is able to form stable Mg3(AsO4)2 
at temperatures below 1200 °C even though competing elements such as Fe, Ca, Cr and Cu 
are accounted for. The validity of Mg3(AsO4)2 in HSC is, however, much lower than that of 
its predicted stability. Still, the calculations reveal that Mg3(AsO4)2 is the dominating Mg 
species for temperatures above 500 °C. These results agree with results presented in the 
literature (Miller et al., 2003; Sandelin and Backman, 2000; Wu et al., 2006). 

But, since Mg is found at much lower concentrations than Ca and Fe (see y-axes in 
Figure 12), its significance on arsenic capture during CCA-wood and MSS co-combustion is 
likely to be small. It should be noted that even the theoretical amount of a sorbent material to 
capture all of the arsenic in CCA-wood is not enough in practice. 

In a study (Miller et al., 2003) investigating trace element behaviour during wood-
bark combustion it was found that the experimental results deviated from the thermodynamic 
equilibrium predictions. According to the equilibrium predictions all As should have been 
retained in the bottom ash at temperatures below 1000 °C as various Fe, Mg and Ca 
arsenates, but instead only 25 % was retained in the ash. Miller et al. (2003) considered it 
likely that the relatively low concentrations of the three minor metals Fe, Mg and Ca hindered 
them from reacting with As. The likeliness of As to react to form Mg3(AsO4)2 or Ca3(AsO4)2 

arsenates was further reduced by the requirement of two As atoms reacting with Mg, making 
the chance of formation low. FeAsO4, however, requires only one As atom. 

The addition of 20 wt-% MSS to a CCA-wood fuel mixture1 increases the amount of 
iron to nearly 400 % of that in the investigated wood-bark (Miller et al., 2003), thereby also 
significantly increasing the possibility of iron arsenate formation. 

Phosphorus and Iron 

Because MSS usually contains large amounts of phosphorus it is necessary to consider its 
impact on the equilibrium composition during combustion. High amounts of P prevent As 
from reacting with Ca (see Figure 13) by formation of stable Ca3(PO4)2. This increases the 
amount of As species in the flue gas. The fact that the ratio P/Ca might increase (depending 
on the type of MSS) as more MSS is added suggests that MSS addition might not be 

                                                 
1 Based on literature data (see Table 3) 
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beneficial for the arsenic capture processes from a Ca perspective. Below is a table displaying 
the decrease in Ca/P ration when adding MSS to the CCA wood. However, literature shows 
(Miller et al., 2002; Seames et al., 2002) that MSS addition during e.g. coal combustion 
reduces arsenic volatility. This, as well as the equilibrium calculations presented so far, 
clearly state that there are more elements to be considered when studying arsenic release 
during combustion.  

Table 9. Ca/P for CCA wood and MSS fuel mixtures. 

MSS fraction 1% 5% 10% 20% 50% 
  Ca/P Ca/P Ca/P Ca/P Ca/P 

Ekokem 61.87 14.04 8.06 5.07 3.28 
Literature 7.58 1.88 1.17 0.81 0.60 
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Figure 13. Equilibrium composition of As, Ca and P species when burning 1% MSS (left) 
and 10% MSS with CCA wood (right). 
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The six graphs Figure 13 compare As, Ca and P for two different fuel compositions; 
CCA-wood with 1 % MSS to the left and 10% MSS to the right. Notice that there is hardly 
any difference between the two upper graphs even though the amount of calcium is 
significantly higher (see graphs in middle). This can be explained by the greater tendency of 
Ca to react with P than with As and thus there are no arsenic containing Ca species in the 
middle right graph. The lower two graphs show the increase in compounds containing P as 
the fraction of MSS is increased, notice the 10-fold difference between the two y-axis scales 
in the lower graphs. 

As mentioned previously, iron is able to capture As below temperatures of 1000 °C. 
The high amount of iron in MSS (up to 2 wt-%) might therefore function as the arsenic 
sorbent material while calcium is scavenged by phosphorus. 

Sodium and potassium 

The influence of sodium and potassium on the equilibrium conditions during CCA-wood and 
MSS co-combustion is marginal at best (Backman, 2007). Na and K are highly reactive with 
sulphur and chlorine, all of which are present in much smaller amounts than e.g. Fe or As in 
the fuel mixtures (se Table 10 below). Therefore further investigations concerning Na, K and 
As interactions are omitted. 

Table 10. Amounts of some elements in a fuel mixture of MSS (20 wt-%) and CCA-wood 
using literature data. 

 wt-% in fuel 
mix 20% MSS 

Element/ 
 (S+K+Cl+Na) 

As 0.67 580 
Fe 0.41 356 
S 0.049 42 
K 0.044 38 

Na 0.019 17 
Cl 0.004 4 

5.2.2 The influence of allowing for a liquid phase 
The influence of a liquid phase on the equilibrium calculations is not significant for the 
equilibrium calculations performed in this report. Liquid species such as those listed in Table 
11 did not influence the equilibrium composition. Therefore no graphs are given here. 

Table 11. Liquid species in equilibrium calculations. 

Liquid phase: As2O3(l), AsCl3(l), Ca(l), CaCl2(l), CaCO3(l), CaH2(l), H2O(l), 
H2SO4(l), S(l)  

100 % 
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6 Mass balance calculations co-firing CCA-wood and MSS 
Mixing MSS with CCA-wood is investigated here as an option primarily to reduce arsenic 
volatility during combustion, but also during flue gas clean-up. Thermodynamic equilibrium 
calculations have shown that arsenic can form various solids with trace and minor elements 
found in MSS, preventing the formation of volatile As compounds such as As2O3. To 
illustrate the potential of MSS addition during CCA-wood incineration mass-balance results 
are presented for the simple combustion + flue gas clean-up system seen in the figure below. 

FGDFilter
Burner

Bottom ash Fly ash Wet residue

Flue gasCa-slurryCCA-wood

MSS

 

Figure 14. A schematic illustration of a basic incineration system with flue gas cleaning 
equipment. 

In accordance to the figure above this chapter discusses incineration in a typical grate firing 
kiln. However, options such as fluidized bed combustion (FBC) and circulating FBC (CFBC) 
have also been commented here, as these methods allow for lower combustion temperatures 
as well as good fuel mixing.      

6.1 Parameters affecting As volatility 

In order to account for uncertainties in the thermodynamic calculations and in the 
compositions of the two fuels, a number of parameters have been varied. The parameters 
concerned, i.e. the parameters affecting arsenic volatility are listed in Table 12. To the left of 
the table there are five parameters that have been considered in the following mass-balance 
calculations and to the right there are five parameters that affect the calculation results but 
have not been altered here. 

Table 12. Variables affecting As emissions to the air. 

Other Variables  
MSS composition literature 

CCA-wood composition literature 
HSC calculations - 

Particle size distribution3 0.1-1 mμ  

Excess air 20 % 

                                                 
1 Typically, combustion temperatures for (C)FBC are around 850 ˚C. 
2 Average values based on typical baghouse filter efficiency (Zevenhoven and Kilpinen, 2004). 
3 As suggested in (Wasson et al., 2005). 

Variables Min Max 
MSS fraction 1% 20% 

Burner temperature1 900 ˚C 1300 ˚C 
Filter temperature 150 300 

Filter efficiency2 99% 99.9% 
FGD temperature 80 90 
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The amount of MSS added to the CCA incineration process is obviously an important 
parameter to vary. Here MSS additions of 1 to 20 wt-% of the total fuel feed are investigated. 
MSS additions higher than 20 wt-% are not considered due to the large amount of water 
present in the MSS feed (> 72 %). For the literature data presented in Table 3, a 20 wt-% 
MSS addition increases the water content of the fuel mixture to 30 %. Besides the amount of 
MSS, another important parameter to look into is the combustion temperature. A low-enough 
temperature fixes As species into the bottom ash. The graphs in Figure 15 demonstrate the 
influence of both the combustion temperature and MSS amount on As species volatility. 
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Figure 15. The influence of MSS addition and burner temperature on As volatility. 

The graphs in Figure 15 have been drawn based on thermodynamic equilibrium calculations 
performed using FactSage 5.4.1 software. Calculations based on HSC-Chemistry software 
provided similar results, but because the thermodynamic data for some species in HSC-
Chemistry is not valid at the temperature ranges considered, the less optimistic results, i.e. the 
FactSage results, are presented here. In addition, it should be noted that Al species have been 
left out from the calculations as to avoid results clearly not plausible, based on the 
unreasonable (too low melting point) formation of silicates in the system. The addition of Al 
to the CCA-wood combustion could, however, enhance As retention even further (see section 
5.2.1). 

As can be seen from Figure 15 above, the amount of As species in the solid phase (i.e. 
bottom ash) decreases with increasing temperature. It is also evident that the amount of solid 
bound As increases with the amount of added sludge, reaching 100 wt-% at temperatures 
below 1000 °C for a 20 wt-% sludge addition. From this set of data it can be noted that the 
amount of As vapour species entering the duct to the flue gas cleaning filter varies between 0-
86 wt-% at 800 °C and 82-100 wt-% at 1300 °C for MSS additions between 1 and 20 wt-%. 
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From the combustion chamber the flue gas is led through a fabric filter (such as a 
baghouse filter) which effectively removes particles from the passing flue gas stream. 
Because the filter is unable to remove species in gaseous form it is desirable that as much as 
possible of the gaseous species have time to condense before entering the filter. Common 
temperatures for the flue gas to be led through a fabric filter of some sort are between 100 to 
200 °C. Here temperatures as high as 300 °C have been considered (see Table 12). 

Because the composition of the flue gases leaving is highly dependent on the 
combustion temperature, there are a lot of alternatives to consider when it comes to the 
formation of condensed species during cooling. However, equilibrium calculations presented 
earlier (see Figures 5 and 6) suggest that the formation of solid As species would take place 
already around 500 °C even without any sorbent material interaction. This indicates that even 
temperatures as high as 300 °C would allow for the condensation of As and thereby the 
capturing of most of the As species in the filter. Figure 16 shows the partitioning of solid 
versus gaseous species during flue gas cooling from 1300 to 100 °C in the presence of 
surplus oxygen, but without sorbent materials containing Ca or Fe present. 
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Figure 16. Condensation temperature for As species in the absence of sorbent materials. 

Besides uncondensed species in the flue gas, fabric filters are typically not good at capturing 
sub-micron sized particles either. The thermodynamic equilibrium calculations do not address 
particle size at all and it has been found that the addition of MSS (or alternative fuels like 
biomass) to coal fuel results in an increase in the ultrafine/sub-micron particle emissions 
compared to firing coal alone (Seames et al., 2002). This is in agreement with another study 
(Wasson et al., 2005), who found As species condensing to form particles of sizes between 
0.1-1 mμ , which is typically in the hard to remove particle size range for common fabric 
filters (see Figure 19). 

Experimental combustion studies concerning MSS addition to CCA-wood have not 
been conducted or at least have not been published in the open literature and it is uncertain 
whether MSS addition to the CCA-wood incinerator will significantly affect particle size 
distribution (PSD). However, assuming the same PSD for MSS and CCA-wood co-
combustion as Wasson et al. (2005) found for CCA-wood mono-combustion, enables the 
estimation of As removal efficiency of fabric filters. 
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Figure 17. Average PSDs for As, Cr and Cu when burning CCA-wood (Wasson et al., 2005). 

The PSD for As in Figure 17 applies to open burning of CCA-wood and has not been 
confirmed for other combustion situations. Still, in the following section, the PSD for As 
when co-firing CCA-wood and MSS has been assumed similar to that of Figure 17. This is 
due to the lack of other As related PSD data in the open literature on burning CCA-wood. 

6.2 The flue gas clean-up system 
The flue gas clean-up system consisting of a fabric filter followed by a FGD device is 
discussed here with emphasis on As removal efficiency. Provided with no specific data for 
the parameters at stake, typical values for the many variables affecting As emissions have 
been assumed. Figure 18 below illustrates some of the various stages affecting As emissions 
to air when CCA-wood is co-fired with MSS. 
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Figure 18. Main parameters affecting As emissions. 

The amount of As escaping with other flue gases when co-firing CCA-wood with MSS is a 
function of many variables, see Figure 18. The effect of the fuel composition as well as the 
combustion temperature has already been discussed and illustrated in Figure 15. Next, the 
flue gas clean-up system, consisting of a fabric filter followed by FGD will be examined 
more closely. 

When considering FBC or CFBC the need for additional desulphurisation equipment 
is usually unnecessary as sulphur capture is managed by in-bed Ca addition. The addition of 
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Ca to the system could also function as a method for arsenic capture as long as phosphorous 
does not interfere. 

6.2.1 The Fabric Filter 
The amount of As into the filter system is primarily determined by the previous step, i.e. the 
combustion step, and can be estimated using knowledge on the equilibrium conditions in the 
combustion chamber. The graphs in Figure 15 already showed the potential of regulating As 
emissions by adding MSS to the mixture while keeping the combustion temperature below 
1000 °C. Assuming, however, that some As escapes the bottom ash, the influence of various 
filter parameters on As emissions can be investigated. 

In Figure 18 there are three fabric filters with different properties (see Table 13). The 
different properties have been chosen as to cover the most common fabric filters used today 
(Zevenhoven, 2007). The varied properties consist of:  

 

• Minimum filter efficiency 
• Efficiency minimum location 
• PSD for As 

Aside from these properties, the most critical factor affecting As emissions to air is the 
amount of uncondensed As entering the filter. Uncondensed species are assumed to penetrate 
the filter unaffected and for that part no calculations are needed. PSD, on the other hand, 
requires some calculations and it has a significant impact on the filter efficiency, as large 
particles generally are easier to remove than small ones. Here, a typical filter efficiency has 
been assumed in accordance to Figure 19 below. It can be seen that the filter efficiency 
reaches a minimum of 99 % at approximately 0.5 mμ , this is the case for FF1. For FF2 and 
FF3, both of these values have been shifted as seen in Table 13. 

Table 13. Filter efficiencies. 

FF Minimum efficiency Min.eff. Location Particles escaping (wt-%) 
1 99 0.5 0.85 
2 90 0.5 8.5 
3 90 0.1 4.2 

The potentially high amount of arsenic escaping the filter is noticeable in Table 13, as the 
filter efficiency minimum (see Figure 19) falls approximately in the same location as the 
maximum value for the arsenic PSD curve (see Figure 17). If the minimum efficiency 
location for the filter is adjusted (FF3), then the As removal efficiency increases significantly. 
This is clearly also the case if the As PSD curve is shifted. 
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Figure 19. Typical filter efficiency as a function of particle size, modified from (Zevenhoven 
and Kilpinen, 2004). 

Notice that Figure 19 also shows the main capture mechanisms applying to different particle 
sizes. The minimum in the figure can be alleviated by electrostatic forces (Zevenhoven and 
Kilpinen, 2004) i.e. the use of electrostatic precipitators (ESP). The use of ESPs has not been 
discussed further in this report, because many waste incinerator plants use filters to reach the 
necessary particle removal efficiency. (Due to much shorter residence times, ESPs are 
typically less efficient than filter systems for sub-micron particle removal.) 

The last box, before the stack, in Figure 18 (flue gas desulphurisation, FGD) is the 
third and final possibility to prevent As from escaping to the atmosphere with the rest of the 
flue gases. Here the potential of capturing As in the Ca-slurry (CaO in water) is considered. 
In a previous section (5.1.2), calcium was investigated as a sorbent material for As and 
thermodynamic equilibrium calculations showed that the formation of solid Ca3(AsO4)2 was 
favoured in the absence of sulphur. The affinity of S to react with Ca is greater than that of 
As at the temperature range considered (80-90 °C), which is why slightly more Ca is needed 
than for mere desulphurisation. How much more depends on various factors such as the 
desulphurisation equipment used and the quality of the Ca-slurry. These details are, however, 
outside the scope of this work. 

As shown in Figure 15 the theoretical possibility of binding all the As in the bottom 
ash or the bed material exists when adding enough MSS to the CCA-wood fuel. Still, it is 
likely that some of the As escapes the combustion chamber e.g. due to uneven mixing. 
However, the use of (C)FBC enhances fuel mixing considerably compared to e.g. grate firing. 
Figure 20 below gives different amounts of As ending up in the flue gas and the effect of 
different parameters (discussed above) on As removal efficiency by the following filter. For 
comparison purposes a line has been drawn at the level of 0.5 mg/m3n in the figure below. 
This line represents the highest possible As emission amount allowed according to the EU 
directive (2000/76/EC) on incineration of waste containing fuels. It should be noted, 
however, that the emission level of 0.5 mg/m3n also includes the emissions of eight other 
metals (Sb, Co, Cr, Cu, Pb, Mn, Ni and V). The y-axis on the right side of the graph refers to 
section 6.2.2 where it is explained further. 
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Figure 20. The affect of the combustion temperature on the As emissions after the flue gas 
filter on four different fuel compositions and Ca needed in a FGD to capture As. 

Figure 20 demonstrates the arsenic emission level in the flue gas after the hypothetical fabric 
filter FF1 (see Table 13 for efficiency specification). In order to produce the figure above, the 
following has been assumed: 

 

• All As has condensed before entering the filter. 
• As PSD according to Figure 17. 
• Particle removal efficiency according to FF1 (Table 13). 

The assumption that all As has condensed before entering the filter is based on 
thermodynamic equilibrium data as been discussed previously. In real combustion systems, 
however, reaction kinetics and mass/heat transfer limitations can prevent some As from 
condensing and already small amounts of uncondensed species are harmful for emission 
control. For example, even if only 1 % of the, during combustion volatilised, As remains in 
the vapour phase when entering the fabric filter, As in the flue gas after the filter increases by 
more than 200 % compared to the levels in Figure 20. 

Changing other parameters or PSD means straying from the typical values assumed 
while producing Figure 20. Lower emission levels than those in Figure 20 require a much 
better filter (see Figure 21, left graph) or As particles with a different size distribution. While 
changing the parameters for the worse easily causes the emission levels to rise above 0.5 
mg/m3n (see Figure 21, right graph), it is difficult to reach the low levels below the allowed 
emission level. 
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Figure 21. The effect of filter efficiency minimum and its location on As flue gas emissions. 

From the two graphs in Figure 21 it is noticeable that even small changes in the filter 
parameters and/or in the equilibrium conditions can cause significant changes in the flue gas 
As level. However, adding sludge to the CCA-wood fuel could solve the problem with 
efficient flue gas filtering for As species as demonstrated in Figure 20. Adding around 20 wt-
% MSS could be sufficient to retain all the As in the bottom ash. 

6.2.2 The effect of FGD 
Flue gas desulphurisation (FGD) is commonly used for the removal of sulphur with calcium 
containing additives from the flue gases. However, the potential of removing arsenic with Ca-
slurries has also been established, which is why it could be used as a final control measure for 
keeping As emissions within legislative boundaries. 

The efficiency of the FGD device depends on various parameters but the 
stoichiometry of the species involved gives the theoretical amount of sorbent material 
needed. For example, every three Ca-atoms are capable of binding two As-atoms as 
Ca3(AsO4)2. Figure 20 (right y-axis) in the previous section, shows the theoretical amount of 
CaO (as slurry in water) needed to capture all of the As, as a function of the combustion 
temperature. This amount is required in addition to the amount needed for sufficient SO2 
removal, resulting in a total of one mole CaO/S and 1.5 moles CaO/As. 

The amount of CaO needed for As removal is small compared to the theoretical 
amount needed for sulphur removal (see Table 14). The theoretical amount needed has been 
calculated based on the stoichiometry of CaSO4, i.e. for every one mole of CaO one mole of 
SO2 can be captured.  

Table 14. Theoretical amount of CaO (as slurry in water) needed for sulphur removal if all 
the fuel-S ends up in the FGD equipment, based on the incineration of 10,000 t/a fuel. 

t CaO/a 
MSS 1% MSS 5% MSS 10% MSS 20% 

1.76 3.18 4.96 8.52 

The real amount of dry CaO needed can be estimated by multiplying the values in Table 14 
and Figure 20 (right y-axis) with a factor of two (Zevenhoven, 2007), i.e. Ca/S = 2 mol/mol. 
Notice that the increased addition of MSS also increases the demand for desulphurisation due 
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to the high sulphur content in MSS. There are, however, other factors affecting the final 
desulphurisation requirements, factors such as the Ca and P content of MSS. 

The increase of calcium amounts in the fuels could prevent S from reaching the FGD, 
while the simultaneous increase of phosphorus could prevent the calcium from reacting with 
S. In other words, with the data used in this report (see Table 3), SO2 leaves with the flue gas 
while Ca remains in the bottom ash. Thus, despite the large amount of Ca in MSS, an 
increased amount of MSS to the CCA-wood combustor is likely to increase the demand for 
desulphurisation. On the other hand the demand for desulphurisation could be eliminated 
using (C)FBC with in-situ addition of Ca. 

That MSS is likely to increase SO2 emissions when co-fired with low sulphur content 
fuels has also been stated by others in e.g. a review article considering sewage sludge 
combustion (Werther and Ogada, 1999). 
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Figure 22. Theoretical mass balance around a combustion plant, with As amounts in 
parenthesis, when 10,000 t/a CCA-wood and MSS (10 wt-%) is co-incinerated. 

Figure 22 shows a theoretical mass balance around a CCA-wood and MSS co-combustion 
plant. Co-combusting 10 wt-% MSS with CCA-wood at 1000 °C causes 29 % of the As in 
the mixture to volatilise while the rest is retained in the bottom ash. The volatilised As 
condenses to form particles unimodally distributed across the size range of 0.1-1 mμ . No 
uncondensed As remains and the filter (FF1) effectively removes most of the particles. After 
the fabric filter the flue gas contains 3.6 mg/m3n As (= 5,9 mg/s). This is more than 6 times 
the allowed level. For this particular case the FGD equipment should therefore remove at 
least 85 % of the As in the flue gas in order to meet the As emission limit. 

Figure 22 is, however, only a rough estimation of a real combustion situation. For 
example the formed bottom ash is assumed to only consist of elements, i.e. the weight of any 
oxide bound to the ash particles is neglected. Complete combustion is assumed and the 
formed flue gas is a mixture of N2, CO2, SO2, H2O, As and excess O2 (20 %). All other ash 
forming elements, except As, are assumed to remain in the bottom ash. This is of course not 
the case in reality as many other elements such as alkali metals are bound to volatilise and 
condense before the filter. Dry CaO, fed as Ca-slurry, is used twice as much as theoretically 
needed for complete sulphur capture and the As removal efficiency in the FGD is assumed 85 
%. The data used for the calculations is based on the literature data found in Table 3. 

In order to simulate the combustion system more precisely more data is required but it 
appears that the removal of As from the flue gases is difficult even when ideal conditions are 
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met. In other words, effort should be taken to prevent As from entering the flue gas in the 
first place. In the example above only a third of the total As amount was calculated to 
volatilise and still the removal of the remaining As, to meet the emission limits, seemed 
difficult.  
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7 Conclusions 
Co-combustion of CCA treated wood and MSS has the benefit of recovering energy while at 
the same time significantly reducing the volume of material otherwise requiring costly 
disposal. Thermodynamic equilibrium calculations have shown that the addition of MSS to 
CCA-wood combustion facilities could reduce arsenic volatilisation at typical combustion 
temperatures. Various elements in the sludge are capable of binding As to the bottom ash 
even at high temperatures and the data used here clearly shows the potential of this option. 

At first the possibility of capturing As with calcium was investigated as the most 
likely candidate for reducing As emissions to the air, but the high content of phosphorus in 
most MSS types effectively prevents Ca from reacting with As at equilibrium conditions. 
Thus, other options explaining the already established good As emission reduction effect 
when adding MSS to combustion systems (e.g. coal combustion facilities) were investigated. 

The fact that MSS usually contains large amounts of either iron or aluminium is 
interesting since both of these elements showed good arsenic capture properties under 
equilibrium conditions. Depending on the type of MSS used, minimal arsenic volatilisation 
could be achieved already with less than 20 wt-% MSS additions. The calculations have been 
performed assuming that MSS is incinerated as received, i.e. no additional drying is 
employed prior to its combustion. Therefore, lower MSS addition rates, while maintaining 
good As capturing properties, could be achieved using dryer MSS or MSS types with higher 
Fe and/or Al contents than for those used in this report. 

A large amount of Fe in MSS is, according to the equilibrium calculations performed 
here, the most promising candidate for preventing As from volatilising. The formation of 
solid FeAsO4 is a result of iron sulphate breaking up into iron oxides and sulphur oxides at 
around 500 °C, making the iron available for As reactions. The content of calcium in MSS is 
in turn capable of capturing the released sulphur unless it is prevented from doing so by 
phosphorus. 

According to the thermodynamic equilibrium calculations a combustion temperature 
of 900 °C or less and a 20 wt-% MSS addition would keep all the incoming As in the bottom 
ash. However, adding 20 wt-% of MSS to the combustion chamber also increases the amount 
of other trace and minor elements remarkably. One of the less desirable elements to increase 
is sulphur. 

Lower combustion temperatures than 900 °C could be achieved using (C)FBC which 
is beneficial considering the volatility of the predicted arsenates. Also, the (C)FBC is better 
suited for fuels with high sulphur contents, as S can be stabilised already in the bed material 
by fuel Ca (or added Ca) and hence, no additional FGD device is required. Further more, 
FBC allows for a good fuel mixing, decreasing the gap between the thermodynamic 
equilibrium calculations performed here and real combustion conditions. 

In the other end of the combustion temperature range considered (1300 °C), the 
influence of MSS on As volatilisation is rather low, ranging from 82 (20 wt-% MSS) to 100 
wt-% (5 wt-% MSS) volatilised As. This suggests that the combustion temperature should be 
kept as low as possible when trying to prevent As from entering the flue gas. 
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The addition of MSS to CCA-wood combustion should be, in the light of this report, a 
carefully considered decision based on the types of fuels available. Here, data for CCA and 
MSS found in literature has been used while simulating the combustion conditions. This is 
mainly due to the fact that data provided by Ekokem Oy was lacking information about some 
elements, but it is also due to the fact that the literature data gave higher values for As and P 
and a significantly lower value for Ca. All of these elements affect the overall As capture rate 
considerably, which is why the worst case data, in this case the literature data, was used. 
Using the data provided by Ekokem Oy would therefore give better As capture results than 
those presented here. Also, (C)FBC seems more favourable than other incinerator types for 
the co-combustion CCA-wood with MSS. 

All in all, it should be noted that the addition of MSS to the CCA-wood combustion 
system indeed has the potential of simultaneously taking care of two problematic waste 
fractions, i.e. MSS and CCA-wood. 
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10 Appendix 
Here, a list of all the species considered in each equilibrium calculation is given in one large 
table split up on several pages. The species considered are listed to the left of each page and 
the first two pages refer to figures 5-8. If an element has been considered in the calculations, 
but its initial amount has been zero then it is marked with a 0 in the table. If a species has 
been left unconsidered then its position in the table has been left empty. All other species 
have a number (in kmol) corresponding to the amount fed in to the combustion chamber. 

At the bottom of each table on pages ii and vii there is a row giving the total amount 
of species considered in each simulation. Pages iv-viii gives data for figures 9-13. For the 
system used to produce the graphs in Figure 15 no data has been listed here, due to the very 
large amount of species (>700) involved. 

Table 15. All species and their input amounts used in the equilibrium calculations.  

 Figure 5 Fig 6 Figure 7 Figure 8     
 left right   left right topleft topright bl br 

As 0.011 0.011 0.011 0.001 0.011 0.011 0.011 0.011 0.011 
As(g) 0 0 0 0 0 0 0 0 0 

As2(g) 0 0 0 0 0 0 0 0 0 
As2O3 0 0 0 0 0 0 0 0 0 

As2O3(g) 0 0 0 0 0 0 0 0 0 
As2O3(l) 0 0 0 0 0 0 0 0 0 

As2O4 0 0 0 0 0 0 0 0 0 
As2O5 0 0 0 0 0 0 0 0 0 

As2O5*4H2O 0 0 0   0 0 0 0 0 
As3(g) 0 0 0 0 0 0 0 0 0 
As4(g) 0 0 0 0 0 0 0 0 0 

As4O10(g) 0 0 0 0 0 0 0 0 0 
As4O6 0 0 0 0 0 0 0 0 0 

As4O6(g) 0 0 0 0 0 0 0 0 0 
As4O7(g) 0 0 0 0 0 0 0 0 0 
As4O8(g) 0 0 0 0 0 0 0 0 0 
As4O9(g) 0 0 0 0 0 0 0 0 0 
AsCl3(g)           0 0  0 
AsCl3(l)           0 0  0 
AsH(g) 0 0 0  0 0 0 0 0 

AsH2(g) 0 0 0  0 0 0 0 0 
AsH3(g) 0 0 0 0 0 0 0 0 0 
AsO(g) 0 0 0 0 0 0 0 0 0 

AsO2(g) 0 0 0 0 0 0 0 0 0 
C 3.47 3.47 3.47 2.885 3.47 3.47 3.47 3.47 3.47 

Ca       0.001 0.002 0.002 0.002 0.002 0.002 
Ca(g)       0 0 0 0 0 0 
Ca(l)       0 0 0 0 0 0 

Ca(NO3)2         0       
Ca(NO3)2*2         0       
Ca(NO3)2*3         0       
Ca(NO3)2*4         0       

Ca(OH)2       0 0 0 0 0 0 
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 Figure 5 Fig 6 Figure 7 Figure 8     
 left right   left right topleft topright bl br 
Ca3(AsO4)2       0 0 0 0 0 0 

CaCl(g)           0 0  0 
CaCl2           0 0  0 

CaCl2(g)           0 0  0 
CaCl2(l)           0 0  0 
CaCO3       0 0 0 0 0 0 

CaCO3(l)       0 0 0 0 0 0 
CaH(g)       0 0 0 0 0 0 

CaH2       0 0 0 0 0 0 
CaH2(l)       0 0 0 0 0 0 

CaO       0 0 0 0 0 0 
CaO(g)       0 0 0 0 0 0 

CaO*Cr2O3                 
CaO2       0 0 0 0 0 0 

CaOH(g)       0 0 0 0 0 0 
CaSO4              0 0 
CH4(g) 0 0 0 0 0 0 0 0 0 

Cl(g)           0 0.045  0 
Cl2(g)           0 0  0 
ClO(g)           0 0  0 
CO(g) 0 0 0 0 0 0 0 0 0 

CO2(g) 0 0 0 0 0 0 0 0 0 
H(g) 4.762 4.762 4.762 3.959 4.762 4.762 4.762 4.762 4.762 

H2O(g) 0 0 0 0 0 0 0 0 0 
H2O(l) 0 0 0 0 0 0 0 0 0 
H2S(g)              0 0 

H2SO4(g)              0 0 
H2SO4(l)              0 0 

HCl(g)           0 0  0 
HCN(g)   0             

HNO3(g) 0 0   0 0 0 0 0 0 
HO(g) 0 0 0 0 0 0 0 0 0 

HOCl(g)           0 0  0 
N(g) 0 0   0 0 0 0 0 0 

N2(g) 26.64 17.76   22.15 26.64 26.64 26.64 26.64 26.64 
NH3(g)   0             
NO(g) 0 0   0 0 0 0 0 0 

NO2(g) 0 0   0 0 0 0 0 0 
NOCl(g)           0 0  0 

O(g) 1.955 1.955 1.955 1.625 1.955 1.955 1.955 1.955 1.955 
O2(g) 4.42 2.95 0 3.67 4.42 4.42 4.42 4.42 4.42 

S              0 0 
S(g)              0 0 
S(l)              0 0 

SO2(g)              0 0 
SO3(g)              0 0 

   Number of species used/simulation   
SUM 37 39 32 48 55 63 63 60 72 
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 Figure 9 Fig 10 Figure 11 Figure 13 Fig 12 
  left right   left right left right both 

Al     0.011           
Al(g)     0           
Al(l)     0           

Al2(SO4)3     0           
Al2Cl6(g)     0           
Al2O2(g)     0           
Al2O3(l)     0           

Al2O3*3H2O     0           
AlAsO4     0           
AlCl(g)     0           

AlCl2(g)     0           
AlCl3     0           

AlCl3(g)     0           
AlCl3(l)     0           

AlClO     0           
AlClO(g)     0           

AlH(g)     0           
AlHO(g)     0           

AlO(g)     0           
AlOH(g)     0           

As 0.011 0.011 0.011 0.01 0.01 0.011 0.01 0.009 
As(g) 0 0 0 0 0 0 0 0 

As2(g) 0 0 0 0 0 0 0 0 
As2O3 0 0 0 0 0 0 0 0 

As2O3(g) 0 0   0 0 0 0 0 
As2O3(l) 0 0 0 0 0 0 0   

As2O4 0 0   0 0 0 0 0 
As2O5 0 0 0 0 0 0 0 0 

As2O5*4H2O 0 0   0 0 0 0   
As2P2(g)           0 0   

As3(g) 0 0 0 0 0 0 0 0 
As3P(g)           0 0   

As4(g) 0 0 0 0 0 0 0 0 
As4O10(g) 0 0   0 0 0 0 0 

As4O6 0 0   0 0 0 0 0 
As4O6(g) 0 0 0 0 0 0 0 0 
As4O7(g) 0 0   0 0 0 0 0 
As4O8(g) 0 0   0 0 0 0 0 
As4O9(g) 0 0   0 0 0 0 0 
AsCl3(g) 0 0 0 0 0 0 0 0 
AsCl3(l) 0 0 0 0 0 0 0   
AsH(g) 0 0   0 0 0 0   

AsH2(g) 0 0   0 0 0 0   
AsH3(g) 0 0 0 0 0 0 0   
AsO(g) 0 0 0 0 0 0 0 0 

AsO2(g) 0 0   0 0 0 0 0 
AsP(g)           0 0 0 

AsP3(g)           0 0 0 
C 3.47 3.47 3.47 3.189 3.189 3.442 3.189 2.909 

Ca 0.002 0.017 0.002 0.003 0.003 0.002 0.003 0.004 
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  Figure 9 Fig 10 Figure 11 Figure 13 Fig 12 
  left right   left right left right both 

Ca(g) 0 0 0 0 0 0 0 0 
Ca(H2PO4)2           0 0 0 

Ca(l) 0 0 0 0 0 0 0   
Ca(NO3)2     0 0 0       

Ca(NO3)2*2     0 0 0       
Ca(NO3)2*3     0 0 0       
Ca(NO3)2*4     0 0 0       

Ca(OH)2 0 0 0 0 0 0 0 0 
Ca(PO3)2           0 0 0 
Ca2P2O7           0 0 0 

Ca3(AsO4)2 0 0 0 0 0 0 0 0 
Ca3(PO4)2           0 0 0 

Ca3P2           0 0 0 
Ca5(PO4)3O           0 0   

CaCl(g) 0 0 0 0 0 0 0 0 
CaCl2 0 0 0 0 0 0 0 0 

CaCl2(g) 0 0 0 0 0 0 0 0 
CaCl2(l) 0 0 0 0 0 0 0   
CaCO3 0 0 0 0 0 0 0 0 

CaCO3(l) 0 0 0 0 0 0 0   
CaH(g) 0 0 0 0 0 0 0 0 

CaH2 0 0 0 0 0 0 0 0 
CaH2(l) 0 0 0 0 0 0 0   

CaHPO4           0 0 0 
CaHPO4*2H2           0 0   

CaO 0 0 0 0 0 0 0 0 
CaO(g) 0 0 0 0 0 0 0 0 

CaO*Cr2O3           0 0 0 
CaO2 0 0 0 0 0 0 0 0 

CaOH(g) 0 0 0 0 0 0 0 0 
CaSO4 0 0 0     0 0 0 
CH4(g) 0 0 0 0 0 0 0 0 

Cl(g) 0 0 0 0.001 0.083 0 0 0 
Cl2(g) 0 0 0 0 0 0 0 0 
ClO(g) 0 0 0 0 0 0 0 0 
CO(g) 0 0 0 0 0 0 0 0 

CO2(g) 0 0 0 0 0 0 0 0 
Cr 0 0 0     0 0 0 

Cr(g) 0.018 0.183 0.018     0.018 0.016 0.015 
Cr(OH)2(g) 0 0 0     0 0 0 

Cr(OH)3 0 0 0     0 0 0 
Cr2MgO4               0 

Cr2O3 0 0 0     0 0 0 
CrAsO4     0           
CrO(g) 0 0 0     0 0 0 

CrO(OH)(g) 0 0 0     0 0 0 
CrO2 0 0 0     0 0 0 

CrO2(g) 0 0 0     0 0 0 
CrO2(OH)(g 0 0 0     0 0 0 

CrO2(OH)2(g) 0 0 0     0 0 0 
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  Figure 9 Fig 10 Figure 11 Figure 13 Fig 12 
  left right   left right left right both 

CrO3 0 0 0     0 0 0 
CrO3(g) 0 0 0     0 0 0 
CrOH(g) 0 0 0     0 0 0 

Cu 0 0 0     0 0 0 
Cu(g) 0.005 0.054 0.005     0.005 0.005 0.004 

Cu2(g) 0 0 0     0 0 0 
Cu2Mg               0 

Cu2O 0 0 0     0 0 0 
Cu3(AsO4)2 0 0 0           
Cu3(PO4)2           0 0 0 

Cu3As 0 0 0     0 0 0 
Cu3AsO4 0 0 0           

Cu3P           0 0 0 
CuCl 0 0 0     0 0 0 

CuCl(g) 0 0 0     0 0 0 
CuH(g) 0 0 0     0 0 0 
CuMg2               0 

CuO 0 0 0     0 0 0 
CuO(g) 0 0 0     0 0 0 

CuO*Cr2O3 0 0 0     0 0 0 
CuOH(g) 0 0 0     0 0 0 

CuP2           0 0 0 
Fe       0.004 0.004     0.007 

Fe(g)       0 0     0 
Fe(OH)2       0 0     0 

Fe(OH)2(g)       0 0     0 
Fe(OH)3       0 0     0 

Fe2(g)       0 0       
Fe2(SO4)3               0 
Fe2Cl4(g)       0 0     0 
Fe2Cl6(g)       0 0     0 

Fe2O3       0 0     0 
Fe2O3*H2O       0 0       
Fe3(AsO4)2       0 0     0 

Fe3O4       0 0     0 
FeAsO4       0 0     0 
FeCl(g)       0 0       

FeCl2       0 0     0 
FeCl2(g)       0 0     0 

FeCl3       0 0     0 
FeCl3(g)       0 0     0 

FeCO3               0 
FeH(g)       0 0       

FeO       0 0     0 
FeO(g)       0 0     0 

FeO*OH       0 0       
FeO*OH(g)       0 0       

FeO2(g)       0 0       
FeOCl       0 0       

FeOCl(g)       0 0       
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  Figure 9 Fig 10 Figure 11 Figure 13 Fig 12 
  left right   left right left right both 
FeOH(g)       0 0       

FeSO4               0 
H(g) 4.762 4.762 4.762 4.394 4.394 4.725 4.394 4.026 

H2O(g) 0 0 0 0 0 0 0 0 
H2O(l) 0 0 0 0 0 0 0   
H2S(g) 0 0 0     0 0 0 

H2SO4(g) 0 0 0     0 0 0 
H2SO4(l) 0 0 0     0 0   

H3PO4           0 0 0 
HCl(g) 0 0 0 0 0 0 0 0 

HCN(g)                 
HNO3(g) 0 0 0 0 0 0 0   

HO(g) 0 0 0 0 0 0 0 0 
HOCl(g) 0 0 0 0 0 0 0   
HPO(g)           0 0 0 

Mg               0.001 
Mg(g)               0 

Mg(OH)2               0 
Mg(OH)2(g)               0 

Mg(OH)Cl               0 
Mg2(g)               0 

Mg2Cl4(g)               0 
Mg3(AsO4)2               0 

MgCl(g)               0 
MgCl2               0 

MgCl2(g)               0 
MgH(g)               0 

MgH2               0 
MgO               0 

MgO(g)               0 
MgOH(g)               0 

MgS               0 
MgS(g)               0 
MgSO4               0 

N(g) 0 0 0 0 0 0 0.006 0 
N2(g) 26.64 26.64 86.92 24.4 24.4 26.42 24.4 22.15 
NO(g) 0 0 0 0 0 0 0   

NO2(g) 0 0 0 0 0 0 0   
NOCl(g) 0 0 0 0 0 0 0   

O(g) 1.955 1.955 0 1.832 1.832 1.943 1.832 1.708 
O2(g) 4.42 4.42 14.42 4.05 4.05 4.38 4.05 3.67 

P           0 0.002 0.005 
P(g)           0 0 0 

P2(g)           0 0 0 
P2O3(g)           0 0 0 
P2O4(g)           0 0 0 

P2O5           0 0 0 
P2O5(g)           0 0   

P3(g)           0 0   
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  Figure 9 Fig 10 Figure 11 Figure 13 Fig 12 
  left right   left right left right both  
P3O6(g)           0 0   

P4(g)           0 0   
P4H2           0 0   

P4O10           0 0   
P4O10(g)           0 0   

P4O6(g)           0 0   
P4O7(g)           0 0   

P4O8           0 0   
P4O8(g)           0 0   
P4O9(g)           0 0   

PH(g)           0 0 0 
PH2(g)           0 0 0 
PH3(g)           0 0 0 
PO(g)           0 0 0 

PO2           0 0 0 
PO2(g)           0 0 0 

S 0 0       0 0.001 0.002 
S(g) 0 0 0     0 0 0 
S(l) 0 0 0     0 0   

SO2(g) 0 0 0     0 0 0 
SO3(g) 0 0 0     0 0 0 

      Number of species used/simulation   
SUM 100 100 113 94 94 140 140 148 

The table above summarises the species used in the equilibrium calculations for figures 5-13. 
The species have been selected based on species found in HSC-Chemistry 5.11 database. 
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